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Abstract: Fermentation has been considered as an effective means to improve the feed nutrient di-
gestibility of corn stalks, and it is beneficial to animal growth performance and health. The beneficial
functions of fermented corn stalks are related to the variety of metabolites produced through fermen-
tation, but the nature of these components is still unclear. In this study, gas chromatography–mass
spectrometry, combined with principal component analysis and partial least squares discriminant
analysis, was used to explore the differential metabolites of corn stalks before and after Aspergillus
niger fermentation. A total of 32 potential characteristic compounds were obtained, mainly including
sugar and glycoside derivatives, organic acids and their derivatives, alcohol compounds, benzene
and its substituted derivatives, amino acids, phenolic compounds, and flavonoids. Compared with
the metabolites in corn straw before fermentation, the relative content of D-threitol, mannitol-1-
phosphate, coniferin, citrazinic, oxoglutaric acid, chenodeoxycholic acid, naproxen, 5-aminovaleric
acid, vanillin, catechin, and UDP-glucuronic acid was significantly increased, and the relative content
of N-acetylgalactosamine, heneicosanoic acid, chlorogenic acid, and adenosine was significantly
decreased. Kyoto Encyclopedia of Genes and Genomes pathway analysis showed that 20 metabolic
pathways corresponded to the differential characteristic metabolites. The results of this study will
provide theoretical support for the quality evaluation of fermented corn stalks and high-value product
development in the future.

Keywords: Aspergillus niger; fermentation; metabolomics; corn straw; metabolites

1. Introduction

Corn stalks are an important agricultural waste and are partially used as a source
of dietary energy for ruminants. However, they have poor nutritional value, with low
protein and high fiber content, which prevents the access of ruminal hydrolytic enzymes to
cellulose and hemicellulose [1]. Ensiling, as an anaerobic digestion technology, is used to
improve the forage quality of corn stalks for high-production ruminants [2]. Recent studies
found that fungal fermentation has higher efficiency than ensiling in improving the feed
nutrient digestibility and animal growth performance, milk yield, and meat quality [3,4].
Among the strains used, Aspergillus niger is widely distributed in nature and possesses an
excellent ability to secrete proteins, and has been widely used in traditional food brewing
and enzyme production fields [5].

During the fermentation process, Aspergillus produces various enzymes, including
protease, cellulase, hemicellulase, and pectinase [6], which can break the physical barrier
between hemicellulose and lignin, thereby improving the fiber digestibility and nutrient
efficiency [7]. Moreover, Aspergillus fermentation products can stabilize the pH of the
internal environment of the animal rumen [8], with beneficial effects on milk performance
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in dairy cows [9]. Obviously, these benefits are not only caused by the degradation of
cellulose and hemicellulose, but are also related to the beneficial substances accumulated
during fermentation. These components may include a series of enzymolysis products and
a variety of metabolites obtained through their own fermentation metabolism. For example,
A. niger fermentation may promote the release of phenolic acids from hemicellulose and
enhance the antioxidant properties of the fermented product [10], and it significantly
increases the content of aromatic carbon and carboxyl [11]. Unfortunately, what exactly
these components are is still unclear. Fortunately, with the help of emerging metabolomics
technology [12,13], it is expected that we can determine the key metabolites of Aspergillus-
fermented products and clarify their formation mechanism.

In this study, GC–MS technology was used to analyze the metabolome of A. niger-
fermented corn stalks, and the differential metabolites were screened by multivariate
statistical analysis and variable importance in projection value analysis. Then, the possible
effects of differential metabolites on animal growth performance and immune responses
were preliminary discussed. The study will provide theoretical support for the quality eval-
uation of A. niger-fermented corn stalks and high-value product development in the future.

2. Materials and Methods
2.1. Materials and Reagents

Corn stalks were supplied by Xinjiang Tecon Feed Technology Co., Ltd. Chloroform
was purchased from Wokai Biotechnology Co., Ltd. (Shanghai, China). Methanol and ace-
tonitrile were obtained from Fisher Chemical (Hampton, NH, USA) Pyridine was provided
by Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Methoxyamine hy-
drochloride and L-2-chlorophenylalanine were obtained from Adamas Technology Co., Ltd.
(Shanghai, China). N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (containing 1%
trimethylchlorosilane, TMCS) was purchased from Regis Technologies, Inc. (Morton Grove,
IL, USA). Ten fatty acid methyl esters, including methyl caprylate, methyl nonaoate, methyl
decanoate, methyl dodecanoate, methyl tetradecanoate, methyl hexadecanoate, methyl
octadecanoate, methyl arachidate, methyl docosanoate, and methyl tetracosanoate, were
purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA).

2.2. Methods
2.2.1. Solid-State Fermentation

The laboratory-preserved A. niger HQ2 was selected as the fermentation strain, and it
was activated in PDA (30 ◦C, 5 d). Tween 80 solution (0.01%) was used to recover the spores.
The spores were calculated by counting with Neubauer’s chamber, and were adjusted to
108 spores/mL for further use. Corn stalks in a volume of 95 g were supplemented with
2.5 g ammonium sulfate, 1.5 g dipotassium hydrogen phosphate, 0.6 g magnesium sulfate,
0.2 g sodium chloride, 0.2 g calcium chloride, and 100 g water. Except for sodium chloride
and calcium chloride dissolved in deionized water, the other substances were directly
evenly mixed with corn stalks. Then, 10 mL of A. niger spore suspension (1 × 108 CFU/mL)
was inoculated and fermented at 30 ◦C for 6 d. After fermentation, the sample was placed
in a 60 ◦C oven to dry to a moisture content of about 12%, and pulverize to a 40-mesh pass
rate of over 80% for use as a fermentation sample (Fer). At the same time, a sample with no
inoculated strains was used as the control (Con).

2.2.2. Biochemical Analysis

Neutral detergent fiber (NDF) was determined by the national standard of the People’s
Republic of China (GB/T 20806-2006), and acid detergent fiber (ADF) was determined by
the agricultural industry standard of the People’s Republic of China (NY/T 1459-2022).
Hemicellulose, cellulose, and lignin of corn stalk before or after fermentation were estimated
using the method proposed by Waksman [14]. For the hemicellulose determination, the
sample is extracted with cold-water, hot-water, and alcohol step by step, and the residue
is treated by 2% dilute hydrochloric acid. The sugar in the extract is determined, and the
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hemicellulose content is calculated. In case of cellulose, the residue above is treated with
10 volumes of sulfuric acid, and then autoclaved at 121 ◦C for 1 h after 15 volumes of water
was added. Following that, it is neutralized with 10% sodium hydroxide solution and
filtering, and the sugar is determined. The residue from the above sulfuric acid treatment is
thoroughly washed, dried, and weighed. The lignin content was calculated by subtracting
the ash and crude protein content according to ordinary methods.

2.2.3. Sample Preparation for GC–MS

The fermentation and control samples were freeze-dried with a vacuum freeze dryer
(Scientz-100F). The freeze-dried samples were pulverized using a mixer with zirconia beads
(MM 400, Retsch) at 30 Hz for 1.5 min. We dissolved 100 mg of lyophilized powder in
1.2 mL of 70% methanol solution, vortexed it for 30 s every 30 min 6 times, and placed the
samples in a 4 ◦C refrigerator overnight. After centrifugation at 12,000× g for 10 min, the
extract was filtered (SCAA-104) using a filter with a 0.22-micron pore size and the filtrate
was evaporated to dryness. Methoxyamine hydrochloride pyridine solution (15 mg/mL,
80 µL) was added and then oximation reaction was performed at 37 ◦C for 90 min. A
volume of 50 µL BSTFA (containing 1% TMCS) derivatization reagent and 20 µL n-hexane
were added into the samples, and then the internal standards (ten fatty acid methyl esters
and L-2-chlorophenylalanine) were added subsequently to react at 70 ◦C for 60 min.

2.2.4. GC–MS Analysis

The derivatized samples were analyzed on an Agilent 7890B gas chromatography
system coupled to an Agilent 5977B MSD system (Agilent Technologies Inc., Santa Clara,
CA, USA) in the split mode for analysis, with an injection volume of 1 µL and a split ratio
of 10:1. The samples were separated by a DB-5MS capillary column (40 m × 0.25 mm,
0.25 µm) and then subjected to mass spectrometry detection. The injection port temperature
was 260 ◦C, the carrier gas was high-purity helium, the carrier gas flow rate was 1 mL/min,
the septum purge flow rate was 3 mL/min, and the solvent delay was 5 min. Heating
program: the initial temperature was 60 ◦C, equilibrated for 0.5 min, then increased to
310 ◦C at 8 ◦C/min, and maintained for 6 min. Electron ionization source; transmission
line temperature 310 ◦C; ion source temperature 230 ◦C; quadrupole temperature 150 ◦C;
electron energy 70 eV. The scanning mode was full, the mass scanning range was m/z
50–500, and the scanning frequency was 3.2 scan/s.

2.2.5. Data Processing, Statistical Analysis, and Identification of Metabolites

All GC–MS spectra were processed in MassHunter Workstation Quantitative Analysis
(v10.0.707.0) software to perform peak extraction, alignment, and other data preprocessing
operations, and we input the obtained data into ropls (Version1.6.2) software, using R2 and
Q2, for principal component analysis (PCA) and partial least squares discriminant analysis
(PLS-DA). According to a p value on Student’s t-test of less than 0.05 and the calculated
variable importance in the projection (VIP) value of PLS-DA model PC > 1, differential
metabolites were screened.

Differential metabolites among two groups were summarized and mapped onto their
biochemical pathways through metabolic enrichment and pathway analysis based on a
database search (Kyoto Encyclopedia of Genes and Genomes, KEGG, http://www.genome.
jp/kegg/, accessed on 18 May 2022). These metabolites can be classified according to the
pathways they are involved in or the functions they performed. Pathways with significantly
changed and mapped metabolites were then fed into metabolite sets enrichment analysis.
Enrichment analysis of KEGG pathways was performed using Fisher’s exact test. Statistical
analyses were performed using R software v3.6.2.

The samples were analyzed six times and the results are presented as the means ± standard
errors. The differences among the Fer and Con samples were analyzed using a t-test. Two-
sided values of p < 0.05 or p < 0.01 were considered statistically significant.

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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3. Results and Discussion
3.1. Biochemical Changes in Fermented Corn Stalks

The effects of A. niger fermentation on the composition of the corn stalks are shown
in Table 1. There were differences among fermented and control samples in the Neutral
detergent fiber (NDF) (p < 0.01), hemicellulose (p < 0.01), and crude protein (p < 0.01).
A. niger fermentation reduced the NDF content of corn stalks from 66.98% to 58.46%.
Degradation of lignocellulose content in the corn stalks was caused by the reduction in
the hemicellulose and cellulose content of corn stalks, which was attributed to the activity
of cellulase, β-glucosidase, and xylanase in A. niger [15]. In addition, the crude protein
content of the fermented corn stalks significantly (p < 0.01) increased from 8.20% to 11.26%.
Although the nutritional value of corn stalks was modified by A. niger fermentation, we
think these biochemical changes cannot fully explain the beneficial effects on animal growth
performance and health.

Table 1. Effects of A. niger fermentation on the composition of corn stalks (% Dry matter).

Fractions Control Fermented

Neutral detergent fiber 66.98 ± 0.08 58.46 ± 0.28
Acid detergent fiber 38.12 ± 0.48 36.96 ± 0.64

Lignin 5.24 ± 0.26 5.14 ± 0.32
Cellulose 33.92 ± 0.42 31.36 ± 0.62

Hemicellulose 23.86 ± 0.54 20.06 ± 0.22
Crude protein 8.20 ± 0.16 11.24 ± 0.18

3.2. Multivariate Statisitical Analysis of Detected Metabolites

To visualize the variability and overall distribution trends among sample groups and
within groups, principal component analysis (PCA) was performed for the metabolites
detected in fermentation samples (Fer) and control samples (Con). The first and second
principal components accounted for 71.9% and 8.6% of the total variance, respectively
(Figure 1A). In the PCA score plot, the Fer and Con samples were concentrated in this
group and were clearly separated between the groups, indicating that there was a clear
grouping trend between the two groups of samples, which had analytical value. Partial
least squares discriminant analysis (PLS-DA) is a multivariate statistical analysis method
for supervised pattern recognition (Figure 1B). The specific method extracts the compo-
nents of the independent variable X and the dependent variable Y and then calculates
the correlation between the components. Compared with PCA, PLS-DA can maximize
the distinction between groups, which is beneficial in identifying differential metabolites.
To differentiate among the major metabolites between Fer and Con samples, the PLS-DA
method was used to maximize sample separation. The PLS-DA score plot showed that the
Fer and Con samples are clearly separated, and the model had a strong ability to explain
sample differences.

3.3. Differential Metabolite Analysis Results and Visualization

To identify the key differential metabolites in the Fer and Con samples, the variable
importance in the projected (VIP) values of the first principal component of the PLS-DA
model, and the p value of the t-test were used to identify the differential metabolism in the
two groups of samples, and 370 differential metabolites were identified. Among them, the
total number of increased metabolites was 172 (Fold Change, FC > 1), the total number of
decreased metabolites was 128 (FC < 1), and the total number of unchanged metabolites
was 70. Metabolite differences between Fer and Con samples were visualized by volcano
plots, as shown in Figure 2.
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Figure 2. Volcano plot for the differential metabolites of the samples before and after A. niger
fermentation (n = 6). The red circle indicates an increase, the blue circle denotes a decrease, and the
gray circle indicates a lack of significance.

To better show the metabolite differences between the two groups of samples, a
metabolite heatmap for a total of 12 samples in two groups was drawn (Figure 3). From the
obtained heatmap, it could be seen that the concentrations of metabolites in the two groups
of samples were very different; some metabolites were significantly higher in the Fer group
than in the Con group, and some metabolites in the Con group were significantly higher
than in the Fer group, so it was necessary to further screen these metabolites with large
differences in content.

A total of 32 significantly different metabolites were identified from the two sets of
samples with VIP ≥ 1.5, FC ≥ 2.0 or FC ≤ 0.5, and p ≤ 0.05. Among them, 20 metabolites
were increased and 12 were decreased. Differential characteristic metabolites mainly in-
clude sugars and their derivatives, organic acids, alcohol compounds, benzene, substituted
derivatives, amino acids, phenolic compounds, flavonoids, and other compounds. The
specific information on differential characteristic metabolites is shown in Table 2.
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3.3.1. Sugar and Glycoside Derivatives

As the main carbon source, carbohydrates are consumed in Aspergillus fermenta-
tion and provide the necessary energy for the growth of A. niger through carbohydrate
metabolism [16]. The 10 types of sugar and glycoside derivatives identified in the metabo-
lite differences may be related to the improvement in the nutritional value of the fermented
corn stalks. They were D-threitol, D-ribulose-5-phosphate, mannitol-1-phosphate, coniferin,
erythritol, N-acetyl-D-mannosamine, N-acetylgalactosamine, melibiose, melezitose, and su-
crose. Among them, the content of D-threitol increased after A. niger fermentation, and this
substance has a non-specific protective effect on the organism and can be used as an osmotic
protective agent and an antifreeze agent at extremely low temperatures [17]. It can also be
used as an anticancer drug [18] and as a synthetic phospholipid [19]. Ribulose-5-phosphate
is a carbonic acid receptor in photosynthesis. It is produced by ribulose phosphate kinase
in the pentose phosphate cycle and is phosphorylated by ATP to produce ribulose-1, 5-
diphosphate. Mannitol-1-phosphate is an important polyol, and its natural products are
widely found in plants, algae, and other organisms. Studies have shown that the addition
of sugar alcohols during microbial fermentation can promote the synthesis of secondary
metabolites [20]. The content of coniferin, as an efficient antioxidant, was significantly
increased, mainly due to the degradation of lignin [21]. Erythritol is synthesized in fungi
through the pentose phosphate pathway [22]. It can replace sugar and be used as a food
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additive and antioxidant [23]. In addition, it has a positive effect on intestinal flora [24]. The
decrease of N-acetylgalactosamine indicated that the Aspergillus-fermented product had
better safety. Similar to liver pathological changes in clinical viral hepatitis, this substance
is a hepatocyte uridine phosphate interfering agent, which can cause diffuse necrosis and
inflammation of the liver [25]. The decline in melibiose, melezitose, and sucrose was mainly
due to their consumption in the process of microbial growth and metabolism.

Table 2. Thirty-two differential characteristic metabolites associated with Aspergillus fermentation.

Species Metabolite Name VIP log2(FC) Increase/Decrease

Sugar and
glycoside derivatives

D-Threitol 2.45 11.53 Increase
D-Ribulose-5-phosphate 2.13 8.62 Increase
Mannitol-1-phosphate 1.73 5.74 Increase

Coniferin 1.64 5.08 Increase
Erythritol 1.61 4.99 Increase

N-Acetyl-D-mannosamine 1.52 4.41 Increase
N-Acetylgalactosamine 1.52 −4.41 Decrease

Melibiose 1.70 −5.59 Decrease
Melezitose 1.96 −7.34 Decrease

Sucrose 2.06 −8.81 Decrease

Organic acids and
derivatives

Citrazinic 1.92 7.06 Increase
3-Hydroxypalmitic acid 1.77 5.97 Increase

Oxoglutaric acid 1.63 5.06 Increase
Chenodeoxycholic acid 1.60 4.87 Increase

Cholic acid 1.52 4.39 Increase
Xanthurenic acid 1.72 1.87 Increase

Azelaic acid 1.61 −4.96 Decrease
Heneicosanoic acid 2.48 −11.8 Decrease

Alcohol compounds

D-myo-Inositol-4-phosphate 1.57 4.72 Increase
1-Heptanol 1.54 −4.54 Decrease
Cholesterol 1.65 −5.26 Decrease

Isochlorogenic acid 1.82 −6.38 Decrease
Chlorogenic acid 2.21 −9.39 Decrease

Benzene and
substituted derivatives

(r)-Amphetamine 1.55 4.62 Increase
Oxymetazoline

Naproxen
1.60
1.83

−4.93
6.41

Decrease
Increase

Amino acids 5-Aminovaleric acid 1.57 4.74 Increase

Phenolic compounds Vanillin 1.81 6.24 Increase

Flavonoids Catechin 1.87 6.63 Increase

Other compounds
UDP-Glucuronic acid 2.36 10.66 Increase

D-erythro-Sphingosine 1.85 7.77 Increase
Adenosine 1.81 −6.27 Decrease

3.3.2. Organic Acids and Their Derivatives

Organic acids has been reported for immune potentiating, antibacterial, and growth
promoters in livestock and poultry [26,27]. We accurately identified eight organic acids
and their derivatives, including citrazinic, 3-hydroxypalmitic acid, oxoglutaric acid, chen-
odeoxycholic acid, cholic acid, xanthurenic acid, azelaic acid, and heneicosanoic acid. The
increase in the metabolic content of citrazinic and oxoglutaric acid mainly reflects their
roles as antibacterial and anti-inflammatory agents [28,29]. As trace components in the feed,
they have excellent reactivity and good value for the growth and development of poultry.
The increased content of chenodeoxycholic acid and cholic acid has anti-inflammatory
and antibacterial medicinal value for poultry feeding, and they can dissolve cholesterol
stones [30]. Chenodeoxycholic acid can improve the intestinal absorption of vitamins and
lipids and also improve the intestinal damage caused by endotoxins [31]. Cholic acid has a
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certain therapeutic effect on malignant liver tumors and it could increase the pain threshold
and lower the body temperature in the mice [32]. Heneicosanoic acid is a free fatty acid, it
can be converted into neutral lipids and stored in cytosolic lipid droplets. When the energy
required is insufficient, it will be decomposed into free fatty acids again for energy use [33].

3.3.3. Alcohol Compounds

Alcohols mainly provide a specific aroma or spicy taste in fermented products. Five
alcohol metabolites with significant differences were identified and screened, namely D-
myo-inositol-4-phosphate, 1-heptanol, cholesterol, isochlorogenic acid, and chlorogenic
acid. Although the addition of cholesterol can improve the growth performance of poultry
to a certain extent [34], it was also found that the content of cholesterol in various tissues
in crayfish and the content of high-density lipid cholesterol in the hemolymph also in-
creased with the increase in the level of dietary cholesterol, affecting the normal body fat
metabolism and reducing the antioxidant capacity of the shrimp hemolymph. The decrease
of isochlorogenic acid and chlorogenic acid is mainly due to the degradation of chlorogenic
acid isomers to volatile components [35], or it may be linked to various enzymes produced
by microbial fermentation.

3.3.4. Benzene and Its Substituted Derivatives

The benzene family causes great harm to the human body and poultry in daily produc-
tion and life. The content of oxymetazoline, a differential metabolite identified in this work,
is decreased, mostly due to the consumption of biosynthesis in the process of microbial
metabolism; meanwhile, regarding naproxen, the acid content rises, and it mainly acts as a
trace drug component to play the role of an anti-oxidation, antipyretic, and analgesic agent.
It has good antipyretic and anti-inflammatory effects in mice [36].

3.3.5. Amino Acids

A significantly different amino acid was accurately identified, and its content was
increased—namely, α-aminovaleric acid. Amino acids mainly arise from the enzymatic
degradation of proteins in raw materials by proteases produced by microorganisms during
the fermentation process of Aspergillus and the autolysis of other microorganisms. Alpha-
aminovaleric acid, also known as norvaline, is mainly used as an antibacterial substance
and an inhibitor of certain enzymes in feed. De Abhijit found that by injecting L-norvaline
into male rats, the inhibition of arginase L-norvaline could increase the serum nitrate, urea,
LDH, testosterone, and testicular protein levels, thereby improving diabetes-induced sexual
dysfunction [37].

3.3.6. Phenolic Compounds

Phenolic substances mainly play an antioxidant role in feed, and vanillin was identified
with significantly increased content in this work. It is a type of aroma substance formed
by biotransformation, such as the non-oxidative decarboxylation reaction of ferulic acid
to 4-vinyl guaiacol and then converted into vanillin during the fermentation process of
Aspergillus [38]. It has a variety of physiological functions, such as anti-oxidation, anti-
inflammatory [39], and antibacterial, and it causes the inhibition of some chronic diseases
through self-polymerization and free radical scavenging [40].

3.3.7. Flavonoids

Flavonoids have a variety of bioactive functions, such as antibacterial, antioxidant,
antiviral, and antitumor [41,42]. Plant flavonoids are a type of safe and green feed
additive [43], and they can improve the growth performance, production performance,
and the reproductive ability of livestock and poultry [44]. Catechin has good application
value. In feed, it can act as an antioxidant [45], and is an antibacterial, anticancer, antihyper-
lipidemic, antidiabetic, and anti-inflammatory agent [46]. At the same time, studies have
found that catechins can also improve lipopolysaccharide-induced intestinal inflammation
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in piglets [45] and they can regulate certain corresponding signaling pathways to inhibit
cellular inflammation [47] and acute pancreatitis disease symptoms [48].

3.3.8. Other Compounds

UDP-Glucuronic acid, D-erythro-sphingosine, and adenosine were also identified
among the differential metabolites of Aspergillus-fermented corn stalks. The increase in
the content of UDP-glucuronic acid is caused by the metabolism of Aspergillus. It is an
important glycosyl donor in cells and an essential precursor for structural polysaccharides,
hyaluronic acid, cell growth, and metabolism [25]. The content of D-erythro-sphingosine
also increased to a certain extent, and it plays an important role in regulating diverse
cellular processes, such as cell growth, differentiation, and apoptosis [49]. The content of
adenosine decreased after fermentation, and the main degradation enzymes were adenosine
deaminase and adenosine kinase. Intracellular adenosine is phosphorylated by adenosine
kinase or converted to inosine by adenosine deaminase, resulting in reduced levels [50].

3.4. Metabolic Pahtway Analysis

The most important biochemical metabolic pathways and signaling pathways associ-
ated with the differential metabolites were identified. The differential metabolites identified
were enriched by the KEGG pathway, and the obtained KEGG enrichment pathway (top 20)
bubble chart is shown in Figure 4. The abscissa of the figure is the ratio of the number of
differential metabolites identified in the corresponding pathway to the total number of
metabolites. As can be seen from Figure 4, the ABC transporter pathway (ko02010), pen-
tose and glucuronate interconversion (ko00040), the phosphotransferase system (ko02060),
the central carbon metabolism pathway in cancer (ko05230), D-amino acid metabolism
(ko00470), purine metabolism (ko00230), the protein digestion and absorption pathway
(ko04974), and ascorbate and aldarate metabolism (ko00053) were associated with the
significantly differential metabolites in Aspergillus fermentation, with highly differential
metabolite enrichment and high reliability.
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Figure 4. Enrichment analysis of pathways (top 20) associated with the differential metabolites.

Combined with the screened differential metabolites, it was found that adenosine,
erythritol, and sucrose were directly bound with ABC transporters (ko02010), and this
pathway can translocate a broad spectrum of molecules across the cell membrane; UDP-
glucuronic acid and D-ribulose-5-phosphate were related to pentose and glucuronate
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interconversion (ko00040), D-ribulose-5-phosphate and mannitol-1-phosphate were related
to the phosphotransferase system (ko02060), and this metabolic pathway is involved in
both the transport and phosphorylation of a large number of carbohydrates and in the
regulation of a number of other metabolic pathways; adenosine, UDP-glucuronic acid, and
N-acetyl-d-mannosamine were related to D-amino acid metabolism (ko00470); oxoglutaric
acid was related to ascorbate and aldarate metabolism (ko00053). Associated with increased
levels of 5-aminovaleric acid were starch and sucrose metabolism (ko00520), tryptophan
metabolism (ko00380), lysine degradation (ko00310), and phenylalanine, tyrosine, and
tryptophan biosynthesis (ko00400).

4. Conclusions

Here, we used GC–MS technology to analyze the metabolites of corn stalks before and
after A. niger fermentation. The results showed that A. niger fermentation had a significant
effect on the metabolites in corn stalks. Through the PCA and PLS-DA results, it was found
that the metabolites in the fermentation group and the control group were significantly
separated, indicating that these metabolites were significantly different. Based on VIP ≥ 1.5,
FC ≤ 0.5 or FC ≥ 2, and p ≤ 0.05, a total of 32 differential characteristic metabolites
were screened, mainly including sugar and glycoside derivatives, organic acids and their
derivatives, alcohol compounds, amino acids, and flavonoids. Compared with the control
group, the content of D-threitol, mannitol-1-phosphate, coniferin, citrazinic, oxoglutaric
acid, chenodeoxycholic acid, naproxen, 5-aminovaleric acid, vanillin, catechin, and UDP-
glucuronic acid was significantly increased, whereas the content of N-acetylgalactosamine,
heneicosanoic acid, chlorogenic acid, and adenosine was significantly decreased. KEGG
pathway analysis showed that 20 metabolic pathways corresponded to the differential
characteristic metabolites. The study will provide theoretical support for the quality
evaluation of fermented corn stalks and high-value product development in the future.
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