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Plant-based bioenergy by-products such as corn distillers’ dried grains with solubles
(DDGS) are widely utilized as animal feed sources and feed ingredients due to their
balanced nutritional profile and animal health protective functional qualities.
Bioprocessing of this bioenergy by-product using beneficial lactic acid bacteria
(LAB)-based fermentation strategy to improve animal-health targeted functional
qualities has wider relevance for animal feed applications. In this study, liquid extracts
of corn DDGS were fermented with Lactiplantibacillus plantarum and Lactobacillus
helveticus. The unfermented and fermented extracts were then analyzed (at 0, 24,
48 and 72-h) for their total soluble phenolic content (TSP), phenolic profile,
antioxidant activity via ABTS and DPPH radical scavenging activity, and
antimicrobial activity against the gut pathogen Helicobacter pylori using in vitro
assaymodels. Statistical differences in antioxidant activity and phenolic content were
observed among the unfermented and fermented extracts. The major phenolic
compounds detected in corn DDGS were gallic, dihydroxybenzoic, p-coumaric,
caffeic and ferulic acid, and catechin. Antimicrobial activity against H. pylori was
observed for the unfermented extracts and the antimicrobial activity was attributed
to the growth of a corn DDGS-endemic culture. The culture was isolated,
sequenced, and identified as Bacillus amyloliquefaciens. Results of this study
indicated that processing strategies of by-products such as LAB- based
fermentation of corn DDGS could affect its bioactive-linked functional qualities
due to microbial interaction with the phytochemicals. Furthermore, plant by-
products can serve as novel sources of beneficial microflora that have relevance
in wider agriculture, food safety, and therapeutic applications.
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1 Introduction

Distillers dried grains with solubles (DDGS) is a corn bioenergy
by-product from the dry grinding process during ethanol production.
In 2021, over 15 billion gallons of ethanol were produced from corn in
the United States with 44 million metric tons of DDGS being
generated in the process (U.S. Grains Council, 2022). Corn DDGS
is commonly used as a livestock feed in the dairy and beef cattle
industry and used as an animal feed and ingredient source for poultry,
swine, sheep, goat, and horses, as well as in aquaculture diets for fish
and shrimp (U.S. Grains Council, 2018). The nutrient composition
and digestibility of DDGS can vary among corn sources with ash, fiber,
fat, lysine, tryptophan, and phosphorus content having high variation
among the different DDGS sources (U.S. Grains Council, 2018). Feed
rations supplemented with corn DDGS were found to alter the
intestinal microbiota of the broiler chickens, and DDGS was
negatively correlated with the genera Faecalibacterium and
Streptococcus while Turicibacter was positively associated with corn
DDGS supplemented broiler feed (Abudabos et al., 2017). Egg-laying
hens fed on a diet supplemented with corn DDGS resulted in the egg
yolk having a lower proportion of saturated fatty acids and a higher
proportion of unsaturated fatty acids, while DDGS supplemented up
to 10% in the diet had no adverse effect on egg-laying performance
(Jiang et al., 2013). Recent studies have looked at replacing or
supplementing soybean meal with corn DDGS as animal feed for
poultry, swine, and cattle, with the goal of improving the nutritional
qualities of the feed (Paine et al., 2018; Rho et al., 2018; Ajao et al.,
2022; Chesini et al., 2022; Ding et al., 2022). Apart being used as
animal feed sources, corn DDGS can potentially be utilized as a value-
added functional material for wood composites due to their physical
and chemical attributes (Liaw et al., 2019).

There is an increasing interest in microbial fermentation of corn
DDGS as a value-added strategy to improve its role as an animal feed.
The carbohydrate component of corn DDGS can be converted to other
compounds including succinic acid, acetone, butanol, ethanol, and
lactic acid (Iram et al., 2020). In addition to improving the nutritional
value through microbial fermentation, corn DDGS is a rich source of
phytochemical compounds that may provide antioxidant and wider
animal health benefits in addition to the macronutrient and
micronutrient composition (Shin et al., 2018). Protein hydrolysates
of corn DDGS were found to have potential use as naturally derived
antioxidants in food, pet food, and feed systems with good protection
against lipid oxidation, which is relevant for the improvement of
stability of the product during storage (Hu et al., 2020). In our previous
studies, we have utilized LAB based fermentation of food substrates,
like hulled emmer and pear juice to improve the health-protective
health benefits in terms of its in vitro antioxidant and
antihyperglycemic activity (Ankolekar et al., 2012; Christopher
et al., 2021). However, LAB fermentation of corn-DDGS as
substrate source targeting improvement of animal feed quality and
antimicrobial property has not been explored previously. The scope
and utilization of LAB-based fermentation of corn-DDGS to improve
animal feed qualities targeting wider animal health and antimicrobial
benefits is novel and investigated for the first time.

Apart from the nutritional and health benefits of corn DDGS
which can be utilized in animal feed source to improve animal health,
the native microflora associated with such by-products often have
diverse biotechnological applications due to the production of useful
enzymes or proteins. Therefore, it is important to screen and

bioprocess bioactive enriched corn DDGS to improve their
antioxidant and animal health-relevant properties. Additionally,
isolating and characterizing the associated microflora of corn
DDGS for potential biotechnological applications in agricultural,
industrial, or pharmaceutical industries has wider relevance.
Isolation and identification of novel microflora from corn-DDGS
and its subsequent utilization in antimicrobial feed and agricultural
applications has diverse value-added benefits. Therefore, the aim of
this study was to advance the biotransformation of corn DDGS using
LAB-based fermentation strategy to improve the phenolic
phytochemical-linked functional qualities such as antioxidant
activity and antimicrobial property against the gut pathogen
Helicobacter pylori. Targeting H. pylori as a model antibacterial
screening is based on the rationale that it shares similar
environmental or growth conditions with bacterial pathogens such
as Campylobacter jejuni, which is a major poultry-related food-borne
pathogen, and hence can be subsequently targeted in poultry food
safety applications. Furthermore, an unknown microbial culture
isolated from unfermented corn DDGS was identified and the
antimicrobial activity against H. pylori was characterized.

2 Materials and methods

2.1 Preparation of the corn DDGS extracts

The corn DDGS sample was obtained from the Tharaldson
ethanol plant (Casselton, North Dakota, USA) and was extracted in
duplicate based on the cold-water extraction protocol as described in a
previous study (Christopher et al., 2018). For this study, the corn
DDGS sample was blended with cold distilled water in a 1:4 ratio using
a waring blender set at medium speed for 5 min. The extracts were
then centrifuged at 8,500 rpm for 20 min and the supernatant was
collected and re-centrifuged at 8,500 rpm for 15 min. The extracts
were then pasteurized in a water bath set at 70°C for 15 min, after
which the extracts were immediately cooled down using an ice bath,
followed by storage at 4°C prior to advancing LAB fermentation.

2.2 Bacterial strains used

Lactiplantibacillus plantarum (ATCC 8014), Lactobacillus
helveticus (ATCC 15009), and Helicobacter pylori (ATCC 43579)
strains were used in this study. The L. plantarum and L. helveticus
cultures were stored as frozen stocks in MRS broth (Difco) containing
20% glycerol as the cryoprotectant. The H. pylori culture was stored as
frozen stocks in H. pylori special peptone broth (HPSP) containing
10 g L−1 special peptone (Oxoid, Basingstoke, UK), 5 g L−1 sodium
chloride (Fisher Scientific, MA, USA), 5 g L−1 yeast extract (Difco),
and 5 g L−1 beef extract (Difco), with 20% glycerol as the
cryoprotectant. The MRS and HPSP agar plates were prepared by
the addition of 15 g L−1 of granulated agar (Difco) to the respective
broths. All media were autoclaved prior to use. For the revival of
frozen bacterial stocks, 100 μL of thawed L. plantarum, L. helveticus,
andH. pylori stocks were inoculated in 10 mL of the respective MRS or
HPSP broth and incubated at 37°C for 24 h. Then 100 μL of the 24- h
culture was re-inoculated into 10 mL sterile MRS or HPSP broth and
incubated at 37°C for another 24 h. The revived cultures were used in
the respective fermentation and in-vitro antimicrobial analysis.
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2.3 Fermentation of the corn DDGS extracts

Fermentation of the corn DDGS extracts was done based on the
protocol as described earlier (Ankolekar et al., 2012). The frozen stocks
of L. plantarum and L. helveticus were revived in MRS broth and
10 mL of the revived cultures were added to the respective sterile
flasks, each containing 90 mL of the pasteurized corn DDGS extracts.
For the unfermented extract or control, 10 mL of sterile MRS broth
was added to the extract instead of the cultures. The extracts were then
incubated in duplicate at 37°C for 72 h and samples were collected at
the 0, 24, 48, and 72-h fermentation timepoints for in vitro analysis.
The growth of L. plantarum and L. helveticus was measured at each
time point by serially diluting the fermented extracts followed by
plating onto MRS agar plates. The plates were then incubated
anaerobically at 37°C for 48 h in BBL GasPak jars (Becton,
Dickinson & Co.) containing the BD GasPak EZ anaerobe
container system sachets (Becton, Dickinson & Co.), after which
the number of colonies were counted and expressed in log
CFU mL−1. The samples collected from the unfermented and
fermented extracts at the 0, 24, 48 and 72-h timepoints were
centrifuged at 8,500 rm for 15 min, after which the supernatant
was collected and the pH of one of the duplicates was adjusted
close to neutral using 1 M NaOH, while a corresponding amount
of water was added to the other duplicate (without pH adjustment) in
order maintain equal volume. The unfermented and fermented

extracts (with and without pH adjustment) were analyzed for their
TSP content and antioxidant activity at the 0, 24, 48, and 72-h time
points of fermentation. The samples of the unfermented and
fermented extracts (with and without pH adjustment) at each time
point were also filter-sterilized using sterile .22 µm syringe filters
(Millipore Corp, MA, USA) and then stored at −20°C for later
analysis of the phenolic profile and antimicrobial activity.

2.4 Total soluble phenolic (TSP) content

The TSP content of the unfermented and fermented corn DDGS
extracts were determined using the Folin-Ciocalteu method based on
the protocol as described previously (Shetty et al., 1995). To determine
TSP content, .5 mL aliquots of the unfermented and fermented
extracts were taken into the respective glass tubes, after which
1 mL of 95% ethanol, .5 mL of 50% (v/v) Folin-Ciocalteu reagent,
and 1 mL of 5% sodium carbonate were added sequentially to the
extracts. The tubes were then mixed using a vortex machine and
incubated for 1 h under dark condition. The absorbance values of
corn-DDGS fermented and unfermented extracts were then measured
at 725 nmwith a UV-visible spectrophotometer (Genesys 10S UV-VIS
spectrophotometer, Thermo Scientific, NY, USA). Using a standard
curve of different concentrations of gallic acid in 95% ethanol, the
absorbance values of the extracts were converted into the TSP content,

FIGURE 1
Total soluble phenolic content (mg GAE g−1) of the unfermented and fermented corn DDGS extracts. Different lowercase letters represent statistical
differences in TSP content among the extracts (p < .05). Different uppercase letters represent statistical differences in TSP content among the fermentation
time points (p < .05).
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TABLE 1 Phenolic profile of the unfermented and fermented corn DDGS extracts (µg g−1).

Fermentation time
point (h)

Extracts Phenolic profilea,b,c

Gallic acidc Dihydroxybenzoic
acidc

p-coumaric
acidc

Ferulic
acidc

Caffeic
acidc

Catechind

0 Unfermented 5.49 ± 0.8b 3.72 ± 0.1 13.76 ± 0.0def ND 1.27 ± 0.0g 2.37 ±
0.0B

L. plantarum fermented/
adjusted pH

5.14 ± 0.1bc 1.48 ± 0.3 14.26 ± 0.0def .27 ± 0.0 1.29 ±
0.0 fg

2.35 ±
0.1B

L. plantarum fermented/
unadjusted pH

5.03 ± 0.1bcd 1.88 ± 0.0 16.35 ± 0.2a .68 ± 0.0 1.42 ±
0.0cd

2.69 ±
0.0B

L. helveticus fermented/
adjusted pH

5.32 ± 0.0bc 4.04 ± 0.0 14.25 ± 0.1def .33 ± 0.0 1.32 ± 0.0ef 2.48 ±
0.4B

L. helveticus fermented/
unadjusted pH

5.05 ± 0.1bcd 2.05 ± 0.0 16.16 ± 0.1abc .72 ± 0.0 1.39 ± 0.0d 2.47 ±
0.0B

24 Unfermented 5.56 ± 0.1b 2.00 ± 0.0 16.27 ± 0.0 ab .79 ± 0.0 1.43 ± 0.0c 3.11 ±
0.0A

L. plantarum fermented/
adjusted pH

1.78 ± 0.0ij ND 14.39 ± 0.0def .39 ± .01 1.49 ± 0.0b 3.55 ±
0.1A

L. plantarum fermented/
unadjusted pH

1.51 ± 0.0j ND 13.44 ± 0.0efgh .80 ± 0.0 1.33 ± 0.0e 3.77 ±
0.0A

L. helveticus fermented/
adjusted pH

2.90 ± 0.0ghi 4.11 ± 0.0 14.55 ± 0.0cdef .45 ± 0.0 1.30 ±
0.0 fg

3.00 ±
0.1A

L. helveticus fermented/
unadjusted pH

1.96 ± 0.0ij 4.21 ± 0.0 14.70 ± 0.0bcde .72 ± 0.0 1.27 ± 0.0g 4.38 ±
0.9A

48 Unfermented 6.97 ± 0.1a 9.53 ± 0.1 12.20 ± 1.2gh .59 ± 0.0 .92 ± 0.0i 3.72 ±
0.8A

L. plantarum fermented/
adjusted pH

4.45 ±
0.3bcdef

ND 11.92 ± 0.0hi 1.65 ± 0.0 1.19 ± 0.0h 3.79 ±
0.1A

L. plantarum fermented/
unadjusted pH

3.86 ± 0.0efg ND 13.32 ± 0.0efgh .72 ± 0.1 1.28 ± 0.0g 4.21 ±
0.2A

L. helveticus fermented/
adjusted pH

4.99 ±
0.1bcde

3.47 ± 0.0 13.02 ± 0.0fgh .66 ± 0.0 1.20 ± 0.0h 3.09 ±
0.0A

L. helveticus fermented/
unadjusted pH

4.71 ±
0.0bcde

4.47 ± 0.0 16.70 ± 0.0a .79 ± 0.0 1.49 ± 0.0b 3.67 ±
0.0A

72 Unfermented 4.48 ±
0.1bcdef

2.68 ± 0.9 10.18 ± 0.0j ND .70 ± 0.0j 3.92 ±
0.0A

L. plantarum fermented/
adjusted pH

3.92 ± 0.1defg ND 12.95 ± 0.1fgh .96 ± 0.1 1.19 ± 0.0h 4.44 ±
0.0A

L. plantarum fermented/
unadjusted pH

3.34 ± 0.1fgh ND 10.40 ± 0.0ij .51 ± 0.0 .51 ± 0.0k 3.78 ±
0.0A

L. helveticus fermented/
adjusted pH

4.27 ± 0.2cdef 3.40 ± 0.0 13.37 ± 0.0efgh ND 1.51 ± 0.0b 3.33 ±
0.0A

L. helveticus fermented/
unadjusted pH

2.68 ± .01hi 4.02 ± 0.0 15.47 ± 0.1abcd .86 ± 0.0 1.63 ± 0.0a 3.65 ±
0.0A

aMean value ±standard error.
bConcentration expressed in microgram per Gram dry weight (µg g−1 D.W).
cDifferent lowercase letters in each column represent statistically significant differences between extract × fermentation time point interactions (p < .05).
dDifferent uppercase letters in this column represent statistically significant differences in catechin content between fermentation time points (p < .05).
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which was expressed in milligram gallic acid equivalents per Gram dry
weight (mg GAE g−1 DW).

2.5 Phenolic profile characterization using
high-performance liquid chromatography

Phenolic profile of the corn DDGS samples was characterized
using high-performance liquid chromatography (HPLC) method, in
which 5 μL of the unfermented and fermented corn DDGS extracts
were injected using an Agilent ALS 1200 auto-extractor into an Agilent
1,260 series (Agilent Technologies, Palo Alto, CA) HPLC equipped
with a D1100 CE diode array detector. A gradient elution with two
solvents, 10 mM phosphoric acid (pH 2.5) and 100% methanol, were
used. The methanol concentration was increased to 60% for the first
8 min, then to 100% over the next 7 min, then decreased to 0% for the
next 3 min and was maintained for 7 min with a total run time of
25 min per injected sample run. The analytical column used was
Agilent Zorbax SB-C18, 250–4.6 mm i.d., with packing material of
5 μm particle size at a flow rate of .7 mL min−1 at room temperature.
The absorbance values were recorded at 214 nm, 230 nm, 260 nm, and
306 nm and the chromatogram was integrated using Agilent Chem
station enhanced integrator. Pure standards of p-coumaric acid, gallic
acid, dihydroxybenzoic acid, caffeic acid, ferulic acid and catechin in
100% methanol were used to calibrate the respective standard curves

and retention times. The phenolic compounds detected in the extracts
were expressed in micro Gram per Gram dry weight (µg g−1).

2.6 Antioxidant activity

The antioxidant activity of the unfermented and fermented corn
DDGS extracts was measured by their scavenging activity against the
free radicals 2, 2-Dipheny-1-Picryl hydrazyl (DPPH) (D9132-5G, Sigma-
Aldrich), and 2, 2-Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) (A1888-5G, Sigma-Aldrich) respectively. The DPPH
scavenging assay was based on the protocol as described previously
(Kwon et al., 2006) in which .25 mL of the extract was added to
1.25 mL of 60mM DPPH (prepared in 95% ethanol) while the control
had .25 mL of 95% ethanol instead of the extract. After 5 min of
incubation, the extracts and their corresponding controls were
centrifuged at 13,000 rpm for 1 min and the absorbance values of the
supernatant was measured at 517 nm using a UV-visible
spectrophotometer (Genesys 10S UV-VIS spectrophotometer, Thermo
Scientific, NY). The ABTS scavenging assay was based on the protocol as
described previously (Re et al., 1999) in which .05 mL of the extract was
added to 1 mL of ABTS (prepared in 95% ethanol) while the control had
.05 mL of 95% ethanol instead of the extract. After 2 min of incubation, the
extracts and their corresponding controls were centrifuged at 13,000 rpm
for 1 min and the absorbance values of the supernatant was measured at

FIGURE 2
2, 2-Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) scavenging activity (% inhibition). Different letter represents statistical differences in ABTS
scavenging activity among the extract × fermentation time point interactions (p < .05).
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734 nm using a UV-visible spectrophotometer (Genesys 10S UV-VIS
spectrophotometer, Thermo Scientific, NY). The absorbance values
from the DPPH and ABTS radical scavenging assays were used to
calculate the percentage of antioxidant activity of the extracts using the
following formula:

% Antioxidant activity � Control absorbance−Extract absorbance
Control absorbance

x 100

2.7 Antimicrobial activity

The in vitro antimicrobial activity of the unfermented and fermented
corn DDGS extracts against H. pylori was measured using the agar
diffusion method based on the protocol described previously (Ranilla
et al., 2017). The frozen H. pylori culture was revived and streaked onto
HPSP agar plates with the help of sterile cotton swabs. Then sterile
12.7 mm paper discs (BBL Taxo, Becton, Dickinson & Co.) were placed
on theHPSP agar plates and 100 µL of the filter sterilized extracts from the
0, 24, 48, and 72-h fermentation time points were added to their respective
paper discs with each plate having a control disc of sterile water. The plates
were incubated at 37°C for 48 h in BBL GasPak jars (Becton, Dickinson &
Co.) containing BD GasPak Campy container system sachets (Becton,
Dickinson & Co.) to help maintain a microaerophilic environment. After
incubation, the plates were examined for any zones of inhibition (no

growth) around the discs, and the diameter of the zones of inhibition was
expressed in millimeters. To determine if the antimicrobial activity was
due to the bacterial or fungal growth present on the surface of the
pasteurized corn DDGS extracts, the corn DDGS extracts were untreated,
pasteurized (70°C for 15 min), or autoclaved (121°C for 20 min)
respectively, followed by incubation at 37°C for 72 h. At the 0, 24, 48,
and 72-h time points of incubation, samples were collected and
centrifuged at 8,500 rpm for 15 min, after which the supernatant was
collected and filter-sterilized for analysis of in vitro antimicrobial activity
against H. pylori.

2.8 Isolation of a microorganism from
pasteurized corn DDGS extract

The pasteurized corn DDGS extracts were incubated at 37°C for up to
72 h under aerobic conditions. After 24 h of incubation, the
microorganism growth present on the surface of the extracts was
streaked onto nutrient agar plates (Difco, Becton Dickinson & Co.)
using an inoculation loop, and the plates were incubated at 37°C for
24 h. The isolated colonies were then sub-cultured in 10 mL nutrient
broth (Difco, Becton Dickinson & Co.) for another 24 h at 37°C after
which the culture broth was serially diluted, and the higher dilutions were
streaked onto nutrient agar plates and incubated for another 24 h at 37°C.
The plates containing the isolated colonies were used as the stock plates.

FIGURE 3
2, 2-Dipheny-1-Picryl hydrazyl (DPPH) scavenging activity (% inhibition). Different letter represents statistical differences in DPPH scavenging activity
among the extract × fermentation time point interactions (p < .05).
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The isolated colonies from the stock plates were inoculated in nutrient
broth and incubated at 37°C for a period of 72 h. At the 0, 24, 48, and 72-h
incubation time points, samples of the culture broth were collected
aseptically and centrifuged at 8,500 rpm for 15 min. The cell free
supernatant (CFS) containing the nutrient broth without the culture
was collected and filter-sterilized using .20 µm syringe filters (Millipore
Corp,MA, USA), followed by storage at −20°C for later analysis of in vitro
antimicrobial activity against H. pylori.

2.9 Characterization of antimicrobial activity

The effect of pH and temperature on the antimicrobial activity
of the CFS collected at 0, 24, 48, and 72-h time points of incubation

were analyzed. To determine the effect of pH on antimicrobial
activity, the CFS was adjusted to acidic (pH 3.0), neutral (pH7.0),
or alkaline (pH 9.0) pH respectively using 1N HCl or 1N NaOH,
while CFS without pH adjustment (native pH) was used as control
treatment. To determine the effect of temperature, the CFS was
autoclaved at 121°C for 20, 30, and 45 min respectively, while the
CFS without heat treatment was used as control. The pH-adjusted
and heat-treated CFS along with their corresponding controls
were filter-sterilized and stored at −20°C for later analysis of
in vitro antimicrobial activity against H. pylori. The
antimicrobial activity of CFS collected at 0, 24, 48, and 72-h
time points of incubation was also compared to Nisin, which is
an antibacterial peptide. Nisin was prepared to a working
concentration of 1000 IU mL−1 in .02 N HCl and was filter

FIGURE 4
Antimicrobial activity of unfermented and L. plantarum fermented (with and without pH adjustment) corn-DDGS extracts against H. pylori at (A) 48-and
(B) 72-h fermentation time points. C- control (sterile water), one- unfermented extract, 2-fermented extract (adjusted pH), and three- fermented extract
(unadjusted pH). Zone of inhibition measured in millimeters (mm).

FIGURE 5
Antimicrobial activity of unfermented and L. heveticus fermented (with andwithout pH adjustment) corn DDGS extracts againstH. pylori at (A) 48-and (B)
72-h fermentation time points. C- control (sterile water), one- unfermented extract, two- fermented extract (adjusted pH), and three- fermented extract
(unadjusted pH). Zone of inhibition measured in millimeters (mm).
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sterilized and stored at −20°C prior to analysis in the in vitro
antimicrobial assay.

2.10 PCR with bacterial and fungal-specific
primers

Under aseptic conditions, a loopful of the culture isolated from
pasteurized corn DDGS extracts was used in DNA extraction with
the Qiagen DNeasy Plant Mini Kit (Qiagen, Cat. # 69106), and the
quality of extracted DNA was determined with a UV-Vis
spectrophotometer (NanoDrop™ 2000; ThermoFisher). To
determine if the growth isolated from pasteurized corn-DDGS
extract (unfermented) was prokaryotic or eukaryotic,
conventional PCR (C1000 Touch thermal cycler, BioRad) was
performed using bacterial-specific 16s rRNA universal primers
and fungal-specific ITS4/5 primers. The PCR was performed in
50 µL reaction volumes containing 1X Green GoTaq reaction
buffer with 1.5 mM MgCl2 (Promega, Madison, WI), .2 mM of
each dNTP, .4 µM of each primer, 1.25u of GoTaq DNA
polymerase (Promega, Madison, WI), .5 µg of template DNA,
and nuclease-free water. For the ITS4/5 primers, the following
thermocycler parameters were used: initial denaturation at 95°C
for 3 min; 31 cycles of 94°C for 90 s, 60°C for 90 s, and 72°C for
2 min, followed by a final extension at 72°C for 10 min. For the 16s
rRNA primers, the following thermocycler parameters were used:
initial denaturation at 95°C for 10 min; 36 cycles of 95°C for 30 s,
55°C for 1 min, and 72°C for 2 min, followed by a final extension at
72°C for 5 min. For both PCR runs, DNA isolated from
Colletotrichum coccodes and Streptomyces scabies, both
laboratory isolates, were used as the respective fungal and
bacterial positive controls while sterile water was used as the
negative control. The PCR product was purified using a PCR
clean up kit (MidSci IBI Gel Extraction Kit, item
#ASDNARNAKIT6) and was sent to MCLAB (www.mclab.com/
DNA-Sequencing-Services.html) for sequencing. The sequence
data was analyzed using a consensus tool (https://www.

geneious.com/) and the resulting consensus sequence was
compared to the nucleotide database using the Nucleotide
BLAST tool at NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.11 PCR with Bacillus specific primer and
construction of the phylogenetic tree

The DNA extracted from the bacterial isolate was subjected to
conventional PCR using the Bacillus specific forward primer BacF (5′-
GGGAAACCGGGGCTAATACCGGAT- 3′) and the universal
bacterial 16S rDNA reverse primer R1378 (5′-CGGTGTGTACAA
GGCCCGGGAACG-3′) as described earlier (Garbeva et al., 2003).
The PCR was performed in 50 µL reaction volumes containing 1X
Green GoTaq reaction buffer with 1.5 mMMgCl2 (Promega, Madison,
WI), .2 mM of each dNTP, .4 µM of each primer, 1.25u of GoTaq
DNA polymerase (Promega, Madison, WI), .5 µg of template DNA,
and nuclease-free water. The thermocycler parameters used were as
follows: initial denaturation at 95°C for 15 min; forty cycles of 95°C for
60 s, 63°C for 30 s, and 72°C for 60 s, followed by a final extension at
72°C for 8 min. DNA isolated from Bacillus subtilis (ATCC 6051) and
Helicobacter pylori (ATCC 43579) were used as the respective positive
and negative controls. The PCR product was purified and sent to
Eurofins (https://www.eurofins.com/genomic-services/our-services/
custom-dna-sequencing/) for sequencing. From the resulting
sequence data, a consensus sequence was generated using
MultAlign (http://multalin.toulouse.inra.fr/multalin/). A pairwise
sequence alignment of the forward sequence with a reverse
complement of the reverse sequence was done using the Smith-
Waterman algorithm, and the missing base pairs were filled with
the help of complementary base-pairing from the aligned sequences.
This step was done to ensure that the final 16s rRNA sequence had the
best base coverage. The final consensus sequence was submitted to the
GenBank (https://submit.ncbi.nlm.nih.gov/) and the accession
number ON553411 was assigned to the 16S rRNA sequence
(https://submit.ncbi.nlm.nih.gov/subs/?search=SUB11502195).
Nucleotide BLAST tool at NCBI was used to compare ON553411

FIGURE 6
Presence of microorganism growth at the surface of pasteurized corn-DDGS extracts. I- untreated extract, II- pasteurized extract (70°C for 15 min), and
III- autoclaved extract (121°C for 20 min).
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against the database with the taxonomy ID - 1,386 (Bacillus species) in
the organism category. A phylogenetic analysis of ON553411 was
done with MEGA X software (Kumar et al., 2018) in which the
sequence was first aligned using MUSCLE algorithm followed by
phylogenetic analysis via the neighbor-joining, maximum-
parsimony, and maximum-likelihood method, each performed with
100 bootstrap replications.

2.12 Statistical analysis

Fermentation, phenolic profile characterization, and antioxidant
and antimicrobial assays were repeated two times with repeat
extractions and duplicate samples. The means and standard error
were calculated from 12 n) data points using Microsoft Excel XP

software. The analysis of covariance was determined using Statistical
Analysis Software (SAS version 9.4, SAS Institute, Cary, NC).
Statistical mean separation among extracts, fermentation time
points, and extract × fermentation time point interactions were
determined using Tukey’s test at .05 probability level.

3 Results and discussion

3.1 Total soluble phenolic content (TSP) and
phenolic profile

The TSP content of the corn DDGS extracts (unfermented and
fermented) ranged from 2.49 to 2.85 mg GAE g−1 DW (Figure 1).
Statistical differences in TSP content were observed among main

FIGURE 7
Antimicrobial activity of untreated, pasteurized, and autoclaved corn DDGS extracts againstH. pylori at the (A) 48-h and (B) 72-h incubation time points.
C- control (sterile water), one- untreated extract, two- pasteurized extract, and three- autoclaved extract. Zone of inhibition measured in millimeters (mm).

FIGURE 8
Antimicrobial activity of pH-adjusted cell free supernatant (CFS) against H. pylori at (A) 48- h and (B) 72-h incubation time points. C- control (native
pH 5.0), one- acidic (pH 3.0), two- neutral (pH 7.0), and three- alkaline (pH 9.0). Zone of inhibition measured in millimeters (mm).
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effects of extracts and fermentation time points individually (p < .05),
but not among extract × fermentation time point interactions. Overall,
unfermented extracts had higher TSP content and mean TSP content
increased after 24 h of fermentation. The stability of TSP in
unfermented and fermented corn DDGS after 24 h has relevance in
utilizing them in value-added feed applications targeting
phytochemical-linked functional benefits. In our previous studies,
we have targeted improvement of phenolic stability in food
substrates like wheat and pear juice using LAB based fermentation
(Ankolekar et al., 2012; Christopher et al., 2021). In the current study,
similar fermentation strategy was used to enhance stability and
bioavailability of phenolic bioactive in animal feed substrate, such
as corn-DDGS.

Individual phenolic compounds detected through HPLC analysis
of the unfermented and fermented corn DDGS were gallic acid,
dihydroxybenzoic acid, p-coumaric acid, ferulic acid, caffeic acid,
and catechin, with their respective concentrations ranging from
1.51 to 6.97, 1.48 to 9.53, 10.18 to 16.70, .27 to 1.65, .51 to 1.63,
and 2.35–4.44 μg g−1 (Table 1). In a previous study, corn-DDGS
samples collected from different ethanol production plants in the
US were analyzed for their phytochemical content and the study found
that corn DDGS had a higher content of tocopherols, tocotrienols,
lutein and ferulic acid (free and bound) when compared to yellow corn
(Shin et al., 2018). The same study found the free ferulic acid content
to be 3 times higher in the corn DDGS samples when compared to
yellow corn (Shin et al., 2018). In another study, corn DDGS samples
from three different ethanol production plants were found to have the
phenolic compounds-vanillic, caffeic, p-coumaric, ferulic, and sinapic
acids, with ferulic and p-coumaric acid accounting for 80% of the total
phenolic acid content (Luthria et al., 2012). Also, the same study found
the total phenolic acid content to be 3 times higher in the corn DDGS
samples when compared to the yellow corn samples (Luthria et al.,
2012).

In the current study, p-coumaric acid was the dominant phenolic
acid while ferulic acid was present in smaller quantities (Table 1).
Dihydroxybenzoic acid was detected in the unfermented and L.
helveticus fermented extracts and not in the L. plantarum
fermented extracts, thereby indicating possible microbial

metabolism of dihydroxybenzoic acid by L. plantarum. Also, gallic
acid was higher in the unfermented extracts when compared to the
fermented extracts at the 24 and 48-h time points, thereby indicating
possible microbial metabolism of gallic acid by L. helveticus and L.
plantarum. Furthermore, the low pH generated during fermentation
due to growth of LAB can also affect the stability of phenolic
compounds, as a pH close to neutral favors a better stability of
these water-soluble phenolics (Friedman and Jürgens, 2000). These
results indicate that fermentation of corn DDGS with LAB did not
drastically alter the TSP content, however the profile and
concentration of individual phenolic compounds can be altered
depending upon the type of LAB used for fermentation and total
duration of fermentation. The result of this study has wider relevance
to utilize LAB based fermentation for improving animal feed quality
and subsequently enhancing animal health benefits of corn-DDGS,
and can also be explored for other animal feed applications.

3.2 Antioxidant activity

The ABTS and DPPH radical scavenging activity of corn DDGS
extracts (unfermented and fermented) ranged from 74% to 83.9% and
57.3%–81.8% respectively (Figures 2, 3). Statistical differences in
ABTS and DPPH radical scavenging activity were observed among
extracts, fermentation time points, and extract × fermentation time
point interactions (p < .05). Overall, the unfermented and fermented
corn DDGS extracts had higher ABTS scavenging activity when
compared to DPPH scavenging activity. This difference in activity
between two free radical scavenging assays is due to the chemical
nature of the radicals in which DPPH being a more stable radical,
requires stronger antioxidant activity when compared to ABTS. In a
previous study, corn DDGS samples collected from different ethanol
production plants in the US were analyzed for their antioxidant
activity via DPPH radical scavenging activity, and the activity was
found to vary greatly among the corn DDGS samples, with activity
being 3 times higher in the corn DDGS samples when compared to
yellow corn (Shin et al., 2018). Similarly in another study, the
antioxidant activity of corn DDGS samples from three different

FIGURE 9
Antimicrobial activity of heat-treated (121°C) cell free supernatant (CFS) against H. pylori at (A) 48-h and (B) 72-h incubation time points. C- control
(untreated), 1–20 min, 2–30 min, and 3–45 min. Zone of inhibition measured in millimeters (mm).
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ethanol production plants was found to be 2.5 times higher when
compared to yellow corn (Luthria et al., 2012). Protein hydrolysates
and peptides from corn by-products display antioxidant activity which
can be used to improve the shelf-life of animal feed (Hu et al., 2020;
Sharma et al., 2022). In the current study, LAB fermentation resulted
in an improvement in antioxidant activity (based on DPPH results)
after 24 h fermentation. The results of the current study indicated that
fermentation of corn DDGS, specifically for 24 h can be a potential
strategy to improve the stability of phenolic phytochemicals and
associated antioxidant activity targeting wider animal feed and
animal health benefits. In future, other animal feed sources like
soybean or canola meal can be targeted for LAB based
fermentation to potentially improve animal health relevant
functional qualities of feed or feed ingredients.

3.3 Antimicrobial activity

Antimicrobial activity against H. pylori was observed only among
the unfermented extracts at the 48 and 72 h fermentation time points,
while no antimicrobial activity was observed for the extracts fermented
with L. plantarum and L. helveticus (with and without pH adjustment)
(Figures 4, 5). The zones of inhibition for the unfermented extracts
ranged from 2 to 4 mm and 11–12 mm at the 48 and 72 h fermentation
time points respectively.

Growth of an unknown microorganism was observed at the
surface of the unfermented pasteurized corn DDGS extracts after
24 h of incubation at 37°C. To confirm if the antimicrobial activity was
due to the microorganism growth, the corn DDGS extracts were
untreated, pasteurized, or autoclaved, followed by incubation at
37°C for 72 h. A microbial lawn appeared at the surface of the
pasteurized corn DDGS extracts after 24 h of incubation, while

some turbidity was observed for the untreated extracts which could
be due to microbial growth, and no turbidity or growth was observed
in the autoclaved extracts (Figure 6).

Antimicrobial activity was observed only for the pasteurized
extract at the 48 and 72 h incubation time points, with zones of
inhibition ranging from 6 to 10 mm and 7–14 mm, respectively
(Figure 7). These results indicated that the pasteurization of the
corn DDGS extract was responsible for the growth of the
microorganism endemic to the corn DDGS sample, and
pasteurization led to the potential activation of bacterial spores,
which later was confirmed belonging to spore producing genus of
Bacillus. Furthermore, the microorganism growth which was present
only in the pasteurized corn DDGS extracts was responsible for
exhibiting antimicrobial activity against H. pylori.

3.4 Characterization of antimicrobial activity

The antimicrobial activity was affected by pH and high
temperature. With regard to the effect of pH, at the 48-h
incubation time point, no antimicrobial activity was observed
for CFS adjusted to acidic pH (pH 3.0) while the activity was
unaffected at neutral (pH 7.0) and alkaline (pH 9.0) when
compared to the control (native pH 5.0) (Figure 8). At the 72-h
incubation time point, mild antimicrobial activity was observed at
acidic pH (pH 3.0) while the activity was unaffected at neutral and
alkaline pH (Figure 5).

In terms of the effect of temperature, at the 48-h incubation time
point, no antimicrobial activity was observed for CFS treated at 121°C
for 20, 30, and 45 min respectively when compared to the control
(unadjusted pH) (Figure 9). However, at the 72-h incubation time
point, mild antimicrobial activity was observed for CFS treated at
121°C for 20, 30, and 45 min respectively when compared to the
control (untreated) (Figure 9).

FIGURE 10
Antimicrobial activity of cell free supernatant (CFS) andNisin against
H. pylori at 48-h and 72-h incubation time points. C- control (sterile
water), N- Nisin (1000 IU/mL), 48 h- and 72 h-incubation time point.

FIGURE 11
Colony morphology of unknown microbial growth isolated from
pasteurized corn-DDGS extracts.
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The sensitivity of antimicrobial activity to pH and high
temperature indicated the possibility of extracellular antimicrobial
peptides produced by unknown bacterial/fungal growth are potentially
responsible for antimicrobial activity against H. pylori. Furthermore,
the mild antimicrobial activity observed for heat-treated CFS at the 72-
h incubation time point indicated that sufficient concentration of these
antimicrobials was produced to show antimicrobial activity even at a
high temperature, thereby indicating that these antimicrobials are
generally heat stable. Finally, the CFS at the 48 and 72-h incubation
time points had similar antimicrobial activity when compared to Nisin
(Figure 10), thereby indicating that these potential peptides would
have relevant applications for developing natural antibiotics with
potential antimicrobial activity against other bacterial pathogens.
Further in future studies more detailed functional characterization
to confirm the peptide nature of antimicrobial is essential.

3.5 Isolation and identification of
microorganism growth

The isolated microbial growth on the stock plates appeared as
dry wrinkled colonies on the nutrient agar plate which is the
colony morphology often associated with certain Bacillus spp.,
(Figure 11) (Koneman et al., 1997). The ability of Bacillus spp., to
form a biofilm or lawn at the surface of the liquid medium
(Figure 6) has also been reported in a previous study (Lu et al.,
2018). Species belonging to Bacillus are rod-shaped, endospore-
forming, Gram-positive bacteria that are abundant in the soil and
can produce structurally diverse antimicrobial peptides that
exhibit a wide spectrum of antibiotic activity (Sumi et al.,

2015). The formation of endospores enables Bacillus spp., to
survive long periods of adverse environmental conditions and
the germination of endospores can occur due to pressure, chemical
treatment, or sublethal heat treatment (Cronin and Wilkinson,
2008; Luu et al., 2015). In the current study, the pasteurization of
the corn DDGS extracts at 70°C allowed endospores to survive
which then germinated under normal cellular growth conditions
resulting in the growth of the Bacillus isolate, while the untreated
and autoclaved (121°C) extracts did not show any growth of the
isolate (Figure 6). The absence of the microbial lawn in the
untreated extract can be attributed to the non-germination of
endospores due to no sublethal heat treatment, while autoclaving
the extracts at 121°C could have potentially denatured the
endospores. Furthermore, during the fermentation experiment,
the absence of the microbial lawn in the fermented extracts can be
attributed to the low pH generated by growth of LAB which can
potentially inhibit the growth of the Bacillus isolate.

3.6 PCR identification of microorganism
growth and phylogenetic analysis

To identify whether the growth was bacterial or fungal, the
isolated culture was subjected to PCR using bacterial-specific 16s
rRNA primers and fungal-specific ITS4/5 primers. PCR with 16s
rRNA primers gave an amplified product while no product was
observed with the fungal-specific primers, therefore indicating
that the isolated growth was bacterial (Figure 12). Sequence
analysis showed a close match with Bacillus spp (99.51%–

99.75%). However, a higher degree of specificity could not be
determined with the universal 16s rRNA primers. To improve the

FIGURE 13
PCR with Bacillus-specific primers: (A)- 100 bp ladder, (B)- 16s
rRNA PCR product, (C)- positive control (B. subtilis), (D)-negative control
(H. pylori), (E)-negative control (water), (F)- DNA isolate (single replicate),
(G)- 100 bp ladder.

FIGURE 12
PCR with fungal-specific ITS 1/4 primers: (A)- 100 bp ladder, (B)-
DNA isolate (first replicate), (C)- DNA isolate (second replicate), (D)- DNA
isolate (third replicate), (E)-fungal control (Colletotrichum coccodes),
(F)- bacterial control (Streptomyces scabies), (G)-negative control
(water), and (H)- 100 bp ladder. PCR with bacterial-specific 16s rRNA
primers: (I)- 100 bp ladder, (J)- DNA isolate (first replicate), (K)- DNA
isolate (second replicate), (L)- DNA isolate (third replicate), (M)-fungal
control (C. coccodes), (N)- bacterial control (S. scabies), (O)- negative
control (water), (P)- 100 bp ladder.

Frontiers in Food Science and Technology frontiersin.org12

Christopher et al. 10.3389/frfst.2023.1075789

https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2023.1075789


accuracy of the bacterial identification, PCR with Bacillus-specific
16S rRNA primers was performed (Figure 13), and sequence
analysis of the PCR product (956 bp) (consensus sequence
assigned as ON553411) showed a close match (99.9%) with
Bacillus amyloliquefaciens, B. velezensis, B. subtilis, and B.
siamensis. To determine the closest match among these
candidates, a phylogenetic tree was constructed using the
neighbor joining method with 100 bootstrap replications and
ON553411 was found to share a cluster with B.
amyloliquefaciens strain B6 16S rRNA gene partial sequence
(MN908674.1) (Figure 14).

Although PCR based methods using 16S rRNA sequencing are
used to discriminate between Bacillus spp., a high degree of
sequence similarity can make it difficult to accurately
discriminate between the species. In a previous study, a Bacillus
strain isolated from soil shared a high sequence similarity (95%–

99%) with 16S rRNA and gyrB sequences of B. amyloliquefaciens
and B. velezensis (Wang, Lee, Tai & Kuo, 2008). In the same study,
a phylogenetic analysis of the 16S rRNA sequences showed that the
Bacillus strain isolated from the soil was in the same cluster as
other Bacillus species including B. velezensis, B. amyloliquefaciens,
and B. vallismortis, thereby making it difficult to accurately
identify the isolated strain (Wang et al., 2008). Similarly in
another study, sequence analysis of the primer annealing sites
revealed no clear-cut differences in the variable region (V 1) of the
16S rRNA and gyrB gene among the B. cereus and B. thuringiensis
strains that were tested (Chen & Tsen, 2002). These studies
indicated that identification of Bacillus spp., can be challenging
due to high sequence similarity, especially among strains of B.
amyloliquefaciens and B. velezensis. Apart from the production of

antimicrobial peptides against H. pylori, the corn DDGS isolate
which was identified as a B.amyloliquefaciens strain could also
have potential antimicrobial activity against other human
bacterial pathogens, in addition to other relevant
biotechnological applications. Indeed, B. amyloliquefaciens and
other Bacillus species can act as plant growth promoters,
biocontrol agents, probiotics, bioremediation agents, as well as
producers of commercial enzymes and antibiotics (Raddadi et al.,
2012; Zhang et al., 2020; Ngalimat et al., 2021).

4 Conclusion

Plant-based by-products such as corn DDGS from
biotechnological or industrial processing often have further
applications as animal feed due to their suitable calorific
content and potential phytochemical-linked health-protective
benefits. Furthermore, bio-transformative strategies such as
fermentation with LAB can promote value-added functional
qualities to the animal feed in terms of altering or improving
these associated health protective benefits such as antioxidant
properties of the feed. Lactic acid bacteria based fermentation
strategy is widely used in food substrates to improve shelf-life and
human health targeted qualities food and beverages. However, in
this study, LAB-based fermentation strategy was explored for the
first time to improve phenolic bioactive-linked animal health
benefits of animal feed substrate like corn-DDGS. The results
of this study demonstrated that LAB-based fermentation altered
the phytochemical content and composition, as well as the
antioxidant-associated health protective benefits of corn DDGS.

FIGURE 14
Phylogenetic analysis of ON553411 sequence based on 16SrRNA gene sequences of Bacillus strains. Neighbor joining method was used with
100 bootstrap replications and genetic distances were computed by Kimura’s two-parametermodel. Only bootstrap percentages above 50% are shown. Bars,
.005 substitutions per nucleotide position.
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In addition to plant-based by-products being utilized as animal
feed, these by-products can also serve as a source for novel native
microflora that have suitable biotechnological, industrial, or
pharmaceutical applications. In this study, a microbe with
antimicrobial activity against H. pylori was isolated from corn
DDGS and identified as B. amyloliquefaciens. Further studies are
essential for in depth analysis of antimicrobial activity of this corn
DDGS isolate against other gut and foodborne related pathogens
such as Salmonella, Listeria or E. coli. In addition, the production
of other useful peptides or enzymes from the corn DDGS isolate
with relevant biotechnological applications should also be
analyzed. Hence corn DDGS is a suitable substrate for
fermentation strategies aimed at improving the phenolic-linked
health-protective benefits in animal feed, as well as a potential
source for novel microorganisms that have biotechnological,
industrial, or pharmaceutical applications. Isolation and
identification of such beneficial microorganism (B.
amyloliquefaciens) from corn DDGS also has major
contribution in the field of agriculture, animal feed and health,
and potential application in synthetic antibiotic replacement
strategies.
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