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Objective: Lactic acid (LA) treatment of cereals is known to improve ruminant performance.
However, changes in cereal nutrient levels and variations in rumen fermentation remain
unclear.

Methods: This study was designed to compare the effects of 5% LA treatment on the
trophic and morphological characteristics of barley and to discover the differences in rumen
fermentation characteristics and metabolomes between LA-treated and untreated barley.
Results: Compared with those of untreated barley (BA), the dry matter (DM), crude protein
(CP), ash and water-soluble carbohydrate contents of barley plants treated with 5% LA for
48 h (BALA) decreased, but the resistant starch (RS) and non-fiber carbohydrate contents
increased. Moreover, the amount of proteinaceous matrix in BA decreased in response to
LA treatment. During in vitro fermentation, BALA had a greater pH but lower dry matter
disappearance and ammonia, methane, and short-chain fatty acid levels than BA. The
differential metabolites between BA and BALA were clustered into metabolic pathways
such as purine metabolism, lysine degradation, and linoleic acid metabolism. Observable
differences in ultrastructure between BALA and BA were noted during fermentation.
Conclusion: Lactic treatment altered barley nutrient content, including DM, CP, RS, ash,
water-soluble carbohydrates and non-fiber carbohydrates, and affected barley ultrastructure.
These variations led to significant and incubation time-dependent changes in the in vitro
fermentation characteristics and metabolome.
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INTRODUCTION

Barley is the fourth most common crop produced worldwide and serves as the primary
energy substrate in intensive ruminant rearing systems in European countries and Canada
[1,2]. Compared to other cereals such as corn and sorghum, barley contains greater levels
of protein, minerals, and vitamins [3]. However, the highly fermentable nature of barley
can easily induce digestive disorders when applied to the diet at a high ratio, particularly
in beef fattening industries where the concentrate comprises more than 70% (and even
more than 90% in some cases) of the total ration for maximizing beef production. Excessive
barley in the diet can drastically reduce the ruminal pH, leading to inflammation throughout
the body and impacting ruminant performance, thus hindering gastrointestinal barley
utilization [4].

Over the past few decades, numerous efforts have been made to improve barley utilization
without negatively impacting ruminant health through processing techniques. Lactic acid
(LA) has long been used to improve starch productivity in food science [5]. After Zebeli’s
and Ametaj's laboratories introduced this method to dairy cattle and achieved beneficial
results in terms of enhanced milk fat production and reduced risk of inflammation [6,7],
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the advantages of treating cereals with LA have gradually
been recognized. Compared with mechanical processing
methods such as steam flaking and dry rolling, LA treatment
offers economic, safe, and operational benefits. Deckardt et
al [8] observed fewer rumen protozoa and enhanced in vitro
fiber digestion in barley treated with 1% LA than in untreated
barley. In a later experiment by Yang et al [4], beef cattle fed
1% LA-treated corn showed improved health performance
and reduced rumen lipopolysaccharide (an inflammatory
inducer) levels compared to those of cattle fed untreated corn.
It was assumed that the advantage of LA-treated cereal on
ruminants can be attributed to the debranching effect of LA,
which enables amylopectin (branched-chain) to mimic the
structure of amylose (straight-chain) [9] because amylose
has a slower digestion rate in the rumen that can lower the
fermentation rate and increase the rumen pH [10]. Addition-
ally, LA treatment can increase the ratio of resistant starch
(RS), allowing this portion of starch to escape rumen digestion,
and can be utilized in the intestine with the assistance of
pancreatin [11]. In previous studies, a reduction in the pro-
tein content of LA-treated cereals was observed [5,9]. However,
the exact mechanism underlying the rumen hydrolysis of
LA-treated cereal is unclear. The insufficient knowledge re-
garding LA-treated cereal nutrient variation and subsequent
rumen utilization has piqued our interest. We hypothesized
that LA treatment could affect cereal crude protein (CP) and
RS and will also affect barley ultrastructure. Such variations
will lead to significant changes in in vitro fermentation char-
acteristics and metabolome. Thus, the objective of this study
was to investigate how LA treatment of cereal affects nutrient
components and rumen fermentation dynamics using barley
as the test cereal.

MATERIALS AND METHODS

This study was conducted with the consent of the Committee
for Animal Research and Welfare of Gifu University (approval
ID: #2021-175). The experimental procedures followed the
Guidelines for Proper Conduct of Animal Experiments (Sci-
ence Council of Japan, 2006) and the Guidelines for Animal
Research and Welfare of Gifu University (2008).

Lactic acid treatment of barley

The barley used in the present study was purchased from
Toyohashi Feed Mills Co., Ltd. (Aichi, Japan). Then, the barley
was milled and screened through two consecutive stainless-
steel sieves with mesh sizes of 2.36 and 1.18 mm, respectively.
The barley particles retained on the 1.18 mm screen were
utilized in subsequent experiments. For the control treat-
ment, barley was soaked in tap water for 48 h (BA). For the
LA treatment, barley was soaked in 5% DL-lactic acid (v/v,
dissolved in tap water) for 48 h (BALA) as described previ-
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ously by Deckardt et al [8] and Martinez et al [12]. To prevent
any remaining LA on the barley from influencing the results,
the soaked barley was gently rinsed with tap water until the
pH reached 7.0 and immediately utilized for the in vitro ex-
periment.

Ruminal inoculum and in vitro incubation

As the rumen fluid donors, four healthy Japanese Shiba
goats (37.1+0.54 kg) raised on the Yanagido farm of Gifu
University were selected, maintained for two weeks before
donation providing with 760 g of a forage diet (on an as-
fed basis: dry matter [DM consisting of 7% alfalfa hay and
93% oat hay, formulated according to the NRC [13]) per day
with free access to water and mineral blocks. On the day of
donation, rumen fluid was collected three hours after the
morning feeding using an esophageal tube [14]. The collected
ruminal fluid was immediately strained through four layers
of cheesecloth and mixed with preheated (39°C) artificial
saliva at a ratio of 1:2 (ruminal fluid:artificial saliva) under
continuous CO2 flushing [12]. For different treatments (BA
and BALA) and time intervals (3 h, 6 h, 12 h, 18 h, and 24 h),
40 mL of the mixture and 0.5 g of barley particles were sepa-
rately injected into four fermentation glass vials, flushed
with CO,, sealed using a butyl rubber plug and tightened
with an aluminum cap. Finally, the samples were fixed on a
rotary shaker in a water bath (140 rpm) and incubated at
39°C [12]. At each time interval, vials were immediately
removed from the water bath, and fermentation was termi-
nated by standing in ice water for five minutes. The pH of
the fermentation fluid (inoculant) was measured using a
portable pH meter (MP-220; Mettler-Toledo AG, Greifensee,
Switzerland), collected into 2-mL tubes, and stored at —80°C
for later analysis. The remaining barley in the vials was col-
lected and rinsed in phosphate buffer saline (pH 7.2) three
times and immediately subjected to morphological pre-
treatment.

Chemical analysis

Milled barley was oven-dried and ground through a 0.5-mm
screen for analysis of DM (934.01), CP (984.13), ash (942.05),
ether extract (EE; 920.39) and acid detergent lignin (ADL;
973.18) according to the AOAC methods [15]. The acid de-
tergent fiber expressed exclusive of residual ash (ADFom) and
neutral detergent fiber with heat-stable amylase expressed
exclusive of residual ash (aNDFom) were analyzed according
to Van Soest et al [16]. The cellulose content was calculated
as ADFom-ADL. The non-fiber carbohydrate content was
calculated as 100-aNDFom-CP-EE-ash. Water-soluble car-
bohydrate levels were measured by calculating the reducing
sugar content after the anthrone reaction according to Koehler
[17]. For starch determination, barley was freeze-dried and
ground to 0.5 mm. Then, the total starch content, amylose
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content, and RS content were measured using the commercially
available K-TSTA, K-AMYL, and K-RSTAR Kkits (Megazyme,
Wicklow, Ireland), respectively. For short-chain fatty acid
(SCFA) analysis, the inoculant was extracted into 1.5-mL
sampling tubes and analyzed using UPLC-MS (Xevo QToF;
Waters, Milford, MA, USA) according to our previous study
[18]. The methane yield was calculated considering 90%
hydrogen recovery according to Moss et al [19] using the
following formula: CH, (mmol/L) = 0.45xacetate (mmol/L)
-0.275xpropionate (mmol/L) + 0.4xbutyrate (mmol/L).
Ammonia nitrogen was determined with the phenol-hy-
pochlorite method using an automatic microplate reader.
All the nutrients were analyzed in quadruplicate.

Metabolomic analysis
For metabolome analysis, 500 UL of inoculant was diluted in
990 uL of methanol, and 10 pL of myricetin (1 mg/mL diluted
in methanol) was added as the internal standard. Then, the
inoculants were vortexed for 20 min, chilled at -20°C for 30
min, and centrifuged at 16,000 rpm at 4°C for 15 min. Finally,
the supernatant was recovered for LC-MS analysis. The un-
targeted metabolome was analyzed using the same UPLC-
MS instrument equipped with a C18 analytical column
(ACQUITY UPLC BEH C18; 2.1 mmx100 mm; Waters,
USA). The mobile phases were 0.1% formic acid (A, diluted
in UPLC grade ddH,0) and acetonitrile (B), with a running
gradient of 0 min, 95% A; 3.0 min, 80% A; 9.0 to 13.0 min,
5% A; and 13.0 to 13.10 min, 95% A and held at 95% until
reaching 16 min. The flow rate was 0.4 mL/min, and the
injection volume was 5.0 pL. Electrospray ionization was
performed in positive and negative modes separately. The
mass spectrometer used in MS/MS mode was set as follows:
capillary voltage, 2.5 kV; in-source collision-induced disso-
ciation voltage, 30 V; desolvation temperature, 500°C; and
source temperature, 150°C. The MS, and MS, data were
acquired in MSE mode at 50 to 1,000 m/z for 0.5 s per scan.
The low and high collision energies were set at 6 V and ramped
from 15 to 45 V for both positive and negative ionization.
The raw LC-MS data were converted into the .abf format
using the AnalysisBaseFile Conventor (Reifycs, Inc., Tokyo,
Japan) and processed using MSDIAL (Ver. 4.9). The detected
ions were matched with the in-house database MSDIAL
(Ver. Aug. 21st, 2022). Metabolites with a total score above
700 were considered metabolites. The results from MSDIAL
were subsequently transformed into the .csv format, calculated
with MetaboAnalyst (ver. 5.0; https://www.metaboanalyst.
ca/), normalized and log-transformed [20]. Normalized data
were analyzed with the SIMCA software package (Ver. 18;
MKS Data Analytics Solutions, Umea, Sweden) for super-
vised orthogonal partial least-squares discriminant analysis
(OPLS-DA) and permutation tests of the OPLS-DA results.
The first principal component of the variable importance in
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the projection (VIP) value, Student’s t-test, and log,-fold
change (log,FC) were calculated. Metabolites with VIP values
>1.0, p-values <0.05, and log,FC >1.0 or <-1.0 were recog-
nized as differentially accumulated metabolites between the
BA and BALA groups. Finally, the differentially accumulated
metabolites were analyzed using ‘Pathway Analysis’ embedded
in MetaboAnalyst, and the validation of the affected pathways
was based on the Kyoto encyclopedia of genes and genomes
(KEGG) database.

Morphological analysis

The dynamic variation in barley morphology during fermen-
tation was visualized using scanning electron microscopy
(SEM; S-4800; Hitachi, Tokyo, Japan). The pretreatment
process for SEM was as follows: i) The barley particles were
fixed in the 1st phosphate buffer (0.2 M; containing 0.5%
glutaraldehyde and 0.15% ruthenium red, pH 7.2) for two
hours. ii) Then, the particles were transferred to the 2nd
phosphate buffer (0.2 M; containing 5% glutaraldehyde and
0.05% ruthenium red, pH 7.2) for two hours. iii) Subsequently,
the buffer was removed, and the particles were washed three
times with 20 min intervals with the 3rd phosphate buffer
(0.2 M; containing 0.05% ruthenium red, pH 7.2). iv) Fur-
thermore, the particles were dehydrated using increasing
concentrations of ethanol (10%, 20%, 30%, 50%, 70%, 90%,
and 99.5%) at 15 min intervals [12]. Finally, the particles
were freeze-dried, placed on aluminum stubs, sputter-coated
with osmium, and analyzed using SEM.

Statistical analysis

The data from the present study were analyzed with the linear
mixed model using SPSS software (v20.0; IBM, Armonk,
NY, USA) according to the following model: Y; = p+G+R
+e;, where Y; represents the dependent variable, yL represents
the overall mean, G, represents the fixed effect of cereals, R;
represents the random effect of ruminal fluid held within a
bottle, and e; represents the random residual effect. For
different time intervals, the data were analyzed as repeated
measurements. The fermentation characteristics are presented
as the meantstandard error of the mean. The nutrients in
LA-treated and untreated barley were measured during labo-
ratory work, and the results are presented as the means+
standard deviations. Differences in the means were compared
using -tests, and a p-value lower than 0.05 was considered
statistically significant. All indices were measured in qua-
druplicate.

RESULTS

Nutrient components of barley
The DM, CP, ash, and water-soluble carbohydrate contents
of BALA were lower than those of BA (p<0.05; Table 1). In
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contrast, the RS and non-fiber carbohydrate contents in the
BALA group were higher than those in the BA group (p<0.05).
LA treatment of barley resulted in little difference in the con-
tents of EE, NDFom, ADFom, cellulose, total starch, and
amylose (p>0.05).

Variations in fermentation characteristics

In the present study, DM disappearance was greater in the
BA group than in the BALA group at 12 h and 18 h (p<0.01;
Figure 1A), with few differences observed at 3 h, 6 h, or 24 h
(p>0.05). The inoculant pH of the BALA group was greater
than that of the BA group at 3 h, 12 h, and 18 h (p<0.01;
Figure 1B) but exhibited negligible differences at 6 h and 24 h
(p>0.05). The NH,-N concentration in the BALA was lower
at 3 h but greater at 18 and 24 h than that in the BA (p<0.01;
Figure 1C); however, the difference was not evident at 6 h
and 12 h (p>0.05). Methane emissions from BALA were
lower than those from BA at 3 h and 12 h (p<0.01; Figure
1D) but exhibited little difference at 6 h, 18 h, and 24 h (p>
0.05). The concentrations of total SCFAs, acetate, propionate,
and butyrate were lower in the BALA group than in the BA
group at 3 and 12 h (p<0.05; Figure 1E). However, no differ-
ence in the concentrations of these fatty acids was observed
between the BA and BALA groups at 6 h, 18 h, and 24 h (p>
0.05). The variation in the valerate concentration followed a
similar trend to that of the other SCFAs but was lower at 18
h in the BALA group than in the BA group (p<0.05). Con-
sistent decreases in total BCFA and isobutyrate levels were
noted in the BALA group compared with those in the BA
group at 3 h, 6 h, 12 h, and 24 h (p<0.01; Figure 1E). The
concentration of isovalerate in the BALA group was lower

Table 1. Nutrient composition of cereals (% of dry matter bases; pre-
sented as the mean with standard deviation from quadruplicate meas-
urements)

Items BA BALA p-value
Dry matter 82.36+0.05 79.88+0.12 <0.001
Crude protein 10.13£0.06  9.11+0.08 <0.001
Ether extract 1.88+£0.05  1.80£0.11 0.509

aNDFom 11.30+0.22 11.67+0.40  0.699
ADFom 3.55£0.25 3.67+0.23  0.588
ADL 0.30+0.19  0.32+0.18  0.899
Cellulose 3.34+0.03 3.35+0.06  0.845
Ash 217+016  1.54+0.07 <0.001
Total starch 60.97+£1.89 62.43+1.60  0.345
Amylose 2475£1.61 23.95+£1.43  0.543

0.79£0.11 3.84+0.18 <0.001
74.48+0.24 76.31£0.49 0.001

0.51£0.05 0.40£0.02  0.010
BA, barley grain; BALA, 5% lactic acid-treated barley grain; aNDFom,
neutral detergent fiber with heat-stable amylase expressed exclusive of

residual ash; ADFom, acid detergent fiber expressed exclusive of residual
ash; ADL, acid detergent lignin.

Resistant starch
Non-fiber carbohydrate
Water-soluble carbohydrate

1904 www.animbiosci.org

Tian et al (2024) Anim Biosci 37:1901-1912

than that in the BA group only at 3 h (p<0.01) but was similar
between the BA and BALA groups at other times (p>0.05).

Multivariate and pathway variations

A total of 544 MS peaks were identified from positive and
negative ionization of the inoculant samples. These peaks
corresponded to 58 metabolites (Supplementary Table S1).
The orthogonal partial least squares discriminant analysis
(OPLS-DA) score plots of all samples at different fermentation
time intervals were located in the 95% Hotelling T-squared
ellipse (Figure 2A-2E). As shown in the figure, there were
apparent plot separations between the BA and BALA groups
at all fermentation times. As visualized in the histogram
(Figure 2F), four metabolites were upregulated and 21 metabo-
lites were downregulated in the BALA group compared with
the BA group at 3 h. In addition, two metabolites were up-
regulated and 13 metabolites were downregulated in the
BALA group compared with the BA group at 6 h. Moreover,
eight metabolites were upregulated at 12 h, 12 metabolites
were downregulated at 18 h, and only two metabolites were
downregulated at 24 h.

After validation, the major differential metabolites between
BA and BALA at different fermentation time intervals are
shown in Figure 3A. Subsequently, mapping of the differ-
ential metabolites using the KEGG database showed that
several pathways were significantly affected (Figure 3B). For
instance, at 3 h, compared with BA, BALA had lower con-
centrations of adenine (log,FC = -3.46); proline (log,FC =
-2.93); L-pipecolic acid (log,FC = -2.92), a catabolite of lysine;
and dehydroisoandrosterone sulfate (log,FC = -1.20), which
is a steroid produced by the liver. These differential metabolites
were clustered into pathways involved in lysine degrada-
tion, arginine and proline metabolism, aminoacyl-tRNA
biosynthesis, purine metabolism, and steroid hormone
biosynthesis. At 6 h, BALA had lower concentrations of L-
pipecolic acid (log,FC = -1.42), linoleic acid (log,FC = -1.34),
and proline (log,FC = -1.31), and these metabolites were
correlated with linoleic acid metabolism and lysine degra-
dation pathways. At 18 h, BALA had lower concentrations
of linoleic acid (log,FC = -1.14) and L-lactate (log,FC =
-8.52), and these two metabolites are involved in linoleic
acid metabolism and pyruvate metabolism, respectively.
Compared with fermentation at 3 h, 6 h, and 18 h, fermenta-
tion at 12 h and 24 h resulted in fewer differential metabolites,
such as sulfolithocholic acid (12 h; log,FC = 9.18), a type of
bile acid; dodecylbenzene sulfonic acid (12 h; log,FC = 9.19),
a cell signaling molecule; and 3,6,9,12-tetraoxatetracosan-
1-o0l (24 h; log,FC = -1.04), an organic compound that
exists in the blood. Unfortunately, these metabolites did
not cluster into any metabolic pathway.

Morphological structure of barley cereals during
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Figure 1. Fermentation characteristics, including dry matter (DM) disappearance (A), rumen pH (B), ammonia nitrogen (C), methane emission (D),
short-chain fatty acids (E), and branched-chain fatty acids (F), at different time intervals. The bars, triangles and pentagons marked in blue repre-
sent the fermentation of barley steeped with tap water for 48 h (BA), and those marked in red represent the fermentation of barley steeped with
5% lactic acid (dissolved in tap water) for 48 h (BALA). Significance was defined using asterisks (one asterisk indicates p<0.05, two asterisks de-

note p<0.01).

fermentation

The white, protein-like cover on the ultrastructures of barley
and LA-treated barley before (0 h) and during fermentation
(3 to 24 h) observed by SEM was defined as the ‘proteinaceous
matrix (PM); a term used by Martinez et al [12]. The differ-
ence in the ultrastructure of barley and LA-treated barley
was notable since the onset of fermentation (Figure 4). At 0
h (Figure 4 A0, B0), the most evident variation induced by
LA treatment was the reduction in the PM that surrounded
the starch granule (SG) in the BALA compared with that in
the BA. However, minimal noticeable differences in the
morphological structure of the SG were noted between the
BALA and BA. After 3 h (Figure 4 Al, B1), both BA and
BALA had an exposed SG due to the degradation of PM.
However, clustered bacterial cells began colonizing the SG of

BA but not BALA. At 6 h (Figure 4 A2, B2), the hydrolysis of
the PM was very rapid compared with that of the SG on both
BA and BALA, and less PM was observed on the BA than
on the BALA. Moreover, clustered bacterial cells were also
apparent on the SG of the BALA group. After 12 h (Figure 4
A3, B3), the number of bacteria on the SG surface decreased
in the BA and BALA groups, and cavities began to appear on
the SGs. BA was more digested than BALA because of the
larger diameter of the cavities. After 18 h (Figure 4 A4, B4),
the SGs of BA and BALA nearly all degraded. However, SG
can still be observed on the BALA. Finally, at 24 h (Figure 4
A5, B5), no SG could be observed on the BA or BALA; only
net-like structures and bacterial cells remained. There was
no distinction between the BA and BALA.
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Figure 2. Orthogonal partial least squares discriminant analysis (OPLS-DA) of the untreated barley (BA) group vs. the 5% lactic acid-treated barley
(BALA) group at 3 (A), 6 (B), 12 (C), 18 (D), and 24 (E) h of fermentation and the metabolic profile (F) at different time intervals.
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Figure 4. Morphological features (2,500x) of untreated barley (BA; A) and 5% lactic acid-treated barley (BALA; B) viewed by scanning electron mi-
croscopy at 0 (AQ, BO), 3 (A1, B1), 6 (A2, B2), 12 (A3, B3), 18 (A4, B4), and 24 (A5, B5) h of fermentation. Bacterial cells began to appear on the
scanning electron microscopy (SEM) image at 3 h for BA but at 6 h for BALA. Larger images are shown in Supplementary Figure S1. BC, bacterial

cells; SG, starch granule; PM, proteinaceous matrix.

DISCUSSION

Impact of lactic acid on barley nutrient components

Several studies have indicated that LA-treated cereals affect
rumen fermentation by modifying nutrient properties [7,21].
Indeed, we observed alterations in both the nutrient compo-
sitions and ultrastructures of barley after LA treatment. The
lower protein content in the BALA group than in the BA
group aligns with the report of Dailey et al [5], who indicated
protein leakage into the steeping solution during 0.5% LA
treatment. Additionally, the SEM image showed a decrease
in the PM content on the BALA compared with that on the
BA. The mechanism of protein decrease was probably the
softening of the PM during steeping [22] and the solubiliza-
tion of cereal proteins in LA [23]. A previous study suggested
the activation of endogenous protease during LA treatment
of corn [5]. However, in that study, protein solubilization oc-
curred in untreated corn, and similar protein contents were
detected in the corn kernels treated with either L- or DL-lactic
acid. Of note, although LA possesses antimicrobial capacity
[24], complete depletion of microbes is impossible. There-
fore, microbial degradation of PM could also be considered.
To draw a precise conclusion, more data are still needed. The
decrease in the water-soluble carbohydrate content of the
BALA group compared to that of the BA group was believed
to be induced by LA activation of endogenous enzymes such

as P-glucanase [25]. The lower ash content can be attributed
to the decreasing effect of LA on barley mineral content [8],
as a previous study revealed a decreased phosphorus level
after treating corn with 25 g/kg LA for 48 h [9].

The greater RS content in the BALA group compared with
the BA group aligns with our hypothesis that LA treatment
may influence specific cereal nutrients. This finding is also
consistent with previous studies, which aimed to increase
the flow of RS to the hindgut through LA treatment to en-
hance host energy utilization [26]. The increase in the RS
content was induced by a series of irregular reactions, such
as cross-linking and depolymerization (as reviewed by Sajilata
et al [27]), which ultimately decreased the susceptibility of
this part of the starch to rumen degradation. Our observation
is consistent with the results of Votterl et al [9], who reported
that the aNDFom content remained stable after LA treatment,
but contrasts with the findings of Harder et al [28], who re-
ported a lower NDF content after treating barley with 5%
LA for 24 h. The discrepancies may be attributed to varia-
tions in LA concentrations. Nevertheless, the limited data do
not permit us to confirm the precise mechanism underlying
these alterations.

Variations in fermentation characteristics
Following the alterations in nutrient contents, the in vitro

fermentation of barley was affected to a certain extent. Al-
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though LA treatment reduced the protein content of BALA,
the simultaneous decrease in DM content may attenuate the
discrepancies in DM loss between BA and BALA during the
intensive protein fermentation period from 0 h to 6 h [3].
Therefore, it seems reasonable that the two groups had similar
DM disappearances at 3 h and 6 h. On the other hand, the
lower DM loss in BALA compared with BA at 12 hand 18 h
can be attributed to the higher RS content in BALA, as this
type of starch generally degrades more slowly than other
starch types in the rumen [29]. More intuitively, differences
in DM loss at 12 h and 18 h can be supported by the remain-
ing starch granules evident in the comparison of SEM images
between the BALA group and BA group. The comparable
DM disappearance between the BA and BALA groups at 24
h may be attributed to the depletion of proteins and starch,
not the remaining cell wall components, such as cellulose
[12].

The pH increase observed at 3 h, 12 h, and 18 h in the
BALA group was consistent with the observation of Igbal et
al 7], where dairy cows fed 1% LA-treated barley exhibited
elevated rumen pH. However, the beneficial effect on pH is
likely multifactorial. This was because the rumen degradation
rate of protein is often faster than that of starch, and protein
is generally exhausted at approximately 12 h of fermentation
[3]. Therefore, the higher pH at 3 h was attributed to the
lower protein content in BALA in response to BA, whereas
the elevated pH at 12 and 18 h was likely induced by the
higher RS content in BALA than in BA. Similar to the DM
disappearance, the absence of a pH difference after 24 h may
be attributed to the depletion of starch and the onset of fiber
fermentation [12]. The similar aNDFom and ADFom values
thus contributed to the stable pH between the BA and BALA
groups to a large extent.

The lower NH;-N concentration in the BALA group than
in the BA group at 3 h accurately reflected the lower protein
content induced by LA treatment. However, the mechanism
underlying the similar pH levels and NH;-N concentrations
at 6 h between the BA and BALA groups is unclear. One
possible reason is that a considerable amount of PM was ob-
served in the SEM images of both the BA and BALA samples,
and another is the potential of LA to decrease soluble pro-
tein levels, mainly those of albumin and globulin, in cereals
[30,31]. This could be attributed to LA selectively decreas-
ing the levels of fast-degrading proteins, such as albumin and
globulin. In contrast, other proteins, such as hordein and
glutelin [32], remained unaffected.

Igbal et al [6] reported no effect of 0.5% LA on total rumen
SCFAs during diurnal variation but did observe lower total
SCFA levels at 2 h and 4 h postfeeding. In partial agreement
with this report, we noticed that LA treatment promoted a
decrease in total SCFAs in BA and BALA samples not only
at 3 h but also at 12 h of fermentation. Rumen SCFAs are
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produced mainly from the microbial fermentation of carbo-
hydrates rather than proteins [33]. Therefore, the lower total
SCFA levels in the BALA group at 3 h of fermentation in our
study can be attributed only to the LA-induced decrease in
the water-soluble carbohydrate content. Similarly, the lower
total SCFA content at 12 h in the BALA group was caused by
the greater RS content. In contrast with the studies that only
observed lower acetate but were in line with those of Harder
et al [34], the decrease in the contents of all individual SCFAs
may be due to the higher LA concentration (5% LA in the
present study and 0.5 and 1% in Igbal et al [6] and Yang et al
[4], respectively), which accelerated the decrease in the water-
soluble carbohydrate content or increase in the RS content.
One compelling result was that LA-treated barley signifi-
cantly reduced methane emission during the most intensive
fermentation periods of protein (approximately 3 h of fer-
mentation) and starch (12 h to 18 h of fermentation), as
postulated by Humer and Zebeli [26]. The variation in methane
concentration can be directly attributed to the decrease in
total and individual SCFAs induced by LA treatment possibly
because either LA treatment reduces the substrate available
for methanogens to generate methane or reduces the amount
of acetate synthesized, leading to a reduction in the amount
of metabolic hydrogen needed for methane production [35].
However, as the methane concentration in our study was
measured indirectly by calculation, validation of this conclu-
sion still requires additional in vivo data.

The lower total BCFA concentration in the BALA group,
especially at 3 h, corresponded with a reduced NH,-N con-
centration. This reduction can be induced either by LA
reducing protein content [9] or by LA protecting amino
acids from degradation [36]. The lack of a difference in iso-
valerate content between the BA and BALA groups but a
difference in iso-butyrate content was in accordance with
the results of Mickdam et al [21] because LA-treated cereals
affect the bacterium Ruminococcus albus, which is more
correlated with iso-butyrate than iso-valerate in the rumen
[37]. Unfortunately, limited information does not allow us
to explain the sudden increase in isobutyrate content in the
BA group after 24 h of fermentation. We speculate that this
result was related to microbial differences between the BA
and BALA groups because iso-fatty acids are essential com-
ponents for some bacteria during fiber degradation.

Dynamics of the fermentation metabolome

LA treatment decreased the barley CP content, reducing the
volume of NH;-N produced during in vitro fermentation. In
response, adenine, L-pipecolic acid, and proline were lower
in the BALA group than in the BA group at 3 h. As adenine
is an intermediate of purine metabolism [38], its decreased
content in the rumen implies suppressed synthesis of micro-
bial proteins [39]. Moreover, the reduction in adenine content
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corresponded well with the decrease in CP and NH;-N levels
in BALA, as microbial protein synthesis primarily relies on
dietary nitrogen sources such as CP. On the other hand, L-
pipecolic acid is the product of lysine degradation [40]. The
simultaneous decrease in L-pipecolic acid and proline levels
indicated a decrease in upstream protein utilization. Therefore,
it can be concluded that LA treatment of barley predominantly
affects rumen fermentation at 3 h by changing protein utili-
zation.

As fermentation progressed and barley proteins were
rapidly exhausted (indicated by lower PM content on SEM
images at 6 h than at 3 h), fewer differential metabolites and
affected pathways were observed at 6 h compared to 3 h.
Only the lysine degradation pathway remained affected in
terms of protein utilization. The reduced linoleic acid con-
tent in the BALA group compared to that in the BA group
indicated attenuated linoleic acid metabolism. However, few
reports have evaluated the relationship between LA treatment
of cereals and linoleic acid in ruminants. Notably, Wood et
al [41] indicated that linoleic acid can efficiently provide
energy to the host, and experiments conducted on pigs re-
vealed greater plasma linoleic acid levels in the energy-deficient
group than in the energy-sufficient group [42]. Combined
with the report that enhanced energy status was observed in
dairy cattle consuming LA-treated barley [29], we suggest

0Oh

,” Non-treated barley

N

4

"

——
-

\
18 hy
\

B o

\
24h %
—

Balanced status

-—-->

Resistant starch
Non-fiber carbohydrates

Crude protein
Water-soluble carbohydrates

A

Arginine and Proline metabolism
Purine metabolism
Lysine degradation

Linoleic acid metabolism
Pyruvate metabolism

Y

Similar dry matter left
Balanced fermentation

":1, Attunated metabolic difference 5
4

Fermentation process Strengthened side

/1137

that the reduced linoleic acid level released in the rumen is
beneficial, but the mechanism involved remains to be deter-
mined. At 12 h, no pathways could be attributed to protein
utilization or starch fermentation. Furthermore, the difference
in pyruvate metabolism at 18 h in the BALA group agreed
with the results of Yang et al [4], who observed lower rumen
pyruvate contents in steers fed 1% LA-treated corn than in
steers fed untreated corn. As pyruvate is the intermediate
product of starch digestion [4], the attenuation of pyruvate
metabolism clearly showed that starch in LA-treated barley
escaped from rumen digestion. Finally, at 24 h, no pathways
were affected, and only a few differential metabolites were
observed. This, coupled with similar DM disappearance, inocu-
lant pH, and ultrastructures between BA and BALA, suggested
the complete fermentation of protein and starch. This result
was unexpected because the purpose of using LA-treated
cereal was to save more nutrients from the rumen for utili-
zation in the intestine. Thus, to guarantee better utilization
of cereals in the intestine, factors that slow the rumen passage
rate of LA-treated cereal, such as adding another viscous
feedstuft or decreasing DM intake, should be avoided.

A summary of the effects of LA treatment on barley nu-
trients and morphological structure, as well as differences in
fermentation characteristics and metabolomes, between BA
and BALA is shown in Figure 5. Briefly, LA treatment modi-

LA-treated barley®

=z

Increased Decreased

Figure 5. Fate of LA-treated barley (BALA) and untreated barley (BA) degradation in the rumen. Lactic acid (LA) treatment first alters the nutrient
composition of barley, primarily by increasing the content of resistant starch and nonfiber carbohydrates and decreasing the content of crude
protein and water-soluble carbohydrates. BALA and BA degradation in the rumen causes marked discrepancies in fermentation characteristics,
the rumen metabolome, and the barley ultrastructure. However, these discrepancies diminished after degradation for 24 h. In general, BA degraded

faster than BALA.
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fied barley by increasing the RS and non-fiber carbohydrate
contents and decreasing the CP and water-soluble carbohy-
drate contents. These alterations subsequently led to significant
differences in fermentation characteristics (such as pH, NH;-N,
and methane), metabolome (by attenuating specific metabolic
pathways), and ultrastructure.

CONCLUSION

The consistency of our results with previous in vitro and in
vivo data underscores the strong representativeness of our
data for practical ruminant responses. On the other hand,
the variation in fermentation characteristics, such as inoculant
pH and SCFAs, combined with the altered metabolic path-
ways observed in the BALA group compared to those in the
BA group, supports our hypothesis that LA treatment of
cereals can alter rumen fermentation and metabolism by
modifying cereal nutrient contents such as CP and RS. More
importantly, we provided the first view of metabolomic and
morphological changes in both LA-treated and untreated
barley during a 24-h fermentation period, offering a valuable
reference for future in-depth investigations.
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Supplementary Table S1

Parameters of metabolites from positive and negative ionization at different fermentation time intervals.

Metabolites (BALA vs. BA) VIP log:FC Pvalue Metabolites (BALA vs. BA) VIP log:FC P value
3h

Positive ionization Negative ionization

Dibutyl phthalate 1.18 -3.92 <0.01  Sulfolithocholic acid 1.81 3.85 <0.01
Acetyl tributyl citrate 1.19 -3.47 <0.01  Humantenine 1.78 2.57 <0.01
Adenine 1.18 -3.46 <0.01 Methoxyfenozide 1.63 3.17 <0.01
Homoorientin 1.16 -3.09 <0.01  Mitragynine 1.80 -2.23 <0.01
Triphenylphosphate 1.12 -2.95 <0.01  Dodecylbenzenesulfonic acid 1.34 -1.19 0.03
Proline 1.11 -2.93 <0.01  Dehydroisoandrosterone sulfate 1.48 2.39 0.04
L-Pipecolic acid 1.16 -2.92 <0.01 Lichesterinic acid 1.24 1.00 0.07
Lauryl diethanolamide 1.13 -2.90 <0.01 DL-2-hydroxyvaleric acid 1.14 -0.52 0.10
Phthalic anhydride 1.14 -2.88 <0.01 LPE 16:0 0.82 0.25 0.27
Imidazole 1.11 -2.81 <0.01 Lauric acid 0.73 0.19 0.31
Diethanolamine 1.12 -2.75 <0.01  Myristic acid 0.74 -0.22 0.34

Stearoylethanolamide 1.15 -2.52 <0.01  Benzenesulfonic acid 0.73 0.25 0.34





4-Methoxycinnamic acid
Erucamide

Morpholine
Gamabufotalin
Homoserine Lactone
3,6.,9,12-Tetraoxatetracosan-1-ol
4-Methylcoumarin
Anthranoyllycoctonine
Alisol B Acetate
Vercuronium
Tuberostemonine
Panaxatriol

Leupeptin

Baclofen

Positive ionization

1.10
1.13
1.05
1.07
1.00
1.00
1.00
0.94
0.86
0.81
0.70
0.52
0.31
0.11

-2.44
-2.39
-2.34
-2.11
-2.03
-1.90
-1.90
-2.22

1.82
-1.58
-1.26
-0.98
-0.35
-1.27

0.01
0.01
0.02
0.02
0.04
0.02
0.03
0.05
0.07
0.10
0.17
0.34
0.58
0.81

Rauwolscine
Ortophosphate
Thymol-B-D-glucoside
Indoxyl sulfate
Zinniol

Lauryl sulfate
Trifluoroacetic acid
Stearic acid
Undecanedioic acid
Decanedioic acid
Azelaic acid

Ascorbic acid
2-Hydroxyisocaproic acid
Dodecanedioic acid

Allantoin

6h

Negative ionization

0.59
0.65
0.51
0.52
0.40
0.44
0.32
0.33
0.32
0.24
0.22
0.18
0.12
0.05
0.03

0.16
0.22
0.16
0.14
0.12
0.12
0.07
0.06
-0.12
-0.10
-0.10
-0.14
<0.01
-0.07
-0.07

0.41
0.44
0.47
0.50
0.54
0.54
0.67
0.68
0.69
0.75
0.76
0.79
0.88
0.94
0.95





Adenine

Acetyl tributyl citrate
Dibutyl phthalate
Anthranoyllycoctonine
Baclofen
Homoorientin
L-Pipecolic acid
N-lauroylethanolamine
Myristoyl ethanolamide
Linoleic acid
Triphenylphosphate
Proline

Homoserine lactone
Phthalic anhydride

Lauryl diethanolamide

Imidazole

Diethanolamine

1.37
1.30
1.28
1.25
1.28
1.22
1.23
1.12
1.14
1.16
1.24
1.11
1.10
1.10
1.03
1.02
1.01

2.18
-1.91
-1.81
-1.60
-1.54
-1.44
142
-1.39
-1.37
-1.34
-1.32
-1.31
-1.21
-1.36
111
-1.16
-1.15

<0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.08
0.08
0.09

Sulfolithocholic acid

Methoxyfenozide

Dodecylbenzenesulfonic acid

Mitragynine

Dehydroisoandrosterone sulfate

Humantenine
Rauwolscine
Ascorbic acid
L-lactate

Allantoin

Mpyristic acid

LPE 16:0
Ortophosphate
DL-2-hydroxyvaleric acid
Dodecanedioic acid
Undecanedioic acid

Azelaic acid

2.09
1.94
1.82
1.81
1.76
1.66
1.29
0.92
0.63
0.54
0.53
0.49
0.48
0.44
0.39
0.37
0.35

4.73
4.32
3.62
-1.39
-1.25
3.52
-0.58
0.58
1.78
0.85
0.68
0.66
0.85
0.18
0.73
0.76
0.82

0.02
0.04
0.07
0.08
0.09
0.11
0.25
0.42
0.58
0.65
0.65
0.67
0.68
0.70
0.74
0.75
0.76





Morpholine

Erucamide
Gamabufotalin
Panaxatriol
4-Methoxycinnamic acid

Stearamide

3,6,9,12-Tetraoxatetracosan-1-ol

4-Methylcoumarin
Alisol B Acetate
Tuberostemonine
Leupeptin

Vercuronium

Positive ionization
Vercuronium
Panaxatriol

Tuberostemonine

0.93
0.93
0.91
0.87
0.88
0.91
0.78
0.56
0.42
0.45
0.34
0.16

1.62
1.66
1.61

-1.13
-0.88
-1.01
0.64
-0.89
-0.45
-0.80
-0.58
0.32
0.19
0.06
-0.05

1.14
1.68
1.24

0.12
0.13
0.13
0.16
0.16
0.17
0.21
0.40
0.46
0.49
0.61
0.82

<0.01
<0.01
<0.01

Decanedioic acid
Indoxyl sulfate

Stearic acid
Lichesterinic acid
Lauryl sulfate
Trifluoroacetic acid
Zinniol

Lauric acid
Thymol-B-D-glucoside
Benzenesulfonic acid
2-Hydroxyisocaproic acid

Canrenone

12 h

Negative ionization
Humantenine
Methoxyfenozide
Sulfolithocholic acid

0.34
0.32
0.24
0.23
0.23
0.21
0.15
0.15
0.13
0.10
0.06
0.06

1.29
1.34
1.34

0.77
0.81
0.87
1.49
1.00
1.11
1.22
1.09

1.22
0.86
1.38

8.21
8.91
9.18

0.77
0.77
0.79
0.84
0.85
0.86
0.89
0.90
0.92
0.93
0.95
0.97

0.01
0.01
0.01





Phthalic anhydride
Leupeptin
4-Methylcoumarin
Acetyl tributyl citrate
Morpholine

Alisol B Acetate
4-Methoxycinnamic acid
Lauryl diethanolamide
Diethanolamine
3,6,9,12-Tetraoxatetracosan-1-ol
Dibutyl phthalate
Gamabufotalin

Adenine

Erucamide
Triphenylphosphate
L-Pipecolic acid

Stearamide

1.56
1.52
1.38
1.30
1.26
1.24
1.15
1.15
1.13
1.04
1.03
0.99
0.66
0.81
0.63
0.61
0.57

1.28
0.99
0.69
-0.42
0.44
-1.00
0.45

0.41

0.34
-0.41
-0.29
0.28
-0.18
0.43

0.18
0.14
0.44

<0.01

<0.01
0.02
0.04
0.05
0.06
0.08
0.09
0.10
0.12
0.13
0.16
0.36
0.24
0.38
0.42
0.44

Dodecylbenzenesulfonic acid
Canrenone

Zinniol

Lauric acid
Thymol-B-D-glucoside
Lauryl sulfate

Mpyristic acid
Benzenesulfonic acid
2-Hydroxyisocaproic acid
LPE 16:0

Trifluoroacetic acid
Indoxyl sulfate

Azelaic acid

Decanedioic acid
Undecanedioic acid
Stearic acid

Dodecanedioic acid

1.31
1.06
1.05
1.05
1.05
1.04
1.02
0.99
0.99
0.98
0.98
0.97
0.96
0.96
0.96
0.96
0.96

9.19
6.15
5.99
5.98
5.98
5.96
6.09
5.78
5.67
5.98
5.76
5.70
5.56
5.57
5.59
5.62
5.57

0.01
0.07
0.08
0.08
0.08
0.08
0.09
0.10
0.10
0.11
0.11
0.11
0.11
0.11
0.12
0.12
0.12





Imidazole

Proline

Baclofen
N-lauroylethanolamine
Anthranoyllycoctonine
Homoorientin
Myristoyl Ethanolamide
Homoserine lactone

Linoleic acid

Positive ionization

Alisol B Acetate
3,6,9,12-Tetraoxatetracosan-1-ol
Linoleic acid

Acetyl tributyl citrate

Adenine

Dibutyl phthalate

0.58
0.38
0.34
0.26
0.20
0.19
0.17
0.09
0.03

1.50
1.42
1.44
1.31
1.31
1.24

0.13
0.10
0.08
0.07
0.05
-0.06
0.03
0.02
<-0.01

-2.92
-1.52
-1.14
-1.18
-0.99
-1.11

0.45
0.60
0.66
0.72
0.75
0.78
0.84
0.96
0.98

<0.01
<0.01
<0.01
<0.01
0.01
0.02

Ortophosphate

L-lactate

Allantoin

DL-2-hydroxyvaleric acid
Lichesterinic acid

Ascorbic acid

Rauwolscine
Dehydroisoandrosterone sulfate

Mitragynine

18 h

Negative ionization

Lauryl sulfate

L-lactate

Mitragynine
Dehydroisoandrosterone sulfate
Sulfolithocholic acid

Lichesterinic acid

0.96
0.96
0.94
0.93
0.93
0.88
0.64
0.52
0.49

1.25
1.22
1.21
1.18
1.17

5.53
5.54
548
541
3.81
5.13
3.98
3.51
3.45

-10.10

-8.52
-8.85
-8.91
-8.71
-8.68

0.12
0.12
0.13
0.13
0.15
0.15
0.16
0.44
0.46

0.01
0.02
0.02
0.02
0.02
0.02





Homoorientin
Homoserine lactone
Baclofen
N-lauroylethanolamine
Phthalic anhydride
Myristoyl Ethanolamide
Proline

Imidazole
Anthranoyllycoctonine
Triphenylphosphate
Panaxatriol
Diethanolamine
Morpholine

L-Pipecolic acid
Gamabufotalin
4-Methoxycinnamic acid

Lauryl diethanolamide

1.21
1.17

1.12
1.12

1.09
1.05
1.03
1.03
0.98
0.95
0.91
0.92
0.89
0.75
0.74

-0.98
-0.96
-0.75
-0.77
-0.76
-0.77
-0.72
-0.66
-0.73
-0.65
0.53
-0.60
-0.56
-0.58
-0.53
-0.42
-0.36

0.02
0.03
0.04
0.05
0.05
0.05
0.06
0.07
0.07
0.08
0.10
0.10
0.12
0.13
0.14
0.23
0.23

Rauwolscine
DL-2-hydroxyvaleric acid
Ascorbic acid

Allantoin

Stearic acid
Ortophosphate

Azelaic acid
Thymol-B-D-glucoside
Undecanedioic acid
Benzenesulfonic acid
2-Hydroxyisocaproic acid
Decanedioic acid
Dodecanedioic acid
Indoxyl sulfate
Methoxyfenozide
Canrenone

Trifluoroacetic acid

1.16
1.10
1.00
0.99
0.98
0.98
0.96
0.96
0.96
0.96
0.95
0.96
0.96
0.95
0.94
0.94
0.94

-8.45
-7.10
-7.10
-6.92
-6.84
-6.57
-6.78
-6.64
-6.75
-6.56
-6.75
-6.75
-6.86
-6.62
-6.59
-6.51
-6.60

0.03
0.07
0.08
0.08
0.08
0.08
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.10
0.10
0.10





Stearamide
Erucamide
4-Methylcoumarin
Leupeptin
Vercuronium

Tuberostemonine

Positive ionization

Alisol B Acetate

Linoleic acid
3,6,9,12-Tetraoxatetracosan-1-ol
Adenine

Panaxatriol

Acetyl tributyl citrate
Stearamide

Dibutyl phthalate

Vercuronium

0.50
0.49
0.40
0.31
0.24
0.09

1.92
1.76
1.69
1.63
1.59
1.45
1.39
1.40
1.30

-0.30
-0.30
-0.24
-0.18
0.08
0.02

-2.49
-0.87
-1.04
-0.64
0.84
-0.64
0.89

-0.54
0.51

0.45
0.46
0.54
0.64
0.71
0.88

<0.01

<0.01

<0.01
0.01
0.02
0.04
0.05
0.06
0.08

Zinniol

Lauric acid

Mpyristic acid

LPE 16:0

Humantenine

Dodecylbenzenesulfonic acid
24 h

Negative ionization

Dehydroisoandrosterone sulfate

Sulfolithocholic acid

Lichesterinic acid

Rauwolscine

DL-2-hydroxyvaleric acid

Mitragynine

2-Hydroxyisocaproic acid

Lauric acid

Dodecanedioic acid

0.93
0.93
0.93
0.88
0.68
0.55

1.78
1.72
1.70
1.63
1.24
1.13
1.06
0.97
0.86

-6.42
-6.40
-6.40
-6.19
-4.22
-4.03

-5.88
-5.80
-5.80
-5.55
-4.14
3.72
-3.82
-3.74
-3.74

0.10
0.11
0.11
0.13
0.26
0.37

0.08
0.09
0.10
0.12
0.26
0.31
0.35
0.41
0.45





Baclofen
Anthranoyllycoctonine
Erucamide
Homoorientin
4-Methylcoumarin
Homoserine lactone
Lauryl diethanolamide
N-lauroylethanolamine
Leupeptin

Phthalic anhydride
Myristoyl ethanolamide
L-Pipecolic acid
Proline

Imidazole
Triphenylphosphate
Tuberostemonine

4-Methoxycinnamic acid

1.28

1.05
0.88
0.89
0.80
0.72
0.63
0.52
0.51
0.51
0.45
0.45
0.41
0.23
0.20
0.19

0.37
-0.29
0.33
-0.36
0.27
-0.30
0.19
-0.22
0.12
-0.21
-0.20
-0.19
-0.15
-0.21
-0.15
-0.13
0.02

0.09
0.17
0.18
0.26
0.27
0.31
0.38
0.45
0.53
0.55
0.55
0.57
0.59
0.65
0.79
0.82
0.82

L-lactate

Stearic acid
Undecanedioic acid
Indoxyl sulfate
Azelaic acid
Decanedioic acid
Mpyristic acid
Thymol-B-D-glucoside
Benzenesulfonic acid
Trifluoroacetic acid
Ortophosphate
Methoxyfenozide
Lauryl sulfate
Zinniol
Humantenine
Canrenone

LPE 16:0

0.85
0.85
0.84
0.84
0.84
0.83
0.82
0.79
0.75
0.75
0.73
0.68
0.67
0.62
0.61
0.61
0.60

-3.63
-3.72
-3.61
-3.71
-3.62
-3.64
-3.88
-3.68
-3.55
-3.49
-3.52
-3.49
-3.58
-3.39
-3.45
-3.41
-3.14

0.45
0.46
0.46
0.46
0.46
0.46
0.47
0.48
0.51
0.51
0.52
0.55
0.56
0.58
0.59
0.60
0.60





Gamabufotalin 0.15 0.01 0.85 Dodecylbenzenesulfonic acid 0.60 -0.98 0.52
Diethanolamine 0.04 -0.06 0.94 Ascorbic acid 0.54 -3.57 0.64
Morpholine 0.04 -0.05 0.96 Allantoin 0.44 -3.52 0.70

Abbreviations: BA = barley group; BALA = 5% of lactic acid-treated barley group; VIP = variable importance in projection
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Supplementary Figure S1

Morphological features (2500%) of barley (A) and 5% lactic acid-treated barley (B) viewed by scanning electron microscopy at 0 (A0, B0), 3
(Al, B1), 6 (A2, B2), 12 (A3, B3), 18 (A4, B4), and 24 (A5, B5) h of fermentation. Bacterial cells began to appear on the SEM image at 3 h for
BA but at 6 h for BALA. Larger images are shown in Supplementary Figure 1. BC, bacterial cells; SG, starch granule; PM, proteinaceous
matrix.
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