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monitoring study
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Grain processed by lactic acid (LA) is known to improve ruminant growth and
health. However, the exact mechanism regarding rumen hydrolysis of LA-
treated grain is still ambiguous. This experiment was designed to compare the
effects of 5% LA treatment on the trophic and morphological variations in corn
and to discover the alternations in ruminal hydrolysis between LA-treated and
untreated corn macroscopically and microscopically using in vitro fermentation
method. The results showed that, compared with untreated corn (CN), corn
treated with 5% LA for 48 h (CNLA) experienced a decrease in the dry matter,
albumin fraction, aNDFom, and water-soluble carbohydrate content but an
increase in the resistant starch content. The in vitro fermentation showed that
the pH of CNLA was higher, but dry matter disappearance was lower than that
of CN. Most of the fermentation indices were unaffected, except for decreased
iso-butyrate and iso-valerate. The abundances of total bacteria, Prevotella spp.,
Streptococcus bovis, and Selenomonas ruminantium were higher, but those of
Ruminococcus flavefaciens and Ruminococcus albus were lower in CNLA than
in CN. There were differences in the scanning electron micrographs between
CNLA and CN after 3h of fermentation. This study suggests that treating corn
with LA for 48h can induce changes in its nutrient composition and alter
the bacterial flora during subsequent in vitro fermentation. These changes
appeared to be crucial contributors to the beneficial effects observed in rumen
fermentation.

KEYWORDS

lactic acid, in vitro fermentation, starch, morphology, microflora

Introduction

Corn is the most widely produced grain worldwide (1) and serves as the primary energy
substrate in intensive ruminant rearing systems in many countries (2-4). Compared to other
cereal grains such as barley and sorghum, corn contains greater levels of starch, minerals, and
vitamins (5, 6). However, the highly fermentable nature of corn can easily induce digestive
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disorders when applied to the diet at a high ratio, particularly in beef
fattening industries where corn makes up more than 70% (and even
beyond 90% in some cases) of the total mixed ration for maximizing
beef production (7). An excessive amount of corn in the diet can
drastically reduce ruminal pH, leading to body inflammation and
hindering nutrient absorption in the hindgut, ultimately impacting
ruminant growth performance (4, 8).

Numerous efforts have been made over the past few decades to
improve corn utilization in ruminants through processing
techniques. Lactic acid (LA) has long been used to improve starch
productivity in various industries (9). After Zebeli’s and Ametaj’s
laboratories introduced this method to dairy cattle and achieved
beneficial results in enhanced milk fat production and reduced risk
of inflammation (10, 11), the advantages of processing grains with
LA have gradually been recognized by researchers. Compared to
mechanical processing methods such as steam flaking and dry
rolling, LA processing offers economic, safe, and operational
benefits. Deckardt et al. (12) observed a lower amount of ruminal
protozoa and enhanced fiber digestion in vitro when barley was
treated with 1% LA. In a later experiment conducted by Yang et al.
(8), beef cattle fed 1% LA-treated corn showed improved growth
performance and reduced ruminal lipopolysaccharide (an
inflammatory inducer) levels compared to cattle fed untreated
corn. It was assumed that the advantage of LA-treated grain in
ruminants can be attributed to the debranching effect of LA, which
enables amylopectin to mimic the structure of amylose (13), since
amylose has a slower digestion rate in the rumen that can lower the
fermentation rate and increase ruminal pH (14). Additionally, LA
treatment increased the ratio of resistant starch in the total starch
content, allowing this portion of starch to escape ruminal digestion
and be utilized in the intestine with the assistance of pancreatin
(15). In previous studies, a reduction in the protein content of
LA-treated grain has been observed (9, 13). However, the exact
mechanism regarding ruminal hydrolysis of LA-treated grain is
unclear. The insufficient knowledge regarding LA-treated grain
nutrient variation and subsequent ruminal utilization has piqued
our interest. We hypothesized that LA-treated grain can benefit
rumen fermentation and alter bacterial flora via the manipulation
effect of LA on grain nutrient components, and this effect would
impact the in vitro fermentation process. Thus, the objective of this
study was to investigate how LA-treated grain affects the nutrient
value and rumen fermentation dynamics using corn as the
test grain.

Materials and methods
Lactic acid treatment of corn

Treatment of corn was followed the procedures described in
Deckardt et al. (12) and Martinez et al. (16). Briefly, corn was
purchased from Toyohashi Feed Mills Co., Ltd. (Aichi, Japan),
milled and screened through two consecutive sieves of 2.36 and
1.18 mm, and the particles retained on the 1.18 mm screen were
recovered and steeped in tap water (CN) or 5% LA (DL-lactic acid,
dissolved in tap water; CNLA) for 48 h. Then, corn particles were
repeatedly and gently rinsed in flowing tap water until the pH
reached 7.0.
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Ruminal inoculum and in vitro fermentation

Four healthy Japanese Shiba goats of similar body weight
(37.1+£0.54kg) and condition raised in the Yanagido farm at Gifu
University were selected as ruminal fluid donors. All goats were
previously maintained for 2 weeks by offering a 760 g forage diet [dry
matter consisted of 7% alfalfa hay and 93% oats hay, according to NRC
(17).] per day with ad libitum access to water and mineral block before
sampling. On the sampling day, ruminal fluid was collected at 3 h after
the morning feed using an esophageal tube following procedures
described previously (18). The collected ruminal fluid was immediately
strained through four layers of cheesecloth and mixed with preheated
(39°C) bufter [the ruminal fluid to buffer ratio and buffer contents
were detailed in Makkar et al. (19)] under continuous CO, flushing
(16, 20, 21). For differently treated corn (CN and CNLA) and
fermentation time intervals (3, 6, 12, 18, and 24h), 40mL of the
mixture and 0.5g of corn particles were injected into a fermentation
glass vial, flushed with CO,, sealed using a butyl rubber plug and
tightened with an aluminum cap, as described in Deckardt et al. (12)
and An et al. (20). Finally, vials were stabled on a rotary shaker water
bath (140rpm) and incubated at 39°C (16). The mixture without
added corn particles was immediately stored at —80°C and used as the
fermentation baseline (0h). Glass vials for each fermentation time
interval (3, 6, 12, 18, and 24 h) were immediately removed from the
water bath on time, and terminated fermentation by chilling in ice
water for 5min. The incubation fluid (inoculant) was measured for pH
using a pH meter (MP-220, Mettler-Toledo AG, Switzerland),
collected into 2mL tubes, and stored at —80°C for later analysis. The
residual in the glass vials was rinsed in PBS (pH 7.2) three times and
immediately used for morphological and microbial analysis.

Chemical analysis

After treatment, corn was oven-dried at 60°C for 48 h and ground
through a 0.5-mm screen for analysis of dry matter (DM; 934.01),
crude protein (CP; 984.13), ash (942.05), ether extract (EE; 920.39)
and acid detergent lignin (ADL; 973.18) according to the AOAC
methods (22). The ADFom (acid detergent fiber expressed exclusive
of residual ash) and aNDFom (neutral detergent fiber with heat-stable
amylase and expressed exclusive of residual ash) were analyzed
following the methods of Van Soest et al. (23). Cellulose was calculated
as ADFom minus lignin (24). Non-fiber carbohydrates were calculated
using the following formula: 100 — % aNDFom — % CP — % EE — % ash
(25). Water soluble carbohydrates were measured by calculating
reducing sugar content after anthrone reaction according to Koehler
(26). Corn proteins were fractionated into albumin, globulin, zein,
and glutelin, and concentrations were analyzed using bovine serum
albumin (BSA) as the standard protein (27). For starch determination,
treated corn was freeze-dried, ground to 0.5mm and measured by
comparison with standard D-glucose after incubation with a-amylase
(heat stable; for total starch content), concanavalin A (for amylose
content), and pancreatic a-amylase plus amyloglucosidase (for
resistant starch content), according to instructions of the commercially
available kits K-TSTA, K-AMYL, and K-RSTAR (Megazyme, Wicklow,
Ireland).

For SCFA analysis, the inoculant was first centrifuged, then
derivatized and extracted into a 1.5 mL sampling tube, and finally
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analyzed using UPLC-MS (Xevo™ QToF, Waters, Milford, MA)
according to the method described in our previous study (28). The
methane yield was calculated considering 90% hydrogen recovery
according to Moss et al. (29), and the formula was
CH, (mmol/L)=0.45xacetate (mmol/L)—0.275 x propionate
(mmol/L) + 0.4 x butyrate (mmol/L). Ammonia nitrogen was
determined by the phenol-hypochlorite method (30) and digitized
using an automatic microplate reader.

Microbial analysis

Microbial DNA was extracted from 0.5mL of homogenized
residual according to Yu and Morrison (31) and purity was determined
with a spectrophotometer. Extracted DNA was diluted to 10ng/pL,
and absolute quantification was performed using qPCR with specific
primers of each targeted bacteria (Supplementary Table S1) and gPCR
SYBR Mix (Toyobo, Osaka, Japan), the selected bacteria, including
Prevotella spp., Prevotella ruminicola (P. ruminicola), Streptococcus
bovis (S. bovis), Selenomonas ruminantium (S. ruminantium),
Ruminococcus flavefaciens (R. flavefaciens), Ruminococcus albus
(R. albus) and Butyrivibrio fibrisolvens (B. fibrisolvens) were the most
pivotal rumen bacteria involved in the rumen hydrolyzing process
(31-33). Later, quantified DNA was purified, and a standard curve was
established for each targeted microbe. Estimation of gene copy
numbers for selected bacteria were log-transformed and presented as
gene copy numbers per mL of fermentation fluid. The activity of
bacterial enzymes, including a-amylase, cellulase, protease, and lipase,
were measured by quantification of reducing components released
from culture digestion of each related substrate (34), and enzyme
activities were defined as the amount of enzyme required to release
lIpmol of reducing components/min (or h) per mL of
fermentation fluid.

Morphological analysis

The morphological structure of corn particles and fermentation
residuals were viewed by scanning electron microscopy (SEM). The
SEM procedures per treatment were as follows: (i) the particles were
fixed in the Ist phosphate buffer (0.2M; containing 0.5%
glutaraldehyde and 0.15% ruthenium red, pH 7.2) for 2h. (ii) The
particles were transferred into the 2nd phosphate buffer (0.2M;
containing 5% glutaraldehyde and 0.05% ruthenium red, pH 7.2) for
2h. (iii) The buffer was removed, and the samples were washed using
3rd phosphate buffer (0.2 M; containing 0.05% ruthenium red, pH 7.2)
three times with 20 min interval stands. (iv) Samples were dehydrated
using increasing concentrations of ethanol (10, 20, 30 50, 70, 90, and
99.5%) with intervals of 15min (16, 35). After pretreatment, the corn
particles were freeze-dried, stuck on aluminum stubs, sputter coated
with osmium, and viewed by SEM (S-4800, Hitachi, Tokyo, Japan).

Statistical analysis
All data were analyzed using the MIXED procedure of SPSS

(v20.0, IBM, Armonk, NY, United States) according to the
following model:
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Yji=pu+pBi+Tj+D +(TD)jl +ej

where Yj; represents the dependent variable, y represents the overall
mean, fj; represents the random effect of ruminal fluid held within a
bottle, T; represents the fixed effect of measurement time, D, represents
the fixed effect of grains, (TD); represents the grain by time interaction
and e;; represents the random residual effect. Differences in the means
were compared by -test, and a p-value lower than 0.05 was considered
significant. Measurement of nutrients in LA-treated and untreated
corn was conducted during lab work, and results were presented as the
mean + SD. All indices were measured quadruplicate.

Results

Nutrient components and morphological
structure of corn

As shown in Table 1, the DM, water-soluble carbohydrate,
aNDFom, and fractionated albumin of CNLA were lower than those
of CN. Conversely, the resistant starch content in CNLA was greater
than that in CN. However, processing corn with LA seemed to result
in little difference in the content of CP, EE, ADFom, ADL, cellulose,
starch, or amylose. The morphological structure of corns were shown
in Figure 1. The most evident variation induced by LA processing is
the reduction in the proteinaceous matrix that surrounded starch
granules on CNLA compared with CN. However, there was little

TABLE 1 Nutrient composition of corn and corn steeped with lactic acid
(% of dry matter basis; presented as the mean with standard deviation
from quadruplicate measurements).

Iltems CN CNLA p-value
Dry matter 76.64 + 0.09 74.40 £0.09 <0.01
Crude protein 7.48 £0.20 7.25+0.13 0.14
Albumin® 1.50 £ 0.09 0.99+£0.11 <0.01
Globulin® 1.15+0.14 0.89 £0.15 0.07
Zein® 3.58£0.24 3.62+0.24 0.87
Glutelin® 2.61+0.17 2.70+£0.16 0.50
Ether extract 1.79 £ 0.09 1.80 £ 0.02 0.86
aNDFom"® 8.78 £0.20 8.41+0.14 0.04
ADFom 256 £0.16 2.34+0.18 0.16
ADL 1.22£0.19 0.99 +£0.12 0.12
Cellulose 1.34+0.03 1.35+0.06 0.80
Ash 3.42+0.19 3.66 £0.17 0.13
Starch 66.16 + 0.65 66.49 +0.74 0.59
Amylose 21.95+1.43 22.15+0.32 0.82
Resistant starch 2.29+0.20 8.08 +£0.13 <0.01
Non-fiber carbohydrates 78.63 + 0.88 78.78 + 1.03 0.85
Water soluble carbohydrates 0.65 +0.02 0.52 +0.03 <0.01

“Protein content equivalents to bovine serum albumin.

"aNDFom, neutral detergent fiber with heat-stable amylase and expressed exclusive of
residual ash; ADFom, acid detergent fiber expressed exclusive of residual ash; ADL, acid
detergent lignin.
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FIGURE 1
Scanning electron micrographs of corn steeped with tap water for 48 h (A) and corn steeped with 5% lactic acid (dissolved in tap water) for 48 h (B) at
1000x focal length; SG, starch granule; PM, proteinaceous matrix.
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FIGURE 2

Fermentation characteristics including DM disappearance (A), rumen pH (B), ammonia nitrogen (C), total short-chain fatty acid (D), acetate (E),
propionate (F), butyrate (G), valerate (H), iso-butyrate (1), iso-valerate (J), acetate to propionate ratio (K) and methane (L) as affected by corn treatment
(), fermentation time (pyme), and their interactions (P« ime)- Lines marked with blue open circles represent the treatment of corn steeped with tap
water for 48 h (CN), and lines marked with red closed circles represent the treatment of corn steeped with 5% lactic acid (dissolved in tap water) for
48h (CNLA).

noticeable difference in the morphological structure of starch granules
to be reported between CN and CNLA.

(p<0.01), and the difference was evident during the whole process of
fermentation except at 12h. The molar proportions of iso-butyrate and
iso-valerate were significant between CN and CNLA (p<0.01), but the
difference was also dependent on time. The content of total SCFA,
Variations in in vitro fermentation acetate, propionate, butyrate, valerate, acetate to propionate ratio, and
calculated methane production were not influenced by LA processing

In the present study, DM disappearance was greater in CN than
in CNLA (p<0.01, Figure 2), and the magnitude of the decrease
became more pronounced at 18 and 24h. The pH of CNLA was
greater than that of CN (p<0.01), especially at 6, 12, and 18h. The
concentration of NH;-N in CNLA was lower than that in CN

(p>0.05). The time effect was significant for all indices measured
between CN and CNLA in this section (p<0.01). The interaction
between LA treatment and incubation time was significant for all
indices except for acetate, valerate, acetate to propionate ratio, and
methane production (p>0.05).
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LA treatment of corn increased the absolute abundance of total
bacteria (p<0.01, Figure 3), and the effect was more obvious at 3h and
6h of fermentation. The proportion of Prevotella spp. was significantly
greater in CNLA than in CN (p <0.01). The proportion of S. bovis was
greater in CNLA than in CN, especially at 18h and 24h. The
proportion of S. ruminantium was greater in CNLA than in CN
(p=0.02), but that of R. flavefaciens was greater in CN than in CNLA
(p<0.01), and the difference in these two bacterial species between
CN and CNLA was obvious at 24h and 3h of fermentation,
respectively. The treatment effect was significant for R. albus
proportion (p<0.01), but the proportion was greater at 3h and 12h,
and lower at 24 h in CN than in CNLA. The proportion of P. ruminicola
and B. fibrisolvens received little disturbance from corn treatment
(p=0.11). The time effect was significant for all identified microbes
(p<0.01). The interactive effect of LA treatment and fermentation
time was significant for total bacteria, S. bovis, S. ruminantium,
R. flavefaciens, and R. albus (p<0.01) but not for Prevotella spp.,
P, ruminicola or B. fibrisolvens (p>0.05).

The enzyme activities of amylose and carboxymethyl-cellulase
were lower in CNLA than in CN (p<0.01, Figure 4), but the difference
varied with time. However, protease and lipase activity were not
significant under LA treatment (p>0.05). The time effect was
significant for all the enzymes. The treatment x time interaction was
significant for amylose, protease, and carboxymethyl-cellulase
(p<0.01) but not for lipase (p>0.05).

Morphological structure of corn grains
during fermentation

The white, protein-like cover on the surface of corn before
fermentation and the “reticular” matrix after fermentation observed
by SEM were all defined as “proteinaceous matrix (PM)” in the
following text, similar to the research of Martinez et al. (16), and will
be further explained in the discussion section.

10.3389/fvets.2024.1336800

The changes in the ultrastructures of corn and LA-treated corn
were noticeable after 3h of fermentation. At 3 h, hydrolysis of the PM
on the surface was very rapid compared with the starch granule (SG),
so the PM nearly disappeared on the CN surface, and only a small part
of PM could be visualized on the CNLA. Instead, clustered bacterial
cells began to colonize the SG, with a greater amount on the CN
compared with CNLA (Figures 5A1,B1; larger size figures were
deposited in Supplementary Figure S1). After 6h, no PM was observed
on the surface of CN and CNLA, and the SG of CN collapsed with
total bacterial colonization. There was also a considerable amount of
bacteria on the SG of the CNLA, but the shape of the SG was clearly
maintained (Figures 5A2,B2). At 12h, the bacterial amount on the SG
surface decreased, and cavities began to appear on the SG. The CN was
more digested than CNLA because of the larger diameter of the
cavities (Figures 5A3,83). After 18h, the cavities on the starch granule
were even larger. The inner SG substrate of CN was nearly digested.
However, the SG of the CNLA still persisted at a large part
(Figures 5A4,B4). Finally, at 24h, only a limited part of the starch
granule was left. However, the CNLA starch granule substrate was still
preserved more than CN (Figures 5A5,85).

Discussion

Effect of LA treatment on corn nutrients
and morphological structure

LA treatment of cereal grains affects ruminal fermentation
primarily by modifying their nutritional properties (10). In the present
study, we observed significant alterations in both the ultrastructure
and nutrient compositions of corn by LA treatment, with notable
changes occurring in the content of albumin and resistant starch.
Regarding corn ultrastructure, the most prominent change induced
by LA treatment was the reduction in the PM on the CNLA compared
to CN. This observation aligns with Dailey et al. (9), who reported
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lactic acid (dissolved in tap water) for 48 h (CNLA).
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bacterial populations including Prevotella spp. (B), Prevotella ruminicola (C), Streptococcus bovis (D), Selenomonas ruminantium (E), Ruminococcus
flavefaciens (F), Ruminococcus albus (G) and Butyrivibrio fibrisolvens (H) (% of total bacterial 16S rDNA). Lines marked with blue open circles represent
the treatment of corn steeped with tap water for 48 h (CN), and lines marked with red closed circles represent the treatment of corn steeped with 5%
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Diurnal variation in a-amylase (A), protease (B), Carboxymethyl-cellulase (C), and lipase (D) activities as affected by corn treatment (p..), fermentation

time (pyme), and their interactions (py:xume). Lines marked with blue open circles represent the treatment of corn steeped with tap water for 48 h (CN),
and lines marked with red closed circles represent the treatment of corn steeped with 5% lactic acid (dissolved in tap water) for 48 h (CNLA).
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FIGURE 5

Morphological features of corn steeped with tap water for 48 h (CN; A), and corn steeped with 5% lactic acid (dissolved in tap water) for 48 h (CNLA; B)
viewed by scanning electron microscopy at 3 (A1, B1), 6 (A2, B2), 12 (A3, B3), 18 (A4, B4), and 24 (A5, B5) hours of in vitro fermentation at 2500x of
focal length. BC, bacterial cells; SG, starch granule; PM, proteinaceous matrix.
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protein leakage into the steeping solution during 0.5% LA treatment.
Surprisingly, despite the structural change, there was little difference
in CP content between CN and CNLA; however, the albumin fraction
was lower in CNLA than in CN. Votter] et al. (13) indicated that the
CP content of grains can vary with the duration of LA treatment. In
their study, the CP proportion of corn treated with 25g/kg LA was
8.93% at O h, increased to 9.14% at 24 h, but decreased to 8.78% at 48 h.
Serna-Saldivar and Mezo-Villanueva (36). also highlighted the
potential of LA treatment to increase soluble protein levels,
particularly albumin and globulin in the steeping solution. Thus, it is
reasonable to conclude that the 5% LA treatment can alter albumin
fractions, but the effect was not strong enough to induce variation in
the CP content. The lower aNDFom content in CNLA to CN was
consistent with the result of Vétterl et al. (13), which might be caused
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by either LA hydrolysis of glycosidic bonds in the hemicellulose
fractions (9) or LA activation of hemicellulase, including xylanase and
mannanase (13) in the corn.

Regarding the carbohydrate content, previous study have
suggested that LA treatment of barley can increase the amylose
content due to the linearization effect of LA, which enables
amylopectin to mimic the structure of amylose (37), but the similar
content of amylose observed between CN and CNLA implied that this
was not the case in the present study. A plausible explanation for this
consequence was that the amylopectin content was generally lower in
corn than in barley (14) that attenuated the manipulation effect of LA
on this nutrients. Collectively, the decrease in DM could be the
cumulative effect (13, 37) of reduction of albumin, aNDFom, and
water-soluble carbohydrate.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1336800
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Tian et al.

Effect of LA treatment on in vitro
fermentation parameters

The original purpose of LA treatment of grains was to shift starch
fermentation from the rumen to the hindgut (38). While unexpected
benefits, such as an elevated ruminal pH, were reported during animal
trials (10, 11). The lower DM disappearance in CNLA to CN in our study
can be attributed to the greater resistant starch content of CNLA
compared with CN, which can also be proved by the remaining starch
granules on the micrographs of CNLA compared with CN at 24h. On the
other hand, it was suggested that intensive rumen fermentation occurs
mainly from 0 to 12h postfeeding (39). Thus, the lower DM disappearance
in CNLA to CN, especially at 18h and 24h of fermentation, can
be attributed to the greater content of resistant starch in CNLA because
this type of starch generally degrades more slowly (or not degrades) in the
rumen than other starch types. The pH-elevating effect of LA treatment
was in accordance with the study of Igbal et al. (11), in which 1%
LA-treated barley was fed to dairy cows. However, the beneficial effect on
pH cannot be simply attributed to the reduced albumin fraction, since the
degradation rate of CP in the rumen is often greater than that of starch
(40), and CP is generally exhausted at approximately 12h of fermentation
(6). Therefore, the more highly resistant starch in CNLA than CN is also
suggested to contribute to the pH elevation.

Contrary to the result that CNLA showed a lower DM
disappearance, the total SCFA in CNLA and CN was not affected by
LA treatment. Igbal et al. (10) also reported no effect of 0.5%
LA-treated barley on total ruminal SCFA but did observe lower total
SCFA levels at 2 and 4h of fermentation. Partially in agreement with
their report, we noticed that LA treatment did not provoke any
difference in total SCFA between CN and CNLA throughout the
experiment. Rumen SCFA mainly originate from the microbial
fermentation of carbohydrates (41). Therefore, the discrepancy in total
SCFA levels at 2 to 4 h of fermentation in their study can be attributed
to the lower content of soluble carbohydrates (an 8% decrease)
induced by LA treatment compared to the similar soluble carbohydrate
content between CN and CNLA in our study (0.65% of DM in
untreated corn compared to 0.52% in LA-treated corn). The lower
branched-chain SCFA, together with lower NH;-N, indicate reduced
protein utilization in CNLA compared to CN. However, this contrasts
with the similar CP content between CNLA and CN. In addition, the
lower volume of albumin was insufficient to suppress the ammonia
concentration for the entire 24 h. Although Harder et al. (32) suggested
that LA treatment might protect CP from degradation, the difference
in NH;-N between CN and CNLA observed at 18h and 24h of
fermentation remain to be explained.

Effect of LA treatment on bacterial flora,
enzyme activities, and morphological
structure of cereals during fermentation

In accordance with Harder et al. (42), who treated barley with 5%
LA, we noticed a similar increase in total bacteria in CNLA against CN
until 6h of fermentation. However, the result disagreed with that of
Metzler-Zebeli et al. (33), who used 1% LA-treated barley and observed
no difference in total bacteria throughout the fermentation process.
Khafipour etal. (43) suggested that lower pH will decrease the abundance
of total bacteria. Thus, it can be suggested that the protective effect of LA
on CP (32) prevented a drastic drop in pH, thereby allowing more
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bacteria to survive during 0 to 6h. Notably, the proportion of Prevotella
spp. markedly differed between CN and CNLA throughout the
experiment. Prevotella spp. is one of the most abundant genera that exists
in grain-feeding ruminants and offers ruminants a high-grain diet that
elevates the abundance of this bacterial genus, thus increasing the
production of propionate (43, 44). However, the propionate level in our
study was not affected by LA treatment. Rather, it was more appropriate
to infer that Prevotella spp. is also sensitive to the increase in resistant
starch (42). However, the unaffected proportion of P ruminicola
(generally accounting for a large proportion of Prevotella spp. (45),)
indicated that the response of this genus to LA treatment still needs
further research. The increased proportion of S. bovis and S. ruminantivm
at 18h and 24h, respectively, are probably due to their capacity to
degrade resistant starch (46). The decrease in R. flavefaciens and R. albus
proportion by LA treatment might be the response to lower aNDFom
content, as both microbes actively participate in ruminal fiber
degradation (47). Regarding enzyme activities, the decreased amylose
can possibly be attributed to the lower proportion of P. ruminicola, which
is a well-known ruminal amylolytic bacteria and has versatility in
carbohydrate utilization (48). Likewise, the reduction in cellulose activity
might account for the lower proportion of R. flavefaciens and R. albus
due to their involvement in fiber digestion (47). The lower activity of the
protease protective effect of LA can be partly attributed to the protective
effect of LA on CP (as mentioned above). Seemingly, the selected
bacterial abundance and fermentation indices were insufficient to
explain the unaffected lipase activity. A previous study showed high
lipase activity when protozoa attached to feed particles (49). Protozoa
abundance was not analyzed in our study but remained stable in Metzler-
Zebeli et al. (33), who used 1% LA to treat barley. Furthermore, there was
also a report indicating that B. fibrisolvens [proportion was not affected
by LA treatment in our study and Mickdam et al. (44)] has the potential
to utilize lipids (50). Thus, the unaffected proportion of B. fibrisolvens
might stabilize the lipase activity between CN and CNLA.

The noticeable differences in morphological structure between
CN and CNLA were considered to result from multiple factors.
Generally, the fermentation rate of nutrients follows the order of
protein > starch > fiber (6, 51, 52). Therefore, differences in the
morphological structure of cereals can be better elucidated by
considering the fermentation process as distinct stages, which
encompass protein (3 to 6h), starch (6 to 12h), and fiber (18 to 24h)
fermentation. These stages, while interleaved, exhibit unique
fermentation characteristics. Firstly, the fast fermentation of protein
led to a larger amount of bacterial cell (BC) observed on the
morphological structure of CN compared to CNLA from 3 to 6 h. This
can be attributed to the higher albumin content that nourished
bacteria specifically fed on proteins. Subsequently, with the onset of
starch fermentation, the differences in morphological structure from
6 to 12h can be attributed to the lower pH continuing from protein
fermentation, facilitating the fermentation of SG in CN (53), or higher
RS content restricting the fermentation of SG in CNLA. Furthermore,
the absence of a pH difference from 18h may be attributed to the
nearly complete starch fermentation and the initiation of fiber
fermentation (16). While some previous studies indicated that LA
treatment could reduce NDF content, the relatively low fiber content
in cereal grains and its limited contribution to fermentation, such as
pH regulation (54), appear to constrain the impact of LA treatment
on morphological structures during 18 to 24 h. Therefore, despite the
differences observed in SG, there was little noticeable distinction in
PM between CN and CNLA.
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Regarding the term “proteinaceous matrix” used throughout
our study for explaining the SEM results, it is worth noting that
research related to this topic is limited. However, we believe that
this term was suitable for describing the “white cover” on the
starch surface at 0 h and the “reticular matrix” until 12 h, given the
relatively high CP content remaining in the corn particles during
this period. Nevertheless, when we compare our observations with
those of Martinez et al. (16), we raise some doubts as to whether
the “reticular matrix” observed after 12h can truly be termed a
“proteinaceous matrix” due to general exhaustion of CP at
approximately 12h of rumen fermentation (6). This coincides
with the decreased NH;-N content followed by bacterial
fermentation of CP. Speculatively, the term “fibrous matrix
(elevated activity of carboxymethyl-cellulase)” or “pectin matrix
(main component of cell wall)” might be more suitable when
describing the structure after 12 h of fermentation.

Besides straightly treating cereal grains with LA, many studies
investigated the effects of treating cereal grains with lactic acid
bacteria (LAB), a bacterial species widely employed in silage
preservation by feeding industries (55, 56). In contrast to the
protective effect of LA on cereal amino acids, LAB treatment of
cereal can result in increased concentrations of available amino acids
(57), thus facilitating their utilization in the rumen. Moreover, LAB
treatment has been reported to offer comparable advantages to LA
treatment in enhancing ruminant mineral utilization. This is crucial
since approximately 60% to 80% of cereal minerals exist in the form
of cation-salt chelates (58), particularly phytate phosphorus within
plants, restricting their availability for ruminants (59). Several
studies have highlighted the capabilities of both LA and LAB to
release minerals, such as calcium (Ca) and phosphorus (P), from
such chelates (13, 32, 60). It is important to note that LAB bacteria,
such as Lactobacilli spp. are predominant cereal degraders (35), yet
few studies evaluated whether the pretreatment of cereals with LAB
may cause the loss of cereal nutrients before feeding to ruminants.
A comprehensive evaluation of LAB is still needed before large
application in practical production.

Conclusion

Taken together, the results of this study and the consistency of our
in vitro observations with previous in vivo research underscores the
strong representativeness of our data for actual ruminant responses.
On the other hand, the greater pH observed in CNLA compared to
CN confirmed our hypothesis that the enhancement in resistant starch
and decrease in albumin and the subsequent alternations in bacterial
flora during fermentation play a pivotal role in the beneficial effects of
LA-treated corn on rumen fermentation. Additionally, we provided
the first visual description of the ultrastructural changes in both
LA-treated and untreated corn during a 24h fermentation period,
offering a valuable reference for future in-depth investigations.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Frontiers in Veterinary Science

10.3389/fvets.2024.1336800

Ethics statement

This study was approved by the Committee for Animal Research
and Welfare of Gifu University (Approval ID: #AG-P-N-20230048).
All animal experimental procedures were conducted following the
Guidelines for Proper Conduct of Animal Experiments (Science
Council of Japan, 2006) and the Guidelines of Animal Research and
Welfare of Gifu University (2008).

Author contributions

KT: Conceptualization, Formal analysis, Investigation,
Methodology, Writing - original draft, Writing — review & editing.
GL: Conceptualization, Methodology, Writing - review & editing. DA:
Investigation, Methodology, Writing - review & editing. MY: Funding
acquisition, Project administration, Supervision, Writing - review &

editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
funded by The United Graduate School of Agricultural Science of Gifu
University and partially supported by a scholarship from the Chinese
Scholarship Council (CSC, grant no. 202006990023) awarded to KT.

Acknowledgments

The authors would like to thank Takatera Kinuyo at Life Science
Research Centre, Gifu University, for her kind assistance during the
SEM analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1336800/

full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fvets.2024.1336800
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2024.1336800/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2024.1336800/full#supplementary-material

Tian et al.

References

1. FAO. FAOSTAT online statistical database. Food and Agriculture Organization of
the United Nation (2021). Available at: https://www.fao.org/faostat/en/#data/QCL/
visualize

2. Plaizier JC, Krause DO, Gozho GN, McBride BW. Subacute ruminal acidosis in
dairy cows: the physiological causes, incidence and consequences. Vet J. (2008)
176:21-31. doi: 10.1016/j.tvjl.2007.12.016

3. Zebeli Q, Mansmann D, Steingass H, Ametaj BN. Balancing diets for physically
effective fibre and ruminally degradable starch: a key to lower the risk of sub-acute
rumen acidosis and improve productivity of dairy cattle. Livest Sci. (2010) 127:1-10. doi:
10.1016/j.livsci.2009.09.003

4. Dong GZ, Liu SM, Wu YX, Lei CL, Zhang S. Diet-induced bacterial immunogens
in the gastrointestinal tract of dairy cows: impacts on immunity and metabolism. Acta
Vet Scand. (2011) 53:48. doi: 10.1186/1751-0147-53-48

5. Theurer CB. Grain processing effects on starch utilization by ruminants. ] Anim Sci.
(1986) 63:1649-62. doi: 10.2527/jas1986.6351649x

6. Nikkhah A. Barley grain for ruminants: a global treasure or tragedy. ] Anim Sci
Biotechnol. (2012) 3:22. doi: 10.1186/2049-1891-3-22

7. Mao SY, Zhang RY, Zhu WY. Impact of subacute ruminal acidosis (SARA)
adaptation on rumen microbiota in dairy cattle using pyrosequencing. Anaerobe. (2013)
24:12-9. doi: 10.1016/j.anaerobe.2013.08.003

8. Yang Y, Dong G, Wang Z, Liu J, Chen J, Zhu Z. Treatment of corn with lactic acid
or hydrochloric acid modulates the rumen and plasma metabolic profiles as well as
inflammatory responses in beef steers. BMC Vet Res. (2018) 14:408. doi: 10.1186/
s12917-018-1734-3

9. Dailey OD, Michael KD, Mayorga JC. Influence of lactic acid on the solubilization
of protein during corn steeping. ] Agric Food Chem. (2000) 48:1352-7. doi: 10.1021/
jf9908665

10. Igbal S, Zebeli Q, Mazzolari A, Bertoni G, Dunn SM, Yang WZ, et al. Feeding
barley grain steeped in lactic acid modulates rumen fermentation patterns and increases
milk fat content in dairy cows. J Dairy Sci. (2009) 92:6023-32. doi: 10.3168/
jds.2009-2380

11. Igbal S, Terrill S, Zebeli Q, Mazzolari A, Dunn SM, Yang WZ, et al. Treating barley
grain with lactic acid and heat prevented sub-acute ruminal acidosis and increased milk
fat content in dairy cows. Anim Feed Sci Biotechnol. (2012) 172:141-9. doi: 10.1016/j.
anifeedsci.2011.12.024

12. Deckardt K, Metzler-Zebeli BU, Zebeli Q. Processing barley grain with lactic acid
and tannic acid ameliorates rumen microbial fermentation and degradation of dietary
fibre in vitro. ] Sci Food Agric. (2015) 96:223-31. doi: 10.1002/jsfa.7085

13. Votterl JC, Zebeli Q, Hennig-Pauka I, Metzler-Zebeli BU. Soaking in lactic acid
lowers the phytate-phosphorus content and increases the resistant starch in wheat and
corn grains. Anim Feed Sci Biotechnol. (2019) 252:115-25. doi: 10.1016/j.
anifeedsci.2019.04.013

14. Beauchemin KA, McGinn SM. Methane emissions from feedlot cattle fed barley
or corn diets. ] Anim Sci. (2005) 83:653-61. doi: 10.2527/2005.833653x

15. McCleary BV, Monaghan DA. Measurement of resistant starch. J AOAC Int. (2002)
85:665-75. doi: 10.1093/jaoac/85.3.665

16. Martinez TF, McAllister TA, Wang YX, Reuter T. Effects of tannic acid and
quebracho tannins on in vitro ruminal fermentation of wheat and corn grain. J Sci Food
Agric. (2006) 86:1244-56. doi: 10.1002/jsfa.2485

17.NRC. Nutrient requirements of small ruminants: sheep, goats, cervids, and new
world camelids. Washington, DC: National Academies Press (2007).

18. Tian K, Liu ], Sun Y, Wu Y, Chen J, Zhang R, et al. Effects of dietary supplementation
of inulin on rumen fermentation and bacterial microbiota, inflammatory response and
growth performance in finishing beef steers fed high or low-concentrate diet. Anim Feed
Sci Biotechnol. (2019) 258:114299. doi: 10.1016/j.anifeedsci.2019.114299

19. Makkar HPS, Bliimmel M, Becker K. Formation of complexes between polyvinyl
pyrrolidones or polyethylene glycols and tannins, and their implication in gas
production and true digestibility in in vitro techniques. Br J Nutr. (1995) 73:897-913.
doi: 10.1079/BJN19950095

20. An Z, Luo G, Abdelrahman M, Riaz U, Gao S, Yao Z, et al. Effects of capsicum
oleoresin supplementation on rumen fermentation and microbial abundance under
different temperature and dietary conditions in vitro. Front Microbiol. (2022) 13:1005818.
doi: 10.3389/fmicb.2022.1005818

21. Ayemele AG, Ma L, Park T, Xu J, Yu Z, Bu D. Giant milkweed (Calotropis gigantea):
a new plant resource to inhibit protozoa and decrease ammoniagenesis of rumen
microbiota in vitro without impairing fermentation. Sci Total Environ. (2020)
743:140665. doi: 10.1016/j.scitotenv.2020.140665

22.AO0AC International, Association of Official Analytical Chemists
International. Official methods of analysis. 18th Edn. Washington, DC: AOAC
International (2005).

23. Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral detergent
fiber, and non-starch polysaccharides in relation to animal nutrition. J Dairy Sci. (1991)
74:3583-97. doi: 10.3168/jds.50022-0302(91)78551-2

Frontiers in Veterinary Science

10.3389/fvets.2024.1336800

24.Luo G, Liu M, Zeng ], Huang S, Huang J, Ahmed Z, et al. Improvement of carbon
source composition reduces antibiotic resistance. Bioresour Technol. (2023) 380:129064.
doi: 10.1016/j.biortech.2023.129064

25. Sniffen CJ, O'Connor JD, Van Soest PJ, Fox DG, Russell JB. A net carbohydrate
and protein system for evaluating cattle diets: II. Carbohydrate and protein availability.
J Anim Sci. (1992) 70:3562-77. doi: 10.2527/1992.70113562x

26. Koehler LH. Differentiation of carbohydrates by anthrone reaction rate and color
intensity. Anal Chem. (1952) 24:1576-9. doi: 10.1021/ac60070a014

27. Chanput W, Theerakulkait C, Nakai S. Antioxidative properties of partially
purified barley hordein, rice bran protein fractions and their hydrolysates. J Cereal Sci.
(2009) 49:422-8. doi: 10.1016/j.jcs.2009.02.001

28. Aldian D, Harisa LD, Mitsuishi H, Tian K, Iwasawa A, Yayota M. Diverse forage
improves lipid metabolism and antioxidant capacity in goats, as revealed by
metabolomics. Animal. (2023) 17:100981. doi: 10.1016/j.animal.2023.100981

29.Moss AR, Jouany JP, Newbold J. Methane production by ruminants: its
contribution to global warming. Ann Zootech. (2000) 49:231-53. doi: 10.1051/
animres:2000119

30. Weatherburn M. Phenol-hypochlorite reaction for determination of ammonia.
Anal Chem. (1967) 39:971-4. doi: 10.1021/ac60252a045

31.Yu Z, Morrison M. Improved extraction of PCR-quality community DNA
from digesta and fecal samples. Biotechniques. (2004) 36:808-12. doi:
10.2144/04365ST04

32.Harder H, Khol-Parisini A, Metzler-Zebeli BU, Klevenhusen F, Zebeli Q.
Treatment of grain with organic acids at 2 different dietary phosphorus levels modulates
ruminal microbial community structure and fermentation patterns in vitro. ] Dairy Sci.
(2015) 98:8107-20. doi: 10.3168/jds.2015-9913

33. Metzler-Zebeli BU, Khol-Parisini A, Gruber L, Zebeli Q. Microbial populations
and fermentation profiles in rumen liquid and solids of Holstein cows respond
differently to dietary barley processing. J Appl Microbiol. (2015) 119:1502-14. doi:
10.1111/jam.12958

34. Agarwal N, Kamra DN, Chaudhary LC, Agarwal I, Sahoo A, Pathak NN.
Microbial status and rumen enzyme profile of crossbred calves fed on different
microbial feed additives. Lett Appl Microbiol. (2002) 34:329-36. doi:
10.1046/j.1472-765X.2002.01092.x

35. Yang HE, Zotti CA, McKinnon JJ, McAllister TA. Lactobacilli are prominent
members of the microbiota involved in the ruminal digestion of barley and corn. Front
Microbiol. (2018) 9:718. doi: 10.3389/fmicb.2018.00718

36. Serna-Saldivar SO, Mezo-Villanueva M. Effect of a cell-wall-degrading enzyme
complex on starch recovery and steeping requirements of sorghum and maize. Cereal
Chem. (2003) 80:148-53. doi: 10.1094/CCHEM.2003.80.2.148

37. Humer E, Zebeli Q. Grains in ruminant feeding and potentials to enhance their
nutritive and health value by chemical processing. Anim Feed Sci Technol. (2017)
226:133-51. doi: 10.1016/j.anifeedsci.2017.02.005

38. Campling RC. Processing cereal grains for cattle—a review. Livestock Prod Sci.
(1991) 28:223-34. doi: 10.1016/0301-6226(91)90144-F

39. McCollum FT, Galyean ML. Effects of clinoptilolite on rumen fermentation,
digestion and feedlot performance in beef steers fed high concentrate diets. ] Anim Sci.
(1983) 56:517-24. doi: 10.2527/jas1983.563517x

40. Herrera-Saldana RE, Huber JT, Poore MH. Dry matter, crude protein, and starch
degradability of five cereal grains. J Dairy Sci. (1990) 73:2386-93. doi: 10.3168/jds.
$0022-0302(90)78922-9

41. Pereira AMM, Dapkevicius LNE, Alfredo ESB. Alternative pathways for hydrogen
sink originated from the ruminal fermentation of carbohydrates: which microorganisms
are involved in lowering methane emission? Anim Microbiome. (2022) 4:5. doi: 10.1186/
542523-021-00153-w

42.Harder H, Khol-Parisini A, Zebeli Q. Treatments with organic acids and
pullulanase differently affect resistant starch and fiber composition in flour of various
barley genotypes (Hordeum vulgare L.). Starch. (2015) 67:512-20. doi: 10.1002/
star.201400254

43. Khafipour E, Li S, Tun HM, Derakhshani H, Moossavi S, Plaizier JC. Effects of
grain feeding on microbiota in the digestive tract of cattle. Anim Front. (2016) 6:13-9.
doi: 10.2527/af.2016-0018

44. Mickdam E, Khiaosa-ard R, Metzler-Zebeli BU, Humer E, Harder H, Khol-
Parisini A, et al. Modulation of ruminal fermentation profile and microbial
abundance in cows fed diets treated with lactic acid, without or with inorganic
phosphorus supplementation. Anim Feed Sci Technol. (2017) 230:1-12. doi: 10.1016/j.
anifeedsci.2017.05.017

45. Weimer PJ, Stevenson DM, Mertens DR, Thomas EE. Effect of monensin feeding
and withdrawal on populations of individual bacterial species in the rumen of lactating
dairy cows fed high-starch rations. Appl Microbiol Biotechnol. (2008) 80:135-45. doi:
10.1007/s00253-008-1528-9

46. Putra LO, Suharti S, Sarwono KA, Sutikno S, Fitri A, Astuti WD, et al. The effects
of heat-moisture treatment on resistant starch levels in cassava and on fermentation,

frontiersin.org


https://doi.org/10.3389/fvets.2024.1336800
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.fao.org/faostat/en/#data/QCL/visualize
https://www.fao.org/faostat/en/#data/QCL/visualize
https://doi.org/10.1016/j.tvjl.2007.12.016
https://doi.org/10.1016/j.livsci.2009.09.003
https://doi.org/10.1186/1751-0147-53-48
https://doi.org/10.2527/jas1986.6351649x
https://doi.org/10.1186/2049-1891-3-22
https://doi.org/10.1016/j.anaerobe.2013.08.003
https://doi.org/10.1186/s12917-018-1734-3
https://doi.org/10.1186/s12917-018-1734-3
https://doi.org/10.1021/jf990866s
https://doi.org/10.1021/jf990866s
https://doi.org/10.3168/jds.2009-2380
https://doi.org/10.3168/jds.2009-2380
https://doi.org/10.1016/j.anifeedsci.2011.12.024
https://doi.org/10.1016/j.anifeedsci.2011.12.024
https://doi.org/10.1002/jsfa.7085
https://doi.org/10.1016/j.anifeedsci.2019.04.013
https://doi.org/10.1016/j.anifeedsci.2019.04.013
https://doi.org/10.2527/2005.833653x
https://doi.org/10.1093/jaoac/85.3.665
https://doi.org/10.1002/jsfa.2485
https://doi.org/10.1016/j.anifeedsci.2019.114299
https://doi.org/10.1079/BJN19950095
https://doi.org/10.3389/fmicb.2022.1005818
https://doi.org/10.1016/j.scitotenv.2020.140665
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.1016/j.biortech.2023.129064
https://doi.org/10.2527/1992.70113562x
https://doi.org/10.1021/ac60070a014
https://doi.org/10.1016/j.jcs.2009.02.001
https://doi.org/10.1016/j.animal.2023.100981
https://doi.org/10.1051/animres:2000119
https://doi.org/10.1051/animres:2000119
https://doi.org/10.1021/ac60252a045
https://doi.org/10.2144/04365ST04
https://doi.org/10.3168/jds.2015-9913
https://doi.org/10.1111/jam.12958
https://doi.org/10.1046/j.1472-765X.2002.01092.x
https://doi.org/10.3389/fmicb.2018.00718
https://doi.org/10.1094/CCHEM.2003.80.2.148
https://doi.org/10.1016/j.anifeedsci.2017.02.005
https://doi.org/10.1016/0301-6226(91)90144-F
https://doi.org/10.2527/jas1983.563517x
https://doi.org/10.3168/jds.S0022-0302(90)78922-9
https://doi.org/10.3168/jds.S0022-0302(90)78922-9
https://doi.org/10.1186/s42523-021-00153-w
https://doi.org/10.1186/s42523-021-00153-w
https://doi.org/10.1002/star.201400254
https://doi.org/10.1002/star.201400254
https://doi.org/10.2527/af.2016-0018
https://doi.org/10.1016/j.anifeedsci.2017.05.017
https://doi.org/10.1016/j.anifeedsci.2017.05.017
https://doi.org/10.1007/s00253-008-1528-9

Tian et al.

methanogenesis, and microbial populations in ruminants. Vet World. (2023) 16:811-9.
doi: 10.14202/vetworld.2023.811-819

47. Vlaeminck B, Fievez V, Cabrita AR], Fonseca AJM, Dewhurst RJ. Factors affecting
odd-and branched-chain fatty acids in milk: a review. Anim Feed Sci Technol. (2006)
131:389-417. doi: 10.1016/j.anifeedsci.2006.06.017

48.Liu J, Pu Y, Xie Q, Wang J, Liu J. Pectin induces an in vitro rumen microbial
population shift attributed to the pectinolytic Treponema group. Curr Microbiol. (2015)
70:67-74. doi: 10.1007/500284-014-0672-y

49. Fay JP, Jakober KD, Cheng K]J, Costerton JW. Esterase activity of pure cultures of
rumen bacteria as expressed by the hydrolysis of p-nitrophenylpalmitate. Can J
Microbiol. (1990) 36:585-9. doi: 10.1139/m90-103

50. Hazlewood GP, Dawson RMC. Isolation and properties of a phospholipid-
hydrolysing bacterium from ovine rumen fluid. Microbiology. (1975) 89:163-74. doi:
10.1099/00221287-89-1-163

51. Belanche A, Doreau M, Edwards JE, Moorby JM, Pinloche E, Newbold CJ. Shifts
in the rumen microbiota due to the type of carbohydrate and level of protein ingested
by dairy cattle are associated with changes in rumen fermentation. J Nutr. (2012)
142:1684-92. doi: 10.3945/jn.112.159574

52. Owens FN, Basalan M. Ruminal fermentation In: Rumenology. Cham: Springer
(2016). 63-102.

53. Dijkstra J, Ellis JL, Kebreab E, Strathe AB, Lopez S, France J, et al. Ruminal pH
regulation and nutritional consequences of low pH. Anim Feed Sci Technol. (2012)
172:22-33. doi: 10.1016/j.anifeedsci.2011.12.005

Frontiers in Veterinary Science

10

10.3389/fvets.2024.1336800

54. Zebeli Q, Dijkstra J, Tafaj M, Steingass H, Ametaj BN, Drochner W. Modeling the
adequacy of dietary fiber in dairy cows based on the responses of ruminal pH and milk
fat production to composition of the diet. ] Dairy Sci. (2008) 91:2046-66. doi: 10.3168/
jds.2007-0572

55. Besharati M, Shafipour N, Abdi E, Nemati Z. Effects of supplementation alfalfa
silage with molasses, orange pulp and Lactobacillus buchneri on in vitro dry matter
digestibility and gas production. J Bio Sci Biotechnol. (2017) 6:43-7. Available at: https://
editorial.uni-plovdiv.bg/index.php/]BB/article/view/89/90

56. Besharati M, Palangi V, Nekoo M, Ayasan T. Effects of Lactobacillus Buchneri
inoculation and fresh whey addition on alfalfa silage quality and fermentation
properties. Kahramanmaras Siitcii Imam Universitesi Tarim Ve Doga Dergisi. (2021)
24:671-8. doi: 10.18016/ksutarimdoga.vi.777031

57. Ashaolu TJ, Reale A. A holistic review on Euro-Asian lactic acid bacteria
fermented cereals and vegetables. Microorganisms. (2020) 8:1176. doi: 10.3390/
microorganisms8081176

58. Viveros A, Centeno C, Brenes A, Canales R, Lozano A. Phytase and acid
phosphatase activities in plant feedstuffs. ] Agric Food Chem. (2000) 48:4009-13. doi:
10.1021/jf991126m

59. Brask-Pedersen DN, Glitso LV, Skov LK, Lund P, Sehested J. Effect of exogenous
phytase on feed inositol phosphate hydrolysis in an in vitro rumen fluid buffer system.
J Dairy Sci. (2011) 94:951-9. doi: 10.3168/jds.2010-3504

60. Reale A, Konietzny U, Coppola R, Sorrentino E, Greiner R. The importance of
lactic acid bacteria for phytate degradation during cereal dough fermentation. J Agric
Food Chem. (2007) 55:2993-7. doi: 10.1021/jf063507n

frontiersin.org


https://doi.org/10.3389/fvets.2024.1336800
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.14202/vetworld.2023.811-819
https://doi.org/10.1016/j.anifeedsci.2006.06.017
https://doi.org/10.1007/s00284-014-0672-y
https://doi.org/10.1139/m90-103
https://doi.org/10.1099/00221287-89-1-163
https://doi.org/10.3945/jn.112.159574
https://doi.org/10.1016/j.anifeedsci.2011.12.005
https://doi.org/10.3168/jds.2007-0572
https://doi.org/10.3168/jds.2007-0572
https://editorial.uni-plovdiv.bg/index.php/JBB/article/view/89/90
https://editorial.uni-plovdiv.bg/index.php/JBB/article/view/89/90
https://doi.org/10.18016/ksutarimdoga.vi.777031
https://doi.org/10.3390/microorganisms8081176
https://doi.org/10.3390/microorganisms8081176
https://doi.org/10.1021/jf991126m
https://doi.org/10.3168/jds.2010-3504
https://doi.org/10.1021/jf063507n

	Treatment of corn with lactic acid delayed in vitro ruminal degradation without compromising fermentation: a biological and morphological monitoring study
	Introduction
	Materials and methods
	Lactic acid treatment of corn
	Ruminal inoculum and in vitro fermentation
	Chemical analysis
	Microbial analysis
	Morphological analysis
	Statistical analysis

	Results
	Nutrient components and morphological structure of corn
	Variations in in vitro fermentation
	Morphological structure of corn grains during fermentation

	Discussion
	Effect of LA treatment on corn nutrients and morphological structure
	Effect of LA treatment on in vitro fermentation parameters
	Effect of LA treatment on bacterial flora, enzyme activities, and morphological structure of cereals during fermentation

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

