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Abstract

Background Agro-industrial byproducts offer promising solutions for reducing feed costs and mitigating
environmental pollution. Efficient waste management through recycling and reuse not only minimizes environmental
impact but also opens avenues for innovative animal feed products. The objectives of this research were to determine
whether increasing the roughage-to-concentrate diet (R: C) ratio and adding citric waste fermented with yeast

waste pellets (CWYWP) would improve gas production, digestibility, and fermentation outcomes. A 2 x4 factorial
experiment was conducted using a completely randomized design. The first factor comprised two levels of R: C

ratios: 60:40 and 40:60. Rice straw was used as a roughage source. The second factor involves four levels of CWYWP
supplementation (as a top-dressed substrate supplement) at 0%, 2%, 4%, and 6% dry matter (DM), respectively.

Results A significant interaction between CWYWP level and R: C ratio was observed for cumulative gas production,
with 2% and 4% CWYWP increasing gas volumes under the 40:60 ratio, peaking at 113.10 mL/0.5 g at 4% inclusion.
Similarly, a significant interaction was found for in vitro digestibility at 24 h, where 4% CWYWP under 40:60 R: C
significantly enhanced in vitro organic matter digestibility and in vitro dry matter digestibility compared to other
levels. CWYWP supplementation elevated ammonia-nitrogen concentrations at both 2 and 4 h and slightly increased
ruminal pH at 4% and 6% inclusion, with all pH values remaining within the physiological range. Volatile fatty acid
profiles shifted toward higher propionate and lower acetate-to-propionate ratio, particularly at 6% CWYWP under
40:60 R: C, indicating improved glucogenic fermentation.

Conclusion These findings suggest that CWYWP can be safely included at up to 4% in high-concentrate diets
without impairing in vitro ruminal fermentation or digestibility.
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Introduction

Ensuring the safety and adequacy of animal feed has
become increasingly crucial, both in terms of quantity
and quality. A lack of protein in livestock feed has been
linked to poor animal performance [1]. High-quality pro-
tein sources, such as palm meal and soybean meal, are
often expensive, leading to increased production costs
in livestock systems [2]. Consequently, many researchers
have investigated alternative protein sources to enhance
the efficiency and productivity of livestock [3]. The use
of agro-industrial byproducts in animal feed has gained
global attention as a cost-effective and environmen-
tally friendly approach to feed formulation [4]. Effective
waste management through recycling and reusing agro-
industrial residues can offer multiple benefits, including
reduced environmental pollution, lower feed costs, and
the development of novel feed ingredients [1].

Citric acid waste (CW) is a byproduct generated during
citric acid production via the fermentation of substrates
with Aspergillus niger [5]. With an annual output of over
1.7 million tons, citric acid is the second-largest fermen-
tation product globally and a major organic acid in the
food and feed industries. The production process yields
up to 70% waste or byproduct, which is environmentally
polluting and difficult to manage [6]. Citric acid waste
contains cellulose, hemicellulose, and protein, making it
a potential feed ingredient for ruminants [7]. However,
Uriyapongson et al. [8] reported that CW inclusion in
ruminant diets should be limited to 10% due to its high
fiber content and low digestibility, which may impair feed
intake and nutrient utilization. This might be because cit-
ric acid waste has a high fiber content and limited digest-
ible nutrients, which can impair feed intake and nutrient
utilization in ruminants. Therefore, nutritional enhance-
ment through fermentation or supplementation with
additives such as yeast is often necessary to increase its
feeding value [9].

Global ethanol production exceeds 100 billion liters
annually, with Saccharomyces cerevisiae being the most
commonly used microbe in industrial fermentation [10].
During ethanol production, 10-12 L of liquid yeast waste
(YW) may be generated per liter of ethanol. As a result,
large volumes of yeast waste must be effectively recycled
to reduce environmental impact. Yeast waste typically
contains 60—70% live S. cerevisiae cells, which are rich in
protein, minerals, vitamins, and prebiotics [11, 12].

The incorporation of citric acid waste (CW) and yeast
waste (YW) into ruminant feed has shown promising
results. Suriyapha et al. [1] developed a novel protein
supplement by fermenting CW with YW. The result-
ing product, citric waste fermented with yeast waste
(CWYW), contains a high crude protein content of
535 g/kg DM, making it a potential alternative to soybean
meal. According to Suriyapha et al. [13], CWYW is also
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approximately 50% less expensive than soybean meal.
Furthermore, previous studies by Suriyapha et al. [13]
found that replacing 75% of soybean meal in a concen-
trate diet with CWYW had no adverse effects on tropical
lactating cows or native beef cattle. Despite its nutri-
tional benefits, CWYW in powder form poses challenges
related to handling, storage, and feeding consistency,
which can limit its practical application in ruminant
feeding systems. One solution to improve its commercial
viability is to process CWYW into pellet form, offering
greater stability, ease of use, and nutrient uniformity.

Pelletized feeds are commonly used in ruminant diets
because they promote uniform nutrient intake and
increased feed efficiency [14]. Pellet production involves
compressing ingredient mixtures into a dense and uni-
form form, which enhances storage, handling, and
dietary consistency [15]. Pelletization also helps reduce
feed waste, dust, and selective feeding, lowering the risk
of diet-related disorders [16]. Moreover, feeding pellets
supports precise rationing, ensuring animals receive ade-
quate nutrients, especially those with higher nutritional
demands [17]. Several studies have demonstrated that
pellet forms of feed can increase nutrient digestibility and
ruminal fermentation in ruminants [18].

Therefore, we hypothesized that CWYWP could serve
as a strategic protein supplement to modulate rumen fer-
mentation and digestion in ruminants. The objectives of
this experiment were to demonstrate whether CWYWP
supplementation utilized with different roughage to
concentrate diet ratios influenced in vitro gas produc-
tion, in vitro fermentation characteristics, and in vitro

digestibility.

Results

Kinetics and cumulative gas production

Figure 1 shows the effect of CWYWP R: C ratio on
cumulative gas production during 0 to 96 h of incuba-
tion. There were no observed interaction effects between
the R: C ratio and levels of CWYWTP in relation to sev-
eral parameters, including final asymptotic gas volume
(Vf), rate constant (k), discrete lag term (L), and cumu-
lative gas production after 96 h of incubation (Table 1).
However, the R: C ratio with the addition of CWYWP
had interaction effects on cumulative gas production.
There was a statistically significant interaction (p<0.01)
between CWYWP supplementation level and the R: C
ratio on cumulative gas production at 96 h. Under the
40:60 R: C ratio, cumulative gas production increased
progressively with 0%, 2%, and 4% CWYWP inclusion,
reaching 109.95, 111.00, and 113.10 mL/0.5 g, respec-
tively. However, further inclusion at 6% resulted in a
slight reduction. In contrast, under the 60:40 R: C ratio,
gas production remained lower overall and did not
increase beyond 100.35 mL/0.5 g even at 6% CWYWP,
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Fig. 1 Effect of citric waste fermented with yeast waste pellet (CWYWP) and roughage-to-concentrate ratio (R:C) ratio on cumulative gas during the 96
hours of incubation time (bars represent means + SEM). T1 = 60:40 R:C ratio with 0% CWYWP, T2 = 60:40 with 2% CWYWP, T3 = 60:40 with 4% CWYWP, T4
= 60:40 with 6% CWYWRP, T5 = 40:60 with 0% CWYWP, T6 = 40:60 with 2% CWYWRP, T7 = 40:60 with 4% CWYWP, and T8 = 40:60 with 6% CWYWP

Table 1 The combined impact of roughage to concentrate (R: C)
ratio with the addition of citric waste fermented with yeast waste
pellet (CWYWP) on gas kinetics and cumulative gas at 96 h after
incubation

R:C CWYWP Gas Kinetics Cumulative Gas
(%) V¢ k L at 96 h of Incu-
bation (ml/0.5 g
DM Substrate)
6040 0 10795 005 1.0 108.50°
2 108.35 0.04 1.00 108,055
4 110.70 0.04 1.13 107.905
6 110.05 0.04 1.03 106.50¢
40:60 0 109.00 0.04 1.25 109.95°5¢
2 10950 004 123 111.00%
4 112.20 0.04 1.30 113.10°
6 104.20 0.04 137 93.45¢
SEM 263 0.01 0.09 1.04
Comparison
R: Cratio 0.82 0.89 0.02 0.27
60:40 10926 004 112> 10774
40:60 108.76 0.04 1.28° 106.88
CWYWP (%) 0.62 0.95 0.78 <001
0 108.58 0.04 1.15 109.23°
2 108.92 0.04 1.20 109.53°
4 111.45 0.04 123 110.50°
6 107.12 0.04 1.24 99.98°
Interaction 0.62 0.51 0.78 <0.01

2-d value on the same row with different superscripts differ (p<0.05); R:
C=roughage to concentrate ratio. CWYWP=the supplementation of citric
waste fermented with yeast waste pellet, Vf = final asymptotic gas volume
corresponding to complete substrate digestion (mL/500 mg DM), k=a rate
constant (units time—1), L=a discrete lag term (h), SEM=standard error of the
mean

suggesting a less favorable fermentation response under
high-roughage conditions. However, the kinetics of the
production of gas indicated no interaction between
CWYWP levels and R: C ratio levels. No significant dif-
ferences were observed in the primary factor of the R: C
ratio for the final asymptotic gas volume (V)), rate con-
stant (k), and discrete lag term (L). Moreover, the 40:60
ratio has the impact of increasing a discrete lag time (h)
by up to 14%. The levels of CWYWP did not affect the
final asymptotic gas volume (V}), rate constant (k), or dis-
crete lag term (L).

In vitro digestibility

Table 2 presents the effects of R: C ratio and CWYWP
supplementation on in vitro organic matter digestibility
(IVOMD) and in vitro dry matter digestibility (IVDMD)
at 12 h and 24 h of incubation. A statistically significant
interaction was observed between the R: C ratio and
CWYWP supplementation for both IVDMD and IVOMD
at 24 h (p <0.05). Under the 40:60 R: C ratio, 4% CWYWP
supplementation significantly increased IVDMD and
IVOMD compared to 0%, 2%, and 6% supplementation
levels. However, no such effect was observed at the 60:40
R: C ratio, where digestibility did not significantly differ
across CWYWP levels. This indicates that the increased
digestibility with CWYWP occurred only under high-
concentrate diets. At 12 h, there was no significant
interaction between R: C ratio and CWYWP supplemen-
tation for either IVDMD or IVOMD. Nonetheless, main
effects were observed. The 40:60 R: C ratio significantly
increased IVDMD and IVOMD at 12 h compared to the
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Table 2 The combined impact of roughage to concentrate (R: C)
ratio with the addition of citric waste fermented with yeast waste
pellet (CWYWP) on in vitro dry matter digestibility (IVDMD) and
in vitro organic matter digestibility (IVOMD)

R:C CWYWP (%) IVDMD (g/kg) IVOMD (g/kg)
12h 24h 12h 24h
0 387 4294 405 4974
60:40 2 388 478° 477 560°
4 401 446 488 528
6 387 458 477 543
0 458 518° 525 596°
40:60 2 478 530° 549 607°
4 473 582 533 615°
6 466 515° 539 593°
SEM 7.60 11.22 1964 1029
Comparison
R: C ratio <001 <001 <001 <001
60:40 391° 453P 4620 532°
40:60 469° 536° 537° 603°
CWYWP (%) 0.31 0.03 0.14 0.04
0 423 474¢ 465 547°
2 433 5042 513 5847
4 437 514° 511 572%
6 427 4875 508 5687
Interaction 0.63 0.02 0.18 0.04

2-d yalue on the same row with different superscripts differ (p<0.05); R:
C=roughage to concentrate ratio, CWYWP=the supplementation of citric
waste fermented with yeast waste pellet, SEM=standard error of the mean
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60:40 ratio (p<0.01), with improvements ranging from
13.35 to 19.94%. CWYWP supplementation alone did not
influence digestibility at 12 h.

In vitro volatile fatty acid (VFA) concentration

Volatile fatty acid concentrations and proportions are
summarized in Table 3. A significant interaction (p < 0.05)
between the R: C ratio and CWYWP supplementation
was observed for total VFA, butyric acid (C4) at both 2
and 4 h, and for acetic acid (C2), propionic acid (C3), and
the C2:C3 ratio at 4 h of incubation. At 4 h, the highest
total VFA concentrations were recorded under the 40:60
R: C ratio with 2% and 4% CWYWP supplementation
(p<0.01). Conversely, the lowest C4 concentrations at
4 h were also observed with the 40:60 R: C ratio at 2%
and 4% CWYWP levels (p<0.01). The C2:C3 ratio was
significantly reduced when 6% CWYWP was combined
with the 40:60 R: C ratio (p=0.04), suggesting a shift
toward propionate production under this condition. At
2 h, no significant interaction was found for C2, C3, or
the C2:C3 ratio. However, main effects were noted. The
concentration of C2 was unaffected by CWYWP level
but was significantly higher in the 60:40 R: C group com-
pared to 40:60 (p <0.05). In contrast, C3 concentration at
2 h was significantly greater under the 40:60 R: C ratio
than under 60:40, and diets supplemented with 4-6%
CWYWP tended to have higher C3 concentrations than
those with 0% or 2% CWYWP.

Table 3 Effect of roughage to concentrate (R: C) ratio combined with the supplementation of citric waste fermented with yeast waste

pellet (CWYWP) on in vitro volatile fatty acids (VFAs)

R:C CWYWP (%) Total VFA (mmol/L) C2 (mol/100 mol) C3 (mol/100 mol) C4 (mol/100 mol) C2:C3r atio
2h 4h 2h 4h 2h 4h 2h 4h 2h 4h

60:40 0 67.45° 86.92° 7831 77.80°% 13.09 13.88¢ 8.60°° 8.32°¢ 598 5612
2 7351 88.76> 78.94 76.86™ 1307 1450 7.99< 864 6.04 530%°
4 74.20% 92.49° 7849 77.77 1365 14.20 7.86% 8.03¢ 575 548%
6 749120 91.88° 7813 77512 1349 1437 8.380d 8.12¢ 579 539%

40:60 0 77.76% 90.60° 78.00 76.00° 1339 15.63%® 861% 837°¢ 582 486
2 78,607 99,552 7802 77.70° 1331 1457 867% 7.74% 586 533%
4 74640 99.19° 77.30 76.90°° 1375 15.135¢ 895 7.97¢4 562 508°
6 72.02°¢ 88,64 76.21 74.77¢ 14.86 16.39° 8937 8.84° 513 4569

SEM 148 125 0.39 039 0.24 0.12 0.25 0.17 0.14 0.16

R.C <001 <001 0.04 <001 <001 0.93 <001 0.93 <001 <001

60:40 7243° 90.01° 78452 7748 1337° 14.24 8.18° 8.28 587° 5442

40:60 75.86° 94.04° 77.63° 76.22° 14.08° 1551 8.29° 827 551° 491°

CWYWP (%) 0.11 <001 0.02 0.04 <001 <001 062 <001 0.02 0.08

0 7261 88.76° 78.15 76.90% 13.24° 14.75° 861 8347 5.90° 521

2 7657 9308° 7843 7719 13.24° 1453° 833 8.28° 592 531

4 74.38 95.84° 77.90 77.34° 13.70°° 14.66° 840 8.00° 568 5.28

6 7347 90.26° 77.17 76.14° 14.18° 1538° 865 848 544> 495

Interaction <001 <001 0.09 <001 0.22 <001 0.04 <001 0.12 0.04

2-dyalue on the same row with different superscripts differ (p < 0.05); R: C=roughage to concentrate ratio, CWYWP =the supplementation of citric waste fermented
with yeast waste pellet, C2=acetic acid, C3, propionic acid, C4=butyric acid, SEM=standard error of the mean
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Ruminal ammonia-nitrogen (NH;-N), pH, and protozoal
population

The effects of R: C ratio and CWYWP supplementa-
tion on ruminal NH,;-N, pH, and protozoal population
are summarized in Table 4. No significant interaction
effects were detected for these parameters. However,
significant main effects were observed. At both 2 h and
4 h, the 40:60 R: C ratio resulted in higher NH;-N con-
centrations compared to the 60:40 group, with increases
of approximately 37.67% and 14.45%, respectively
(p<0.01). CWYWP supplementation also significantly
increased NH;-N levels at both time points (p<0.01),
with the highest values recorded at 6% inclusion. Regard-
ing ruminal pH, a modest but significant reduction was
observed at 4 h under the 40:60 R: C ratio compared to
60:40 (p=0.04). CWYWP supplementation at 4% and
6% slightly increased pH values at both 2 h and 4 h com-
pared to lower levels (p<0.01). Nevertheless, pH across
all treatments remained within the physiological range
(6.82-6.97), suggesting no risk of acidosis. No significant
effects of R: C ratio or CWYWP supplementation were
observed on protozoal populations, which remained
statistically unchanged across all treatments and time
points.

Discussions

Chemical content in the diet

The citric waste used in this study contained 101 g/kg
DM of CP, aligning closely with the value reported by
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Suriyapha et al. [1] at 110 g/kg DM. However, CP content
in CW varies considerably across studies. For example,
Tanpong et al. [19] reported a lower value of 61.1 g/kg
DM, and de Farias Silva et al. [20] documented a broader
range from 33.8 to 110.8 g/kg DM, likely reflecting differ-
ences in fermentation substrates, microbial strains, and
industrial processing conditions [21]. These variations
highlight the importance of standardizing raw materi-
als to ensure consistent feed quality [1]. The YW used
in this study had a CP content of 276 g/kg DM, which is
within the previously reported range of 182.5-315 g/kg
DM [1, 2, 22]. Differences in protein concentration are
commonly influenced by the yeast strain, fermentation
duration, and the nutrient profile of the ethanol produc-
tion substrate [1]. When CW is co-fermented with YW,
protein content typically increases. Suriyapha et al. [1]
reported that CWYW in powder form reached 535 g/kg
DM of CP, largely due to microbial biomass accumulation
during fermentation. In addition, certain yeast strains are
known to secrete fiber-degrading enzymes, such as cel-
lulases, which can contribute to the breakdown of struc-
tural carbohydrates and improve overall feed digestibility
[23].

In this study, the CWYWP contained 490 g/kg DM
of CP (Table 5), slightly lower than the powder form
reported by Suriyapha et al. [1]. This reduction may be
attributed to either differences in the quality of raw
inputs or losses during pelleting. Heat exposure during
pelleting (typically 75-87 °C for 15-20 s) has been shown

Table 4 The effect of roughage to concentrate (R: C) ratio and citric fermented with yeast waste pellets (CWYWP) on ruminal

ammonia-nitrogen (NH;-N), pH and protozoal population

R:C CWYWP (%) NH-N (mg/dL) pH Protozoal count (x10°cell/
mL)
2h 4h 2h 4h 2h 4h
60:40 0 13.60 1637 6.93 6.85 107 133
2 1445 187 6.95 6.84 133 107
4 1468 19.11 6.94 6.93 107 293
6 1937 20.25 6.96 6.88 213 267
40:60 0 1951 2038 6.91 6.82 16 107
2 20.82 20.86 6.90 6.84 213 373
4 2178 2142 6.92 6.87 133 293
6 2341 2254 6.97 6.86 187 293
SEM 017 0.24 0.24 0.02 047 086
R.C <001 <001 0.06 0.04 033 0.29
60:40 15.53° 1861° 6.95 6.88 140 2.00
40:60 21382 21307 6.93 6.85° 173 267
CWYWP (%) <001 <001 0.02 <001 034 0.21
0 16.56% 18384 6.92° 6.84° 134 120
2 17.64° 19.78° 6.93° 6.84° 173 240
4 18.23° 2027° 6.93° 6.90° 1.20 293
6 2139° 2140° 6.97° 6.87%° 2.00 2.80
Interaction 1.00 1.00 0.29 042 0.71 033

2-dyalue on the same row with different superscripts differ (p <0.05); R: C=roughage to concentrate ratio,. CWYWP =the supplementation of citric waste fermented

with yeast waste pellet, SEM=standard error of the mean



Kanakai et al. BMC Veterinary Research (2025) 21:386

Table 5 Feed ingredients and chemical composition (g/kg
DM) of concentrate diet, rice straw, yeast waste (YW), citric
waste (CW) and citric waste fermented with yeast waste pellet
(CWYWP) used in the in vitro study

Items Concentrate Rice YW CW CWYWP
straw

Ingredients (g/kg dry

matter; DM)

Cassava chips 500

Rice bran 190

Soybean meal 140

Palm kernel meal 140

Premix 10

Salt 10

Urea 10

Chemical composition

Dry matter (g/kg) 934 934 360 919 949

Organic matter (g/ 926 888 899 889 901

kg DM)

Crude protein (g/kg 137 38 276 101 490

DM)

Neutral detergent 189 662 217 719 357

fiber (g/kg DM)

Acid detergent fiber 118 465 44 416 253

(g9/kg DM)

Gross energy (Mcal/ ~ 4.33 376 323 388 390

kg DM)

Premix=Vitamins and minerals; A: 10,000,000 IU; vitamin E 70,000 IU; vitamin D:
1,600,000 IU; Fe: 50 g; Zn: 40 g; Mn: 40 g; Co: 0.1 g; Se: 0.1 g; I: 0.5 g. YW =yeast
waste; CW=citric waste; CWYWP =citric waste fermented with yeast waste
pellet;

to induce Maillard reactions and protein denaturation,
reducing nitrogen solubility and the measurable CP value
[24]. Similar reductions in protein quality after thermal
processing have been reported by Homan et al. [25] and
Boney et al. [26]. As CWYWP was added at increasing
levels (0-6%), CP concentration rose proportionally in all
experimental diets. In the 60:40 R: C group, CP increased
from 78 to 101 g/kg DM, while in the 40:60 group, it
increased from 97 to 119 g/kg DM (Table 6). At the same
time, NDF and ADF concentrations slightly declined.
For instance, in the 60:40 group, NDF decreased from
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473 to 466 g/kg DM and ADF from 362 to 356 g/kg DM
as CWYWP levels increased. This reflects the relatively
lower fiber content of CWYWP compared to the basal
roughage components. However, despite the decrease
in fiber concentration (g/kg DM), the total fiber mass
per incubation bottle actually increased with higher
CWYWP inclusion. This is because CWYWP was sup-
plemented on top of the fixed 0.5 g substrate, increasing
the total dry matter in the bottle. As a result, the absolute
quantities of NDF and ADF (mg/bottle) increased across
treatments. This dual effect—dilution in fiber percentage
but increase in fiber load—may influence microbial colo-
nization, fermentation efficiency, and fiber degradability.
In addition to its protein contribution, CWYWP likely
provided residual fermentable carbohydrates, peptides,
and yeast-derived cofactors from molasses and micro-
bial biomass [1, 15]. These components may have stimu-
lated rumen microbial activity and fermentation, helping
to explain the enhanced cumulative gas production and
digestibility observed at 2% and 4% CWY WP inclusion.

Overall, the changes in dietary composition—both in
nutrient proportions and total nutrient mass—are closely
linked to the fermentation outcomes observed in this
study. Accurate reporting of both the chemical composi-
tion and formulation dynamics is essential when evalu-
ating CWYWRP as a functional feed additive. Continued
refinement of fermentation and pelleting processes will
be important to maximize the nutritional value and con-
sistency of this by-product in ruminant feeding systems
[14, 17].

Kinetics and cumulative gas production

No significant interaction was observed between
CWYWP levels and the R: C ratio for gas kinetics param-
eters, including final gas volume (Vf), rate constant (k),
and discrete lag time (L). Therefore, the effects of each
factor are interpreted independently. The R: C ratio had
a significant effect on the lag time (L), with a longer
lag phase observed at the 40:60 ratio compared to the
60:40 ratio. This finding suggests that diets with a higher

Table 6 Chemical composition of substrate diets containing two roughage-to-concentrate (R: C) ratios and different level of citric
waste fermented with yeast waste pellet (CWYWP) used in the in vitro study

Items Roughage-to-concentrate (R: C) ratios

60:40 40:60

Citric waste fermented with yeast waste pellet (CWYWP) (%)

0% 2% 4% 6% 0% 2% 4% 6%
Chemical composition
Dry matter (DM; g/kg) 934 934 935 935 934 934 935 935
Organic matter (g/kg DM) 903 903 903 903 911 911 911 910
Crude protein (g/kg DM) 78 86 94 101 97 105 112 119
Neutral detergent fiber (g/kg DM) 473 471 469 466 378 378 377 377
Acid detergent fiber (g/kg DM) 362 360 358 356 257 257 257 257
Gross energy (Mcal/kg DM) 399 399 399 398 410 410 409 409
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proportion of concentrate may delay microbial fermen-
tation onset due to the need for microbial adaptation.
High-concentrate diets typically contain more ferment-
able carbohydrates, which can shift microbial coloniza-
tion dynamics and slow the initial fermentation process
[27-29].

In contrast, a significant interaction between CWYWP
inclusion and the R: C ratio was detected for cumu-
lative gas production at 96 h. Under the 40:60 R: C
ratio—where fermentable substrates are more abun-
dant—CWYWP supplementation at 2% and 4% led
to increased cumulative gas production. This may be
attributed to a synergistic effect between the nutrient-
rich components in CWYWP (e.g., peptides, sugars, and
nucleotides) and the higher concentrate content, which
together support increased microbial activity in later fer-
mentation stages [1, 11, 13]. However, at 6% CWYWP
inclusion, cumulative gas production declined slightly.
Although the NDF concentration decreased margin-
ally (e.g., from 473 to 466 g/kg DM in the 60:40 diet), the
total fiber mass introduced per bottle increased due to
the additional dry matter from CWYWTP. This increase
in absolute fiber load may have imposed physical limi-
tations on microbial access to fermentable substrates,
thereby reducing fermentation efficiency [13]. This inter-
pretation is supported by the measured composition data
(Table 6), and highlights the importance of considering
both concentration and total nutrient mass when evalu-
ating fermentation responses. This pattern aligns with
earlier reports indicating that excessive dietary fiber or
structurally complex byproducts can reduce microbial
fermentation efficiency, even when fermentable com-
ponents are present [1, 29]. Under the 60:40 R: C ratio,
cumulative gas production remained lower and showed
limited response to CWYWP supplementation. This may
reflect a constraint imposed by the higher fiber content
of the basal diet, which could suppress microbial activ-
ity and diminish the potential benefits of CWYWP [13].
These results highlight the importance of both dietary
composition and additive inclusion level when evaluating
fermentation outcomes. The increased gas production
under a 40:60 R: C ratio with 2—4% CWYWP inclusion
suggests that moderate supplementation is optimal. This
treatment showed increased CP (from 97 to 112 g/kg
DM) while maintaining consistent NDF levels (~ 377 g/kg
DM), indicating a favorable nutrient profile. These results
suggest that this treatment has sufficient fermentable car-
bohydrates to support microbial growth, thereby enhanc-
ing fermentation efficiency (Table 6).

The differences between our findings and previous
studies may be partially explained by feed processing
methods. In the current study, CWYWP was provided
in pellet form, which could have increased fermentation
by improving substrate consistency, reducing particle
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size variability, and increasing surface area for micro-
bial colonization. Moreover, heat and pressure dur-
ing pelleting may have promoted starch gelatinization,
thereby increasing substrate digestibility and gas produc-
tion potential [29]. Although pelleting was not a vari-
able under investigation, its influence on fermentation
dynamics should not be overlooked.

Overall, the R: C ratio emerged as the primary factor
influencing fermentation kinetics in this in vitro study.
These findings reinforce the critical role of fiber-to-con-
centrate balance in modulating microbial fermentation
behavior in the rumen. As noted by Elghandour et al.
[30], high dietary fiber content tends to suppress gas pro-
duction—consistent with the lower cumulative gas val-
ues observed at the 60:40 ratio. Optimizing this balance
remains essential for improving rumen fermentation effi-
ciency in practical ruminant feeding systems [31].

In vitro digestibility

This study demonstrated a significant interaction
between the R: C ratio and CWYWP supplementa-
tion on IVDMD and IVOMD at 24 h. At the 40:60 R: C
ratio, 4% CWYWP supplementation led to the highest
IVDMD and IVOMD values, significantly outperforming
0%, 2%, and 6% inclusion levels. In contrast, no digest-
ibility improvements were observed across CWYWP lev-
els under the 60:40 R: C ratio. These results suggest that
CWYWP is most effective at moderate inclusion levels
in concentrate-rich diets, where microbial fermentation
is likely more responsive to added fermentable substrates
[1,13].

The increased digestibility observed at 4% CWYWP
inclusion is consistent with the reduction in NDF and
ADF concentrations at this level (Table 6), which likely
enhanced ruminal degradability by improving microbial
access to structural carbohydrates. Lower fiber concen-
trations are known to facilitate more rapid fermentation
and increase substrate availability in the rumen [28].
Additionally, CP content increased from 97 to 112 g/kg
DM, which may have further supported microbial growth
and enzymatic activity during fermentation. Although
the total fiber mass also increased with CWYWP addi-
tion, the improved protein-to-fiber ratio at 4% inclusion
likely contributed to more efficient microbial utilization
of the substrate. These results suggest that the improved
digestibility at this level is directly driven by shifts in the
nutrient profile of the diet—specifically, increased crude
protein and slightly reduced fiber concentration—sup-
porting the role of CWYWP as a balanced nutritional
enhancer. In addition to compositional effects, bioactive
compounds from the yeast waste component may have
contributed to the observed response at 4%. Previous
studies have reported that YW can be rich in bioavail-
able nutrients such as nucleotides, peptides, amino acids,
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vitamins, and minerals, which support microbial metab-
olism and enzyme production [11]. Yeast-derived com-
ponents such as f-glucans and mannan oligosaccharides
(MOS) may also act as prebiotics that stimulate ben-
eficial microbial populations. Dagaew et al. [11] showed
that hydrolyzed YW enhanced rumen bacterial prolif-
eration, while Sommai et al. [31] observed that yeast-
fermented cassava pulp increased cellulolytic bacterial
counts, potentially improving fiber digestion. Although
the bioactive profile of YW was not directly measured in
this study, the observed digestibility enhancement at 4%
CWYWP inclusion is consistent with both the measured
chemical composition and previously reported functional
properties of YW.

However, no further improvement in digestibility
was observed at 6% CWYWP inclusion, despite slightly
lower NDF and ADF concentrations. This may be due
to the increased total fiber load introduced into the sys-
tem, which could physically hinder microbial coloniza-
tion or limit enzyme access to fermentable substrates
[26]. Moreover, fiber derived from citric waste may be
less degradable, potentially offsetting the benefits of
increased protein. It is also possible that nutrient syn-
chrony was disrupted at this level—where the bal-
ance between fermentable carbohydrates and nitrogen
became less optimal—thereby reducing microbial effi-
ciency. Similar findings were reported by Suriyapha et al.
[1], who noted that replacing soybean meal with CWYW
increased digestibility only up to 75% inclusion, while
complete replacement (100%) led to significant declines.

At 12 h, no interaction between CWYWP and R: C
ratio was detected. However, the main effect of R: C ratio
was significant, with the 40:60 diet producing higher
digestibility than the 60:40 diet across all inclusion lev-
els. This result likely reflects the greater availability of fer-
mentable carbohydrates in high-concentrate diets, which
accelerate early microbial colonization and activity [11,
13].

These findings underscore the potential of CWYWDP,
particularly at 4% inclusion in diets with higher con-
centrate levels, to increase in vitro digestibility. How-
ever, optimal inclusion thresholds should be observed to
avoid excess indigestible fiber and preserve fermentation
efficiency.

In vitro VFA concentration

The measured chemical composition of the diets
(Table 6) helps explain several observed shifts in VFA
concentration. The 40:60 R: C ratio combined with 2%
or 4% CWYWP inclusion resulted in the highest total
VFA (TVFA) at 4 h, which corresponds with the higher
concentrate proportion and increased CP levels (from
97 to 112 g/kg DM) observed in those treatments.
The relatively lower NDF concentration and improved
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protein-to-fiber ratio likely enhanced substrate degrad-
ability, supporting greater microbial activity and fermen-
tation. As degradability increased, C3 concentrations
rose while the C2:C3 ratio declined—an expected shift
associated with increased availability of fermentable car-
bohydrates [29, 32].

CWYWP supplementation also altered VFA profiles
under the 40:60 R: C ratio. At 4 h, the lowest C4 concen-
trations were observed at 2% and 4% CWYWP, possibly
reflecting a metabolic shift favoring C3 over butyrate
pathways. The most pronounced reduction in C2:C3
ratio occurred with 6% CWYWRP, reinforcing this shift.
These results are consistent with the increased CP and
soluble components in the diet, which may have created
favorable conditions for propionate-producing microbes.
Although the bioactive compounds in CWYWP were
not analyzed directly, previous studies provide additional
support. Yeast-based additives have been reported to
promote glucogenic fermentation pathways. Cherdthong
et al. [2] and Gunun et al. [29] observed that yeast-
derived substrates can increase propionate and reduce
acetate concentrations in the rumen. Similarly, Phesatcha
et al. [32] reported that high-concentrate diets elevate
both total and individual VFA concentrations. Dagaew
et al. [11] noted a 33.67% increase in C3 when the R: C
ratio shifted from 30:70 to 70:30, while Suriyapha et al.
[13] found a 10.49% increase in C3 with a 40:60 R: C
ratio compared to 60:40. One possible explanation for
the increased C3 is the promotion of Megasphaera elsde-
nii, a lactate-utilizing bacterium involved in the acrylate
pathway. Although not measured here, prior reports sug-
gest that yeast-derived peptides, B-glucans, and mannan
oligosaccharides (MOS) may stimulate this population
[30], contributing to enhanced propionate production
observed in the 40:60 diets supplemented with 4-6%
CWYWP.

At 2 h of incubation, C3 concentrations were signifi-
cantly higher under the 40:60 R: C ratio and tended to
increase with 4—-6% CWYWP, though no interaction
effect was detected. These early increases may reflect the
immediate availability of fermentable carbohydrate in
concentrate-rich diets, supported by the rapid stimula-
tion of microbial activity. CWY WP may also supply small
amounts of residual sugars or peptides, further support-
ing microbial fermentation during early stages. Despite
reductions in C4 concentration under some treatments,
this effect may be condition-specific. Soluble carbohy-
drates are known to promote butyrate under certain fer-
mentation profiles, and yeast may stimulate Butyrivibrio
spp., which produce butyrate and degrade hemicellulose
[2, 3]. However, competition for substrates or nutrient
imbalance may shift fermentation toward propionate, as
observed here. A numerical reduction in TVFA at 2 h
was found in the 60:40 R: C diet without CWYWD, likely
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reflecting lower fermentable substrate availability and
delayed microbial activation. Although not statistically
significant, this trend supports the idea that early-stage
fermentation is sensitive to carbohydrate supply, espe-
cially under high-roughage, unsupplemented conditions.

Lastly, differences between the current findings and
those of Suriyapha et al. [1], who found no significant
effect of CWYW on VFA profiles, may be attributed to
feed form. Their study used CWYW in powder form,
whereas the present study used pelleted CWYWP,
which underwent thermal conditioning (75-87 °C for
15-20 s). Pelleting may have improved physical struc-
ture, enhanced starch gelatinization, and disrupted fiber
matrices—thereby improving microbial accessibility and
fermentation efficiency [25, 26]. This may help explain
the higher TVFA observed here compared to the unpro-
cessed form used by Suriyapha et al. [1].

Ruminal NH;-N, pH, and protozoal population

The R: C ratio significantly influenced NH;-N concentra-
tions at both 2 and 4 h, with higher levels observed under
the 40:60 ratio. This corresponds with the higher crude
protein content in these diets (Table 6), which likely sup-
plied more degradable nitrogen for microbial metabo-
lism. The elevated NH;-N also reflects greater microbial
deamination activity in concentrate-rich diets, a response
that aligns with previous reports by Suriyapha et al. [1]
and Gunun et al. [29]. CWYWP supplementation further
increased NH;-N concentrations, which can be explained
by its high protein content (490 g/kg DM) and the likely
presence of non-protein nitrogen such as urea. As shown
in our composition data, increasing CWYWP inclusion
raised dietary CP levels—reaching up to 119 g/kg DM
under the 40:60 R: C ratio. This higher nitrogen avail-
ability may have enhanced microbial protein turnover
and ammonia release. These findings are consistent with
the mechanisms proposed by Polyorach et al. [3], who
reported that microbial degradation of yeast biomass
and enzymatic hydrolysis of non-protein nitrogen rap-
idly increase ammonia in the rumen. Despite the rise in
NH;-N, ruminal pH values remained within the optimal
physiological range (6.82-6.97) throughout incubation,
indicating stable fermentation. A slight decrease in pH
at 4 h under the 40:60 R: C ratio likely reflects increased
acid production from rapid carbohydrate fermenta-
tion. Interestingly, CWYWP supplementation at 4% and
6% maintained or slightly elevated pH values at both
time points. This may be due to the buffering effect of
increased NH;-N and possible prebiotic activity of man-
nan oligosaccharides (MOS) in the yeast cell wall. These
compounds may support lactic acid-utilizing bacteria
such as Megasphaera elsdenii and Selenomonas ruminan-
tium [13], helping reduce acid accumulation and stabilize
rumen pH.
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Protozoal populations were not significantly affected by
either the R: C ratio or CWYWP supplementation. This
stability is likely due to the maintained pH environment
and consistent availability of fermentable substrates and
soluble sugars across treatments. These conditions sup-
port protozoal survival and activity and are consistent
with the findings of Polyorach et al. [3], who reported
unchanged protozoal counts with yeast-fermented cas-
sava supplementation. Similar outcomes were also asso-
ciated with diets that maintained stable fermentation
parameters [18].

Conclusions and recommendations

This in vitro study demonstrated that CWYWP has
potential as feed additive in ruminant diets. The results
showed that a 40:60 roughage-to-concentrate (R: C) ratio
increased in vitro feed digestibility, and that CWYWP
inclusion—particularly at 2% and 4%—was associated
with positive effects on ruminal fermentation param-
eters. However, no significant difference in gas produc-
tion was observed between 4%, 2%, and 0% CWYWP
under the 40:60 ratio, suggesting that the effect may be
more related to the high concentrate level than the addi-
tive itself. Importantly, CWYWP did not negatively affect
in vitro ruminal fermentation or digestibility at any inclu-
sion level. Further research is needed to evaluate whether
the positive effects of CWYWP on in vitro fermentation
and digestibility are reproducible under in vivo condi-
tions as feed additive, and whether they translate into
improved animal performance and health.

Materials and methods

The method of producing citric waste fermented with
yeast waste pellets (CWYWP)

One hundred liters of yeast waste (YW) derived from
Saccharomyces cerevisiae, a byproduct of the ethanol
industry, were collected from Mitr Phol Bio-Power Co.,
Ltd., in Chaiyaphum, Thailand. Additionally, 200 kg of
citric waste (CW), a byproduct of the citric acid industry,
were obtained from Sam Mor Farm in Udon Thani, Thai-
land. Molasses (M Molasses, Do Home Co., Ltd., Khon
Kean, Thailand) and commercial-grade urea had been
purchased from a local shop. The formulation of citric
waste fermented with yeast waste pellets (CWYWP) was
adapted from Suriyapha et al. [1]. First, 100 mL of YW
were transferred to a flask (A). Then, in a flask (B), 20 g
of molasses and 50 g of urea were mixed in 100 mL of
distilled water and blended. Solutions of A and B were
mixed in a 1:1 ratio to produce the YW media solution.
This media was subsequently flushed with air for 16 h at
room temperature using an electromagnetic air compres-
sor (Model: SOBO MINI AC/DC, HEIYKUNGPLATU
Co., Ltd.,, Khon Kaen, Thailand) to promote aerobic
microbial activation. After flushing, formic acid (RED
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HORSE, KD RWMKASET Co., Ltd., Nong Khai, Thai-
land) was added to the YW media to adjust the pH to a
range of 3.9-4.5. After 16 h of incubation, the prepared
YW media solution and mixed with CW at a ratio of 1
mL YW per 1 g CW. The resulting mixture was packed
into plastic bags (size 22 x 44 inches, PP Plastic Co., Ltd,,
Nakhon Ratchasima, Thailand) and vacuum sealed using
a vacuum sealer (IMAFLEX 1400 W VS-921, Imarflex
Industrial Co., Ltd., Bangkok, Thailand) to maintain
anaerobic conditions. The sealed bags were stored at
room temperature without oxygen for 14 days to allow
for fermentation. Following anaerobic fermentation, the
material was sun-dried for 48 h until the final product
reached a minimum of 10% moisture, then prepared for
subsequent use as CWYWP.

Design of experiments and dietary procedures

The study was conducted using a 2 x4 factorial arrange-
ment in a completely randomized design (CRD) with
three replications. The first factor comprised two levels
of R: C ratios: 60:40 and 40:60, using rice straw as the
roughage source. The second factor involved four levels
of CWYWP supplementation, applied as a top-dressed
supplement at 0%, 2%, 4%, and 6% of the DM of the in
vitro dietary substrate (0.5 g DM consisting of both
concentrate and roughage). All substrate samples were
oven-dried at 60 °C and ground through a 1-mm screen
(Cyclotech Mill, Tecator, Sweden) for chemical composi-
tion analysis. The chemical analyses followed the AOAC
[33] guidelines, focusing on the determination of dry
matter (DM; ID 967.03) and ash content (ID 942.05).
Crude protein (CP) was determined using a nitrogen
analyzer (LECO Corporation, Saint Joseph, MI, USA).
The neutral detergent fiber (NDF) and acid detergent
fiber (ADF) contents were analyzed following the proce-
dure of Van Soest et al. [34]. The gross energy (GE) con-
tents of feeds were determined in a AC500 Isoperibol
Calorimeter for Gross Calorific Content (LECO Corpo-
ration, USA). Table 5 demonstrated feed ingredients and
chemical composition (g/kg DM) of concentrate diet, rice
straw, YW, CW and CWYWP used in the in vitro study.
The experimental concentrate diets contained 137 g/kg
DM of CP. The CWYWP is composed of 590 g/kg DM
of CP and 357 and 253 g/kg DM of NDF and ADF fibers,
respectively. Furthermore, the ratios of R: C at 40:60 and
60:40 resulted in a CP content of 97 and 78 g/kg DM,
respectively. Chemical composition of substrate diets
containing two R: C ratios and different level of CWYWP
used in the in vitro study are presented in Table 6. CP
increased with CWYWP inclusion, from 78 to 101 g/
kg DM in the 60:40 R: C group and from 97 to 119 g/
kg DM in the 40:60 group. In contrast, NDF and ADF
slightly decreased in the 60:40 group (473 to 466 and 362
to 356 g/kg DM, respectively), but remained unchanged
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in the 40:60 group. Gross energy (GE) was stable across
treatments, ranging from 3.98 to 4.10 Mcal/kg DM.

Animal hosts and ruminal inoculum Preparation

Rumen fluid was collected from three healthy male Thai
native beef cattle, each weighing 280+ 15.0 kg and aged
1.5 years. The animals were sourced from the Beef and
Buffalo Section, Department of Animal Science, Fac-
ulty of Agriculture, Khon Kaen University, Thailand.
They were housed individually in pens with clean floor-
ing and had free access to clean water and mineral licks.
The animals were fed ad libitum rice straw and offered a
concentrate diet containing 140 g/kg crude protein (CP)
and 16.04 Mcal/kg of metabolizable energy at a rate of 1%
of body weight (BW), administered twice daily at 07:00
and 16:00. After 15 days of dietary adaptation, approxi-
mately 2,000 mL of rumen fluid was collected from each
animal via oral suction using a stomach tube. The col-
lected rumen fluid was pooled, filtered through four lay-
ers of cheesecloth into an Erlenmeyer flask, and used as
a composite inoculum for in vitro incubation. The sam-
ples were transported to the laboratory in pre-warmed
thermos bottles maintained at 39 °C. Experimental feed
samples were each weighed (0.5 g DM) and placed into
50-mL serum bottles. Each bottle was flushed with CO,
for 15 s prior to inoculation. The bottles were separated
into three sets: the first set of 27 bottles [(3 bottles (rep-
lication) x 8 treatments) + 3 bottles of blank was used to
evaluate gas kinetics and total gas production (incubated
for 96 h). The second set of 51 bottles [(3 bottles (rep-
lication) x 8 treatments x 2 observation times at 2 and
4 h)+3 bottles of blank] was used for ruminal param-
eters including pH, ruminal NH;-N, volatile fatty acids,
and protozoa. The third set of 51 bottles [(3 bottles (rep-
lication) x 8 treatments x 2 observation times at 12 and
24 h) + 3 blank bottles] was utilized to determine nutrient
digestibility.

All bottles were sealed with aluminum and rubber caps
and incubated at 39 °C for 96 h. Rumen-fluid medium
was prepared following the method of Menke and Ste-
ingass [35] by mixing 1,095 mL of distilled water, 0.23
mL of micromineral solution, 365 mL of macromineral
solution, 1 mL of resazurin solution, 60 mL of reducing
solution, and 730 mL of buffer solution with 660 mL of
pooled rumen liquor, under continuous CO, flushing.
Each bottle was filled with 40 mL of buffered rumen fluid
and was incubated in a hot air oven (Model: BOHA-318,
Biolab Scientific Ltd., Ontario, Canada) at 39 °C without
agitation.

Characteristics of in vitro production of gases and ruminal
fermentation

Using the modified procedures of Cherdthong et al. [2],
gas production was measured after 0, 0.5, 1, 2, 4, 6, 8, 12,
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18, 24, 48, 72, and 96 h of incubation. For curve fitting
and gas kinetics analysis, the Schofield [36] model was
used:

Vi = Vi x (1= exp=H=0) (1)

where Vt is the volume of gas at time t, Vf is the final
asymptotic gas volume corresponding to complete sub-
strate digestion (mL/g DM), t is the incubation time (h),
k is a rate constant (units time - 1), and L is a discrete lag
term (h).

Ruminal pH was measured using a digital pH meter
(HANNA Instruments HI 8424 microcomputer, Singa-
pore) at 0 and 4 h of incubation. The fermented ruminal
fluid was divided into two portions. According to Fawcett
and Scott [37], the first half (20 mL) was stored with 5 mL
of 1 M H,SO, and kept at —20 °C for ammonia nitrogen
(NH;-N) analysis. The in vitro volatile fatty acid (VFA)
concentration was analyzed by gas chromatography
(Hewlett-Packard Co., Ltd., USA), equipped with a capil-
lary column and flame ionization detector (Supelco, Inc.,
USA).

The remaining portion (1 mL) was preserved in 9 mL
of 10% formalin solution for direct protozoal population
counting [37]. Techniques by Tilley and Terry [38] were
used to assess IVOMD and IVDMD after 12 and 24 h of
incubation. The percentage of IVDMD was calculated
using the following equation:

IVDMD (%)
Sample DM
— [Residual DM -DM residue of incubated blank] (2)
x 100

Sample DM

The difference between dried and ignited weights was
taken as the indigestible organic matter, and the results
were calculated according to the equation:

IVOMD (%)
Sample OM
— [Residual OM -OM residue of incubated blank] (3)
x 100

Sample OM

Statistical analysis

The data were statistically analyzed using a 2 x 4 factorial
arrangement in a completely randomized design (CRD),
utilizing PROC GLM in SAS software [39]. The following
statistical model was applied:

Yij = p + Ai + Bj + ABij + eij  (4)

where: Y =observations; p=overall mean; Ai = effect
of factor A (the level of R: C ratio at 60:40 and 40:60; i
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=1 to 2); Bj = effect of factor B (The supplementation
of CWYWP at 0, 2, 4 and 6%; j = 1 to 4), ABij = the
interaction effect of R: C ratio and CWYWP, and €ij =
the residual effect. Duncan’s New Multiple Range Test
(DMRT) was used to compare treatment means [40]. A
95% confidence level was applied to determine significant
differences.
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