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Abstract

The purpose of this field study was to compare the effects of top-dressing tropical lactating
cows with soybean meal (SBM) or citric waste fermented yeast waste (CWYW) on intake,
digestibility, ruminal fermentation, blood metabolites, purine derivatives, milk production,
and economic return. Sixteen mid-lactation Thai crossbreeds, Holstein Friesian (16.7 + 0.30
kg/day milk yield and 490 + 40.0 kg of initial body weight) were randomly allocated to two
treatments in a completed randomized design: SBM as control (n = 8) or CWYW (n = 8).
The feeding trial lasted for 60 days plus 21 days for treatment adaptation. The results
showed that total dry matter intake, nutrient intake, and digestibility did not (p>0.05) differ
between SBM and CWYW top-dressing. Ruminal pH and the protozoal population did not
(p>0.05) differ between SBM and CWYW top-dressing. After 4 hours of feeding, CWYW
top-dressing showed greater ammonia nitrogen, plasma urea nitrogen, and bacterial popu-
lation compared with the top-dressing of SBM. Volatile fatty acids and purine derivatives
were not different (p>0.05) between SBM and CWYW top-dressing. For milk urea nitrogen,
there was a greater (p<0.05) and somatic cell count was lower (p<0.05) for cows fed the
CWYW top-dress compared to cows fed the SBM top-dress. The cost of the top-dress and
total feed cost were less (p<0.05) for CWYW compared to SBM top-dressing, at 0.59 vs
1.16 US dollars/cow/day and 4.14 vs 4.75 US dollars/cow/day, respectively. In conclusion,
CWYW could be used as an alternative protein source to SBM without having a negative
impact on tropical lactating cows.

Introduction

Over 80% of milk in developing countries comes from small-scale farming operations with
low inputs [1]. The availability and quality of feed are the two most important factors influenc-
ing milk production [2]. Rural smallholder dairy cow farmers in Thailand feed concentrate to
their cows as an energy and protein source, while rice straw (RS) is given to them as a roughage
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source on an ad libitum basis. RS is a low-nutritive, high-indigestible fiber roughage with long
particles that can quickly fill the rumen, resulting in decreased feed intake and insufficient
nutrient supply for the host [3]. Farmers always top-up soybean meal (SBM) on concentrate at
approximately 0.4 percent body weight to maximize or maintain milk production. SBM is the
most commonly used protein source in dairy cow concentrate mixes [4, 5] and is high in
rumen-degradable protein [6]. According to Ghelichkhan et al. [7], a top-dress of 2 kg of sol-
vent SBM can increase milk output by 7.2 kg/day in Holstein Friesian cows. However, because
SBM is in high demand, the price has risen [8, 9]. Furthermore, increased soy cultivation has
negative environmental and socioeconomic consequences [10]. Currently, there is a global
interest in using agro-industrial by-products and residues as animal feed, utilizing biological
processes as ecologically acceptable and potentially economically feasible options for decreas-
ing feed prices and alleviating the problem of environmental contamination [11-14].

Citric acid waste fermented with yeast waste (CWYW) is a feed product made from citric
acid waste from the citric industry fermented with yeast waste from bio-ethanol processing as
an alternative protein source for ruminants [14]. With a crude protein content of 53.5% and a
true protein content of 33.5%, CWYW is a promising protein source comparable to SBM [14].
When comparing economic values, CWYW was cheaper than SBM by 50% per kilogram (0.31
USD vs 0.61 USD). Furthermore, Suriyapha et al. [14] discovered that when CWYW replaced
SBM at 75% of SBM in a concentrate diet. Gas kinetics, ruminal fermentation, and in vitro
degradability were unaffected. The comparative effect of top-dressing SBM and CWYW on
dairy cow feed intake, digestibility, ruminal fermentation kinetics, milk yield, and milk com-
position has never been studied.

As aresult, the purpose of this field study was to compare the effects of top-dressing SBM
or CWYW on the intake, digestibility, ruminal fermentation, blood metabolites, purine deriva-
tives, milk production, and economic return of tropical lactating cows.

Materials and methods

All of the experimental animals and methodology involved in this research were approved by
the Animal Ethics Committee under the Institutional Guidelines of Khon Kaen University,
National Research Council of Thailand (record no. IACUC-KKU-27/64).

Preparation of citric waste fermented yeast waste (CWYW)

A by-product of ethanol manufacturing called yeast waste, which includes inoculants of the
yeast (Saccharomyces cerevisiae), was obtained from Green Innovation Public Company Lim-
ited (KGI) a subsidiary of Khon Kaen Sugarcane Industry Company Limited in Nam Phong
district, Khon Kaen province, Thailand. Citric acid waste, a by-product of the citric acid indus-
try, was obtained from Sam Mor Farm Limited Partnership in Mueang district, Udon Thani
province. The commercial feed pellets, commercial-grade urea, and molasses were purchased
from the local feed mill in the Kranuan district, Khon Kaen province, Thailand.

CWYW was prepared according to Suriyapha et al. [14]. In brief, 100 mL of yeast waste was
added into a flask and set as solution A. Then, 20 g of molasses and 50 g of urea were dissolved
in 100 mL of distilled water to form solution B. After that, solutions A and B were mixed ata
ratio of 1:1 (v/v). The solution’s pH was adjusted to 3.5-5 using formic acid (L.C. Industrial
Co., Ltd, Nakhon Pathom, Thailand) and incubated to stimulate yeast population growth with
continuous air-flush for 16 h using an air pump (HAILEA ACO-318 oxygen pump, Sagar
aquarium, Gujarat, India) at room temperature. After 16 h of incubation, the media solution
of yeast waste was mixed with citric acid waste at a ratio of 1:1 (v/w). Then the mixture was
anaerobically fermented in 200-liter plastic containers for 14-days, followed by 48 h of sun
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drying to obtain a moisture level of less than 10%. After drying, the CWYW was kept in plastic
bags and fed to the cows throughout the experimental period.

Experimental station

The experiment was conducted at Sukkhee farm, a dairy farm in Kranuan District, Khon Kaen
Province, Thailand. The experiment lasted from September 2020 to November 2020 during
the rainy and winter season, with a temperature of approximately 22-33 °C. Before starting
the experiment, cows were of a similar age and lactation yield period. All of the cows were
weighed, recorded as their initial body weight, and dewormed (Ivomec F®, Kos Introtech Co.,
Ltd., Bangkok, Thailand) and injected with vitamin AD;E (Phenix, Anitech Total Solution
Co., Ltd., Bangkok, Thailand).

Experimental animals, design, and dietary treatments

Sixteen multiparous Holstein Thai crossbreed cows during mid-lactation with 16.7 + 0.30 kg
day-in-milk and 490 + 40.0 kg BW were used. Cows were randomly divided into two groups
and assigned to receive two supplementary treatments: the control-SBM group (n = 8) and
CWYW (n = 8). Cows were individually housed in sixteen 5x5 m? stalls with cement water
tanks. The SBM top-dress was used as the control treatment based on the routine practices
used at the Sukkhee Farm. The SBM and CWYW were top-dressed onto a basal diet at a rate
of 0.4 kg/100 kg of cow BW per day, followed by ad libitum rice straw feeding. The basal con-
centrate diet contained 26% cassava chip, 25.5% rice bran, 14% cassava leaf hay, 17% commer-
cial pellet, 17% commercial protein mixed powder, and 0.5% mineral premix. Cows were fed
the basal diets at a 1:1 ratio (1 kg concentrate per 1 kg milk) in two equal meals at 5:30 am and
3:30 pm. The commercial pellet was purchased from Chok Prasert Animal Feed Co., Ltd., and
contained 25% crude protein (CP) based on a dry matter basis, while the commercial protein
mixed powder was purchased from CPF Feed Solution Co., Ltd. and contained 46% CP on a
dry matter basis. The urea concentration was less than 2% in the pellet and protein mixed
power. The cows were adapted to stalls and diets for 21 days, and the supplementation treat-
ments lasted for 60 days after adaptation. The chemical composition of the basal diet, SBM,
CWYW, and rice straw is provided in Table 1. Feed intake, feed refusal, and milk yield were
recorded daily, and the last 7 days of the supplementation period were used for sample
collection.

Table 1. Chemical compositions of experimental dietary.

Item
Dry matter, g/kg
Organic matter, g/kg DM
Ash, g/kg DM
Crude protein, g/kg DM
Neutral detergent fiber, g/kg DM
Acid detergent fiber, g/kg DM
Feed cost (US dollar® /kg)

1SBM, soybean meal;
2CWYW, citric waste fermented yeast waste;
3 US dollar = 31.16 Thai baht [78].

https://doi.org/10.1371/journal.pone.0273916.t001

Basal concentrate diet SBM' CWYW? Rice straw

875 890 864 909
916 933 925 907

84 67 75 93

163 458 528 27

198 173 392 784
143 133 281 552
0.38 0.61 0.31 0.07
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Sample collection and chemical analysis

During the 7 day sample collection period, the basal diet, rice straw, SBM, CWYW, and
refusal samples were collected daily, composited by cow, and stored at -20 °C until analysis.
Feces were collected manually from the rectum in the morning and in the afternoon before
teeding for 7 days, weighed, 300 g composited by cow, and stored at -20 °C. Before analysis,
diet samples were thawed, dried at 60 °C for 72 hours, and ground through a 1 mm screen
using a Cyclotech Mill (Tecator, Hoganas, Sweden). Chemical composition was analyzed
according to the standard method of AOAC [15] including dry matter (DM, no 967.03), ash
(no 492.05) and crude protein (CP, no 984.13) content. The neutral detergent fiber (NDF)
and acid detergent fiber (ADF) content of samples were analyzed according to the proce-
dure of Van Soest et al. [16]. Urine was collected manually by stimulating the vulva twice a
day in the morning and in the afternoon before feeding for 7 days. The urine sample from
each day was composited by cow, kept in a plastic bottle containing H,SO, at a 1:9 (v/v)
ratio to prevent nitrogen loss, and stored at -20 °C until analysis. The urinary sample was
thawed and analyzed for total purine derivatives, allantoin, and creatinine concentrations
using high-performance liquid chromatography, and the effluent was monitored at 205 nm
(Spherisorb; Agilent 1100 Series HPLC System Agilent Technologies, USA) with two 4.6
mm X 250 mm C18 reverse phase columns (Waters, Milford, MA, USA). Daily urine volume
was estimated as BW x 29/urinary creatinine concentration [17]. Urinary purine excretion,
purine absorption, and microbial nitrogen supply were estimated using the equations of
Chen and Gomes [18] and Chen et al. [19]: Y = 0.85X + (0.385BW°7°); where Y is the excre-
tion of purine derivatives (mmol/day) and X is the microbial purines absorbed (mmol/day).
The supply of microbial N in grams per day was calculated as follows: microbial N (g/day) =
(X'x70)/(0.116 x 0.83 x 1000) = 0.727 x X; where X is the purine derivatives absorbed
(mmol/day). The efficiency of microbial nitrogen synthesis (EMNS) was calculated using
the equation of the Agricultural Research Council [20]: EMNS = [MN(g/day) x 1000 (g)]/
DOMR (g); where DOMR = digestible organic matter apparently fermented in the rumen,
DOMI = digestible organic matter intake, and DOMR = DOMI x 0.65. Nutrient digestibility
was estimated using the acid insoluble ash technique according to Van Keulen and Young
[21].

Milk yield was recorded daily, and milk samples were collected twice a day at 5:00 am and
03:00 pm for 7 days. Milk samples from each twice daily collection were mixed together at a
60:40 (v/v) ratio to make 100 ml of milk sample and stored at -20 C°. After 7 days of collection,
milk samples from each day and cow were mixed well, and a total of 100 ml was subsampled to
analyze milk composition, including protein, fat, lactose, solids-not-fat, and total solids con-
tent, using Milko-Scan33 (Foss Electric, Hillerod, Denmark) at the Dairy Farming Promotion
Organization of Thailand. The somatic cell count was analyzed using the Fossomatic 5000
Basic (Foss Electric, Hillerad, Denmark).

On the last day of the feeding trial, blood samples were collected from the jugular vein at 0
h before and 4 h post morning feeding. Eight milliliters of blood were collected from each cow
and placed in tubes containing 12 mg of ethylenediaminetetraacetic acid. Blood samples were
obtained by centrifugation at 500 x g for 10 min and used to analyze blood urea nitrogen
according to Crocker [22]. The economic return for SBM vs CWYW top-dressing was calcu-
lated from the price of feed ingredients from the local market of Kranuan district, Khon Kaen
province during the period of September 2020 to November 2020, where the price of rice
straw was 0.07 US dollars per kg, concentrate feed cost 0.38 US dollars per kg, the SBM price
was 0.61 US dollars per kg, and the CWYW price was 0.31 US dollars per kg. The price of milk
was 0.59 US dollars per kg.
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Ruminal fluid samples (100 mL) were carefully and quickly collected by a stomach tube
connected to a vacuum pump on the last day of the feeding trial at 0 h before and 4 h post feed-
ing. To avoid saliva contamination, the first three samples of ruminal fluid were discarded,
and the pH of the ruminal fluid was immediately measured using a pH meter (HANNA
Instruments HI 8424 microcomputer, Singapore). After measuring pH, fluid samples were
separated into two parts: the first 45 mL of fluid samples were kept in a 60 ml plastic bottle
containing 9 ml of 1 M H,SO, and used to analyze for ammonia nitrogen (NH;-N) concentra-
tion and volatile fatty acids (VFA), including acetate (C2), propionate (C3), and butyrate (C4)
concentration. The second 1 ml of ruminal fluid samples were kept in 9 ml of 10% formalin
and used to enumerate the bacterial and protozoal populations. Ruminal fluid samples were
centrifuged at 16,000x g for 15 min and the supernatant was used for NH;-N and VFA analy-
sis. The concentration of NH;-N was analyzed according to the standard method [15] using
the distillation technique. Concentration of VFA was analyzed using gas chromatography
(DB-Wax column- 30 m length, 0.25 mm diameter, 0.25 pm film; Agilent Technology, USA)
as described by So et al. [23]. Bacterial and protozoal populations were counted on hemacy-
tometers (Boeco, Hamburg, Germany) using microscopic according to Galyean [24].

Statistical analysis

The following equation was used to evaluate the data as a completed randomized design
(CRD) using SAS’s (Version 9.4) Proc GLM procedure [25]:

Yij:H+Ti+8ij

where: Yj; = observations; u = overall mean; t; = effect of treatment (SBM and CWYW and &;;
= the residual effect. Results are presented as mean values with the standard error of the mean.
Differences between treatment means were determined by the Duncan’s New Multiple Range
Test [26] and differences of p< 0.05 were considered to represent statistically significant
differences.

Results

Chemical compositions in the experimental diet

The basal diet contained CP, NDF, and ADF at 163, 198, and 143 g/kg DM, respectively
(Table 1). When compared to SBM, CWYW contained more CP (520 vs 458 g/kg DM), NDF
(392 vs 173 g/kg DM), and ADF (281 vs 133 g/kg DM). Moreover, CWYW costs less per kilo-
gram than SBM (0.31 vs 0.61 US dollars).

Feed intake, nutrient intake, and digestibility

Dietary intake, nutrient intake, and digestibility of cows fed with the SBM or CWYW top-
dress are shown in Table 2. Concentrate, supplements, rice straw, and total DM intake did not
(p>0.05) differ between SBM and CWYW top-dressing. CP intake was greater (p<0.05) for
the CWYW group. However, other nutrient intake and nutrient digestibility were not
(p>0.05) different between SBM and CWYW top-dressing.

Ruminal pH, ammonia nitrogen, microbial count, and blood urea nitrogen

Ruminal ecology and BUN are reported in Table 3. Ruminal pH and the protozoal population
did not (p>0.05) differ between SBM and CWYW top-dressing. The mean ruminal pH was
6.6 in SBM and 6.7 in CWYW (p>0.05). After 4 hours of feeding, CWYW top-dressing
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Table 2. Effect of replacing soybean meal with citric waste fermented yeast waste on feed intake and nutrient digestibility.

Item SBM' CWYW? SEM P-Value

Concentrates intake

kg/day 8.5 8.4 0.29 0.83

%BW daily 1.7 1.7 0.06 0.88

g/kg BW®7*daily 83.0 82.6 2.68 0.89
Supplement intake

kg/day 1.9 1.9 0.01 0.99

%BW daily 0.4 0.4 0.001 0.17

g/kg BW®7*daily 18.7 18.7 0.08 0.99
Rice straw intake

kg/day 45 43 0.10 0.10

%BW daily 0.9 0.8 0.02 0.20

g/kg BW*”daily 439 41.9 0.95 0.11
Total dry matter intake

kg/day 14.9 14.6 0.36 0.55

%BW daily 3.2 3.1 0.06 0.52

g/kg BW®">daily 145.6 143.2 3.33 0.56
Nutrient intake, kg/day

Organic matter 13.1 12.9 0.33 0.57

Crude protein 2.3b 2.5a 0.03 0.03

Neutral detergent fiber 5.1 5.3 0.13 0.21

Acid detergent fiber 3.7 3.8 0.10 0.24
Nutrient digestibility, g/kg

Dry matter 687 686 0.20 0.26

Organic matter 715 713 1.08 0.18

Crude protein 760 761 0.51 0.75

Neutral detergent fiber 601 598 0.13 0.10

Acid detergent fiber 402 395 0.21 0.12

*"Value on the same row with different superscripts differ (p<0.05).

SEM, standard error of mean;
1SBM, soybean meal;
2CWYW, citric waste fermented yeast waste.

https://doi.org/10.1371/journal.pone.0273916.t1002

showed greater ruminal NH;-N, BUN, and bacterial population compared with the top-dress

of SBM (p<0.05).

Ruminal volatile fatty acid concentrations

Ruminal VFA concentrations are reported in Table 4. The total VFA, C2, C3, C4, and C2 to

C3 ratios were not different (p>0.05) between cows fed the SBM or CWYW top-dressing.

After 4 hours of feeding, total VFA was 108.3 mM in SBM and 107.7 mM in CWYW while C3
concentration was 29.5 mol/100 mol in SBM and 29.2 mol/100 mol in CWYW top-dressing.

Urinary purine derivatives and microbial nitrogen supply

In Table 5, urinary purine derivatives and microbial protein synthesis are presented. Allantoin,
creatinine, purine excretion, purine absorption, microbial nitrogen, MCP, and EMNS were
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Table 3. Effect of replacing soybean meal with citric waste fermented yeast waste on ruminal ecology and blood urea nitrogen.

Item SBM* CWYW? SEM P-Value

Ruminal pH

0h 6.8 6.9 0.08 0.44

4h 6.4 6.4 0.07 0.75

Mean 6.6 6.7 0.05 0.41
Ruminal NH;-N, mg/dL

0h 12.0 13.0 0.57 0.28

4h 22.0° 25.6 0.63 0.01

Mean 17.0° 19.3° 0.37 0.01
Blood urea nitrogen (BUN), mg/dL

0h 9.0 10.0 0.57 0.28

4h 15.6° 19.7° 0.33 0.01

Mean 12.3° 14.9° 0.37 0.01
Protozoal count, log10 cell/mL

0h 591 5.89 0.044 0.79

4h 6.13 6.14 0.014 0.64

Mean 6.02 6.02 0.026 0.30
Bacterial count, log10 cell/mL

0h 9.91 9.90 0.032 0.82

4h 10.24° 10.30° 0.007 0.02

Mean 10.08 10.10 0.019 0.30

*®Value on the same row with different superscripts differ (p<0.05).
SEM, standard error of mean;
'SBM, soybean meal;

2CWYW, citric waste fermented yeast waste.

https://doi.org/10.1371/journal.pone.0273916.t003

not different (p>0.05) between cows fed SBM or CWYW top-dressing. The EMNS was 22.30
g nitrogen/kg OMDR for SBM and 22.85 g nitrogen/kg OMDR for CWYW, respectively.

Milk production and compositions

Milk production, chemical composition, and economic return are presented in Table 6. The
milk yield, 3.5% FCM, and milk composition were not different (p>0.05) between cows fed
the SBM or CWYW top-dressing. MUN was greater (15.8 vs 14.7 mg/dL) and SCC was lower
(4.94 vs 5.09 log10 cell/mL) in milk from cows fed the CWYW top-dress compared to milk
from cows fed the SBM top-dress (p<0.05). Top-dressed cost (0.59 vs 1.16 US dollars/cow/
day) and total feed cost (4.10 vs 4.71 US dollars/cow/day) were lower (p<0.05) for CWYW
compared to SBM. The milk sale and margin over feed cost were not different (p>0.05)
between SBM and CWYW top-dressing.

Discussion

Top-dressed CWYW has no impact on the total DM intake compared with top-dressed SBM.
Similarly, Uriyapongson et al. [27] supplemented 10% of citric waste in a concentrate and feed
intake was not affected. Cherdthong et al. [9] indicated that yeast waste could substitute 100%
of SBM without adverse effects on DM intake in beef cattle. The greater CP intake for cows fed
CWYW compared with SBM top-dressing may be due to the greater CP content in CWYW
than in SBM [14, 28].
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Table 4. Effect of replacing soybean meal with citric waste fermented yeast waste on volatile fatty acids (VFAs).

Item SBM' CWYW? SEM P-Value

Total VFA, mM

Oh 91.5 90.9 2.74 0.92

4h 108.3 107.7 1.84 0.89

Mean 99.9 99.3 1.90 0.89
Acetic acid, mol/100 mol

0h 65.1 65.2 0.52 0.93

4h 61.3 61.5 0.59 0.79

Mean 63.2 63.4 0.35 0.75
Propionic acid, mol/100 mol

Oh 25.7 25.4 0.32 0.57

4h 29.5 29.2 0.43 0.64

Mean 27.6 27.3 0.17 0.27
Butyric acid, mol/100 mol

0h 9.2 9.4 0.39 0.69

4h 9.2 9.3 0.35 0.84

Mean 9.2 9.3 0.34 0.79
Acetic acid to Propionic acid Ratio

0h 2.5 2.6 0.05 0.37

4h 2.1 2.1 0.01 0.99

Mean 2.3 2.3 0.02 0.37

*®Value on the same row with different superscripts differ (p<0.05). SEM, standard error of mean;
'SBM, soybean meal;
2CWYW, citric waste fermented yeast waste.

https://doi.org/10.1371/journal.pone.0273916.t004

In our in vitro study, Suriyapha et al. [14] showed that SBM replaced with CWYW at 100%
decreased in vitro dry matter digestibility (0.80%). However, in this study, nutrient digestibility
did not differ between SBM and CWYW top-dressing. This could be due to the fact that, the
experimental animals had no significant difference in DM, NDF, and ADF intake. As a result,

Table 5. Effect of replacing soybean meal with citric waste fermented yeast waste on urinary purine derivative and microbial protein synthesis.

Item SBM' CWYW? SEM P-Value

Purine derivative, mmol/d

Allantoin 159.88 160.66 0.31 0.27

Excretion 192.84 193.78 0.95 0.24

Absorption 186.77 187.88 0.73 0.21
Creatinine, mg/dL 59.72 59.62 0.08 0.71
Microbial N, g/d 135.78 136.59 0.97 0.21
MCP?, g/d 848.44 853.37 1.83 0.09
EMNS*, gN/kg OMDR 22.30 22.85 0.21 0.07

*®Value on the same row with different superscripts differ (p<0.05). SEM, standard error of mean;

'SBM, soybean meal;

2CWYW, citric waste fermented yeast waste;

*MCP, microbial crude protein;

“EMNS, efficiency of microbial N synthesis = [MN(g/day) x 1000 (g)]/DOMR (g);

where DOMR = DOMI x 0.65, DOMR = digestible organic matter apparently fermented in the rumen and DOMI = digestible organic matter intake [20].

https://doi.org/10.1371/journal.pone.0273916.t005
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Table 6. Effect of replacing soybean meal with citric waste fermented yeast waste on milk production, chemical composition and economic return.

Item
Milk Yield, kg/day
3.5% FCM?, kg/day
Milk composition, g/kg
Fat
Protein
Lactose
Solids-not-fat
Total solids
Milk urea nitrogen (MUN), mg/dL
Somatic cell count (SCC), log10 cell/mL
Economic return (US dollar */cow/ day)
Feed cost
Roughage cost
Concentrate cost
Top-dressed cost
Total feed cost
Milk sale

Margin over feed cost

SBM* CWYW? SEM P-Value
16.8 16.4 0.94 0.76
16.8 16.4 0.87 0.71
352 35.0 0.12 0.94
34.2 343 0.08 0.89
453 44.7 0.16 0.75
87.7 87.0 0.25 0.61
122.9 122.0 0.36 0.86
14.7° 15.8° 0.32 0.04
5.09° 4.94° 0.04 0.04
0.32 0.31 0.01 0.12
3.23 3.20 0.11 0.90
1.16* 0.59° 0.01 <0.01
4.71° 4.10° 0.12 <0.01
9.91 9.68 0.56 0.97
5.20 5.58 0.49 0.39

*®Value on the same row with different superscripts differ (p<0.05).

SEM, standard error of mean;
1SBM, soybean meal;
2CWYW, citric waste fermented yeast waste;

33.59% FCM, fat collected milk = 0.432x(kg of milk/d)+16.23x(kg of fat) [53];

* US dollar = 31.16 Thai baht [78].

https://doi.org/10.1371/journal.pone.0273916.1006

there was no difference in digestibility. In particular, the NDF and ADF have a major impact
on feed intake restrictions and are responsible for dietary digestibility limitations [4, 29, 30].
Furthermore, it could be related to appropriate media solutions and yeast cells from yeast
waste in CWYW, which are rich in amino acids, minerals, and vitamins [9, 14]. It improved
feed nutritional values and helped to promote rumen microorganisms, especially the rumen
cellulolytic, amylolytic, and proteolytic bacteria, which improved the digestibility of nutrients
and rate of digestion [31, 32]. Similarly, Cherdthong et al. [9] found that when yeast waste
replaced SBM at 100% as a protein source in the concentrate, there was no effect on nutrient
digestibility in beef cattle.

The pH is an important factor that determines the activity of ruminal microbes [33]. In this
study, the mean pH was higher in CWYW than in SBM top-dressing; 6.7 vs 6.6. This is proba-
bly due to yeast from CWYW not only encouraging lactate users and increasing their number,
but also competing with lactate producers [34]. In our in vitro study, Suriyapha et al. [14]
found that the replacement of SBM with CWYW had no negative effect on ruminal pH. Simi-
larly, Cherdthong et al. [9] revealed that when yeast waste replaced 100% of soybean meal,
there was no negative impact on the ruminal pH of Thai native cattle.

The greater ruminal NH;-N concentration at 4 h after feeding and the greater mean value
for CWYW top-dressing compared to SBM top-dressing could be due to the greater CP con-
tent and CP digestibility of CWYW compared to SBM. Greater CP digestibility may have
occurred as a result of the microbial disintegration of yeast cells [35] because of changes in the
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number of ruminal microorganisms with proteolytic activity [36] or to the ability to supply
substances as stimulants, including protein, to bacteria in the rumen [37, 38]. Another effect is
the high level of NPN-urea in the CWYW, which causes increased levels of urea-N in the diet
and the fast hydrolysis of NPN-urea into ruminal NH;-N by microbial enzymes, causing an
elevation in ruminal NH;-N concentration [28, 39]. Similarly, Suriyapha et al. [14] found that
the in vitro ruminal NH;-N concentration was increased when higher levels of CWYW
replaced soybean meal. Normally, a minimum of NH;-N at 5 mg/dL is sufficient for proper
microbial synthesis in the rumen [40]. Because both treatments in the current study were well
above this concentration, we may conclude that the rumen microbiomes had enough NH;-N
to support microbial protein synthesis.

Normally, blood urea nitrogen (BUN) values in tropical ruminants range from 6.3 to 25.5
mg/dl, depending on diet and feeding pattern [30]. In this study, the BUN at 4 h post-feeding
and the mean value were higher in CWYW than in SBM top-dressing. This could be due to
the greater ruminal NH;-N concentration in CWYW than in SBM top-dressing. Patra and
Aschenbach [41] revealed that the BUN concentration is related to the level of ruminal NH;-N
production. Urea is 100% ruminal degradable because it can be swiftly converted into ammo-
nia by rumen ureolytic bacteria [42, 43]. Furthermore, Xu et al. [44] demonstrated that the
amount of NH;-N absorbed from the rumen is reflected in circulating BUN with incremental
urea supplementation.

Total ruminal bacteria at 4 h post-feeding was higher in CWYW than in SBM top-dressing.
S. cerevisiae in CWYW is the essential source of peptides, amino acids, B-glucan, sugar, and
vitamins, which could stimulate the rumen bacterial population [38, 45, 46]. Similarly, Diaz
et al. [47] showed that adding yeast hydrolysate promoted ruminal microbe growth when com-
pared to the non-supplemented group. Chaucheyras-Durand et al. [34] reported that yeast
supplementation induced significant changes in relative abundances of a few bacterial species,
especially Fibrobacter succinogenes in lambs. The number of protozoa was not different
between SBM and CWYW top-dressing. Our in vitro study [14] also found that substitution of
soybean meal with CWYW did not affect in vitro protozoa populations. Similarly, Cherdthong
et al. [9] reported that the substitution of soybean meal with yeast waste showed no effect on
the number of protozoa in cattle. Galip [48] and Chaucheyras-Durand et al. [49] found that S.
cerevisiae did not affect the protozoa count, which could be due to S. cerevisiae competing with
protozoa for sugar utilization [49].

Yeast cells have been shown to improve volatile fatty acid (VFA) profiles through modifying
mainly the production of C2 and C3 [47, 50, 51]. In this study, total VFA and molar portions
of VFA were not different between SBM and CWYW top-dressing. This is probably due to the
non-significance in dry matter and organic matter digestibility between SBM and CWYW
top-dressing. Increased digestibility indicates increased utilization of nutrients by microorgan-
isms, which increases the microbial fermentation end-products [52]. Suriyapha et al. [14]
found that SBM could be replaced by CWYW in concentrate diets without a negative impact
on VFA profiles. Similarly, Cherdthong et al. [9] reported that the substitution of SBM with
yeast waste showed no effect on VFA and molar portions of VFA.

Purine derivative (PD) excretion in the urine is a biomarker used to estimate rumen micro-
bial activity and productivity. Ruminal microbial protein synthesis is essential in ruminants as
it supplies great-quality and essential protein sources for the ruminant animals [42, 53]. The
great potential of microbial protein production from rumen microbes can be enhanced by the
provision of a high-quality feed source [54]. However, several factors influence microbial pro-
tein synthesis efficiency, including DM intake, ruminal nitrogen and carbohydrate degradabil-
ity rates, mineral and vitamin content, and other factors [53]. In the present study, allantoin,
purine derivative excretion, and EMNS were not different between SBM and CWYW top-
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dressing. This is most likely due to yeast waste in CWYW supplying essential growth or the
ability to supply stimulatory substances to rumen microbes [38, 45]. When S. cerevisiae is
anaerobically fermented, it can synthesize more or produce amino acids and organic acids [55,
56]. Microbial growth was most likely aided by higher ruminal NH;-N levels. Ammonia is the
major N source of the ruminal microorganism and the diet accessibility of peptides and amino
acids for enhancing cellulolytic and amylolytic bacteria’s growth. [13, 53]. Russell and Rychlik
[57] revealed that ammonia nitrogen released from protein degradation is used in ruminal
microbial protein synthesis, which would advocate the outflow of protein into the lower gut,
which would supply the animal with more protein [42, 53]. Moreover, the higher CP intake
with supplemented CWYW could have enhanced the protein flow from the rumen to the
small intestine [58]. Similarly, Zhu et al. [59] revealed that the number of microbial proteins
produced was enhanced in yeast cell-supplemented cows.

Milk production and composition were not different between SBM and CWYW top-dress-
ing. This is probably due to the fact that CWYW has the potential to replace the use of soybean
meal in animal feeds [14]. It is known that lactating cows have a high nutritional demand for
milk and milk protein production, which causes body protein mobilization to provide amino
acids for milk protein synthesis and also gluconeogenesis [60, 61]. Thus, feeding more protein
is speculated to boost milk production by supplying more amino acids for gluconeogenesis, or
the amino acids required for lipoprotein synthesis. Ghelichkhan et al. [7] reported that a top-
dress of 2 kg of solvent SBM could increase milk output with no negative impact on milk com-
position. In our study, CWYW contains yeast cells from yeast waste obtained from ethanol
processes with 360 g/kg of crude protein and is rich in amino acids, minerals, and vitamins
[14, 39, 46, 47]. Additionally, yeast cells can increase milk production by 3 to 9% in cows sup-
plemented with yeast [59, 62]. Yeast cells are rich in nutrients, especially true protein and
amino acids, that benefit the milk production process and the ruminal fermentation process as
well [56]. In addition, another factor that may be CWYW contains urea, where urea is con-
verted to ammonia, the main N source for rumen microorganisms. The microbial protein syn-
thesis using ammonia-N released from the rumen would potentially increase the outflow of
protein into the lower gut, which would supply the animal with more protein and essential
amino acids [53].

Milk urea nitrogen (MUN) is a by-product of protein metabolism as an indicator of protein
nutrient status and N utilization efficiency in dairy cows [63]. In this study, top-dressed
CWYW showed greater MUN than SBM top-dressing. This could be due to the greater BUN
in CWYW than in SBM top-dressing. Thus, BUN could partition into the milk [63, 64]. The
concentration of MUN has a direct impact on BUN concentration as a result of urea diffusing
readily from the bloodstream into milk [65]. The MUN concentrations in this study were close
to the optimal MUN range of tropical dairy cows fed with urea-treated rice straw (11.4 to 17.5
mg/dL) [3, 64, 66]. In contrast, previous studies have demonstrated that dietary yeast supple-
mentation has no effect on MUN in lactation cows [67, 68].

Somatic cell count (SCC) is the common parameter for demonstrating defense mechanisms
against sickness and infection of the mammary gland in dairy cows [68]. In this study, we
found that the SCC in milk of the CWYW group was decreased, which might be due to yeast
cell walls from the yeast waste improving the local systemic immune responses and inhibiting
infection [56, 68, 69]. The stimulatory effect of yeast may be due to the antigen-presenting abil-
ity of B-1,3-glucan in yeast cell walls [67]. B-Glucan has been identified as a pathogen-associ-
ated molecular pattern (PAMP) that primes T cells, resulting in enhanced proliferation and
response to antigens or cytokines [70]. Additionally, mannan oligosaccharide (MOS) can
operate as an affinity ligand that binds with mannose-specific type-1 fimbriae on gram-nega-
tive bacteria [71, 72]. This mechanism may elicit substantial antigenic responses, boosting
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humoral immunity against specific pathogens. An increased humoral immunity response and
better defense against infection has the potential to decrease the pro-inflammatory immune
response, which is negative for production [68, 73-75]. Similarly, Stefenoni et al. [76] found a
reduction in subclinical mastitis and several clinical cases of mastitis in cows supplemented
with hydrolyzed yeast. However, the use of B-glucans in dirty quarters had no effect on chronic
subclinical mastitis or reduced SCC in lactating cows, which could be a lack of local immunity
stimulation and systemic [77].

Conclusions

Top-dressed CWYW at 0.4% of BW was comparable with SBM top-dressing in terms of
intake, VFA, purine derivatives, milk yield, and milk composition. CWYW top-dressing
showed greater CP digestibility, NH;-N, BUN, and MUN while having lower SCC when com-
pared with SBM top-dressing. Hence, CWYW could be used as a protein source ingredient
and reduce the production costs of farmers while also providing environmental benefits as a
zero-waste system. However, further long-term studies (entire 305-day lactation) are necessary
to determine production responses in tropical lactating dairy cows.

Acknowledgments

The authors would like to express our sincere thanks to the Tropical Feed Resources Research
and Development Center (TROFREC), Department of Animal Science, Faculty of Agriculture,
Khon Kaen University (KKU) for the use of the research facilities and making this work possi-
ble. The authors acknowledge the KSL Green Innovation Public Co., Ltd and Sukkhee Farm,
Thailand. Moreover, the authors are sincerely grateful to acknowledge J. P. Schoonmaker
(Associate Professor in the Department of Animal Sciences, Purdue University, USA) for his
help in recommending, suggesting, and proofreading our manuscript.

Author Contributions

Conceptualization: Chaichana Suriyapha, Anusorn Cherdthong.
Data curation: Chaichana Suriyapha, Chanadol Supapong, Sarong So.
Formal analysis: Chaichana Suriyapha.

Funding acquisition: Chaichana Suriyapha, Anusorn Cherdthong.
Investigation: Chaichana Suriyapha, Chanadol Supapong, Sarong So.
Methodology: Chaichana Suriyapha, Chanadol Supapong, Sarong So.
Project administration: Chaichana Suriyapha, Anusorn Cherdthong.
Resources: Chaichana Suriyapha, Anusorn Cherdthong.

Software: Chaichana Suriyapha, Chanadol Supapong, Sarong So.
Supervision: Metha Wanapat, Anusorn Cherdthong.

Validation: Chaichana Suriyapha, Chanadol Supapong, Sarong So, Metha Wanapat, Anusorn
Cherdthong.

Writing - original draft: Chaichana Suriyapha.

Writing - review & editing: Chaichana Suriyapha, Chanadol Supapong, Sarong So, Metha
Wanapat, Anusorn Cherdthong.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273916  September 1, 2022 12/16


https://doi.org/10.1371/journal.pone.0273916

PLOS ONE

Bioconversion of agro-industrial residues as a protein source supplementation for tropical lactating cows

References

1.

10.

11.

12

13.

14.

15.
16.

17.

18.

19.

FAO [Internet]. Gateway to dairy production and products. [cited 2021 Nov 3]. https://www.fao.org/
dairy-production-products/production/production-systems/en/

Collier RJ, Xiao Y, Bauman DE., 2017. Regulation of factors affecting milk yield. In: Watson RR, Collier
RJ, Preedy VR, editors. Nutrients in dairy and their implications on health and disease; 2017. p. 3—-17.
https://doi.org/10.1016/B978-0-12-809762-5.00001-2

Wanapat M, Polyorach S, Boonnop K, Mapato C, Cherdthong A. Effects of treating rice straw with urea
or urea and calcium hydroxide upon intake, digestibility, rumen fermentation and milk yield of dairy
cows. Livest Sci. 2009; 125(2—3):238-243. https://doi.org/10.1016/j.livsci.2009.05.001

Cherdthong A, Wanapat M, Saenkamsorn A, Waraphila N, Khota W, Rakwongrit D, et al. 2014. Effects
of replacing soybean meal with dried rumen digesta on feed intake, digestibility of nutrients, rumen fer-
mentation and nitrogen use efficiency in Thai cattle fed on rice straw. Livest Sci. 2014; 169:71-77.
https://doi.org/10.1016/].livsci.2014.09.008

Wanapat M, Boonnop K, Promkot C A. Cherdthong. Influence of alternative protein sources on rumen
microbes and productivity of dairy cows. Maejo Inter J Sci Technol. 2011; 5: 13-23.

Keller M, Reidy B, Scheurer A, Eggerschwiler L, Morel |, Giller K. Soybean meal can be replaced by
faba beans, pumpkin seed cake, spirulina or be completely omitted in a forage-based diet for fattening
bulls to achieve comparable performance, carcass and meat quality. Animals. 2021; 11(6):1588.
https://doi.org/10.3390/ani11061588 PMID: 34071418

Ghelichkhan M, Amanlou H, Mahjoubi E, Patton RA. 2019. Solvent-extracted soybean meal top-dressed
on a fresh cow diet increased milk production, but not milk components, and decreased plasma non-
esterified fatty acids. Czech J Anim Sci 2019; 64(1):26—40. https://doi.org/10.17221/26/2018-CJAS

Wanapat M, Rowlinson P. Nutrition and feeding of swamp buffalo: feed resources and rumen approach.
Ital J Anim Sci. 2007; 6(sup2):67—73. https://doi.org/10.4081/ijas.2007.s2.67

Cherdthong A, Sumadong P, Foiklang S, Milintawisamai N, Wanapat M, Chanjula P. et al. Effect of
post-fermentative yeast biomass as a substitute for soybean meal on feed utilization and rumen ecology
in Thai native beef cattle. J Anim Feed Sci. 2019; 28(3):238-243. https://doi.org/10.22358/jafs/110992/
2019

Prudéncio da Silva V, Van der Werf HMG, Spies A, Soares SR. Variability in environmental impacts of
Brazilian soybean according to crop production and transport scenarios. J Environ Manage. 2010; 91
(9):1831-1839. https://doi.org/10.1016/j.jenvman.2010.04.001 PMID: 20452717

Duodu CP, Adjei-Boateng D, Edziyie RE, Agbo AW, Owusu-Boateng G, Larsen BK, et al. Processing
techniques of selected oilseed by-products of potential use in animal feed: Effects on proximate nutrient
composition, amino acid profile and antinutrients. Anim Nutr. 2018; 4(4):442—451. hitps://doi.org/10.
1016/j.aninu.2018.05.007 PMID: 30564766

Salami SA, Luciano G, O’Grady MN, Biondi L, Newbold CJ, Kerry JP, et al. Sustainability of feeding
plant by-products: a review of the implications for ruminant meat production. Anim Feed Sci Technol.
2019; 251:37-55. https://doi.org/10.1016/j.anifeedsci.2019.02.006

Zhao X, Wang F, Fang Y, Zhou D, Wang S, Wu D, et al. High-potency white-rot fungal strains and dura-
tion of fermentation to optimize corn straw as ruminant feed. Bioresour Technol. 2020; 312:123512.
https://doi.org/10.1016/j.biortech.2020.123512 PMID: 32473472

Suriyapha C, Cherdthong A, Suntara C, Polyorach S. Utilization of yeast waste fermented citric waste
as a protein source to replace soybean meal and various roughage to concentrate ratios on in vitro
rumen fermentation, gas kinetic, and feed digestion. Fermentation. 2021; 7(3):120. https://doi.org/10.
3390/fermentation7030120

AOAC. Official Methods of Analysis, 19th ed. AOAC International, Gaithersburg, MD, USA; 2012.

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(10):3583-3597. https://doi.org/10.
3168/jds.S0022-0302(91)78551-2 PMID: 1660498

Valadares RFD, Broderick GA, Valadares Filho SC. Effect of replacing alfalfa with high moisture corn
on ruminal protein synthesis estimated from excretion of total purine derivatives. J Dairy Sci. 1999; 8
(12):2686-2696. https://doi.org/10.3168/jds.S0022-0302(99)75525-6

Chen XB, Gomes J. Estimation of microbial protein supply to sheep and cattle based on urinary excre-
tion of purine derivatives—an overview of the technical details. International Feed Resources Unit,
Rowel Research Institute: Aberdeen, UK; 1992.

Chen XB, Jayasuriya MCN, Makkar HPS. Measurement and application of purine derivatives:creatinine
ratio in spot urine samples of ruminants. In: Makkar HPS, Chen XB, editors. Estimation of microbial pro-
tein supply in ruminants using urinary purine derivatives. Springer, Dordrecht; 2004 p. 167-179.
https://doi.org/10.1007/978-1-4020-2844-1_20

PLOS ONE | https://doi.org/10.1371/journal.pone.0273916  September 1, 2022 13/16


https://www.fao.org/dairy-production-products/production/production-systems/en/
https://www.fao.org/dairy-production-products/production/production-systems/en/
https://doi.org/10.1016/B978-0-12-809762-5.00001-2
https://doi.org/10.1016/j.livsci.2009.05.001
https://doi.org/10.1016/j.livsci.2014.09.008
https://doi.org/10.3390/ani11061588
http://www.ncbi.nlm.nih.gov/pubmed/34071418
https://doi.org/10.17221/26/2018-CJAS
https://doi.org/10.4081/ijas.2007.s2.67
https://doi.org/10.22358/jafs/110992/2019
https://doi.org/10.22358/jafs/110992/2019
https://doi.org/10.1016/j.jenvman.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20452717
https://doi.org/10.1016/j.aninu.2018.05.007
https://doi.org/10.1016/j.aninu.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/30564766
https://doi.org/10.1016/j.anifeedsci.2019.02.006
https://doi.org/10.1016/j.biortech.2020.123512
http://www.ncbi.nlm.nih.gov/pubmed/32473472
https://doi.org/10.3390/fermentation7030120
https://doi.org/10.3390/fermentation7030120
https://doi.org/10.3168/jds.S0022-0302%2891%2978551-2
https://doi.org/10.3168/jds.S0022-0302%2891%2978551-2
http://www.ncbi.nlm.nih.gov/pubmed/1660498
https://doi.org/10.3168/jds.S0022-0302(99)75525-6
https://doi.org/10.1007/978-1-4020-2844-1_20
https://doi.org/10.1371/journal.pone.0273916

PLOS ONE

Bioconversion of agro-industrial residues as a protein source supplementation for tropical lactating cows

20.

21.

22,

23.

24,

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

ARC. The nutrient requirements of ruminant livestock, Commonwealth Agricultural Bureaux, Farnham
Royal, UK; 1991.

Van Keulen J, Young BA. Evaluation of acid insoluble ash as a neutral marker in ruminant digestibility
studies. J Anim Sci. 1977; 44(2):282-287. https://doi.org/10.2527/jas1977.442282x

Crocker CL. Rapid determination of urea nitrogen in serum or plasma without deproteinization. Am J
Med Technol. 1967; 33(5):361-365. PMID: 6056194

So S, Cherdthong A, Wanapat M. Growth performances, nutrient digestibility, ruminal fermentation and
energy partition of Thai native steers fed exclusive rice straw and fermented sugarcane bagasse with
Lactobacillus, cellulase and molasses. J Anim Physiol Anim Nutr. 2022; 106(1):45-54. https://doi.org/
10.1111/jpn.13563 PMID: 33942397

Galyean M., Laboratory procedure in animal nutrition research. Department of animal and life science,
New Mexico State University, Las Cruces, NM, USA; 1989.

SAS. SAS/STAT® User’s Guide: Statistics. Version 9.4 Edition. Cary, NC, USA: SAS Inc; 2013.

Steel RGD, Torrie JH. Analysis of covariance. In: Principles and Procedures of Statistics: a Biometrical
Approach. 2nd ed. McGraw-Hill. New York, NY, USA; 1980.

Uriyapongson S, Wachirapakorn C, Nananukraw C, Phoemchalard C, Panatuk J, Tonuran W. Digest-
ibility and performance of buffalo fed total mixed ration with different levels of citric waste. Buffalo Bull.
2013; 32(2):829-833.

Polyorach S, Wanapat M, Cherdthong A. Influence of yeast fermented cassava chip protein (YEFE-
CAP) and roughage to concentrate ratio on ruminal fermentation and microorganisms using /n vitro gas
production technique. Asian-Australas J Anim Sci. 2014; 27(1):36-45. PMID: 25049924

Van Soest PJ. Nutritional ecology of the ruminant, 2nd ed. Cornell University Press, Ithaca, NY; 1994.

Cherdthong A, Wanapat M, Rakwongrit D, Khota W, Khantharin S, Tangmutthapattharakun G, et al.
Supplementation effect with slow-release urea in feed blocks for Thai beef cattle-nitrogen utilization,
blood biochemistry and hematology. Trop Anim Health Prod. 2014; 46: 293-298. https://doi.org/10.
1007/s11250-013-0485-1 PMID: 24105031

Phesatcha K, Phesatcha B, Wanapat M, Cherdthong A. Roughage to concentrate ratio and Saccharo-
myces cerevisiae inclusion could modulate feed digestion and in vitro ruminal fermentation. Vet Sci.
2020; 7(4):151. https://doi.org/10.3390/vetsci7040151 PMID: 33050260

Sommai S, Cherdthong A, Suntara C, So S, Wanapat M, Polyorach P. 2021. In vitro fermentation char-
acteristics and methane mitigation responded to flavonoid extract levels from Alternanthera sissoo and
dietary ratios. Fermentation. 2021; 7(3):109. https://doi.org/10.3390/fermentation7030109

Cherdthong A., Wanapat M., Kongmun P., Pilajun R. and Khejornsart P. 2010. Rumen fermentation,
microbial protein synthesis and cellulolytic bacterial population of swamp buffaloes as affected by
roughage to concentrate ratio. Journal of Animal and Veterinary Advances. 9: 1667-1675

Chaucheyras-Durand F, Ameilbonne A, Auffret P, Bernard M, Mialon MM, Duniere L, et al. Supplementa-
tion of live yeast based feed additive in early life promotes rumen microbial colonization and fibrolytic poten-
tial in lambs. Sci Rep. 2019; 9:19216. https://doi.org/10.1038/s41598-019-55825-0 PMID: 31844130

Vyas D, Uwizeye A, Mohammed R, Yang WZ, Walker ND, Beauchemin KA. The effects of active dried
and killed dried yeast on subacute ruminal acidosis, ruminal fermentation, and nutrient digestibility in
beef heifers. J Anim Sci. 2014; 92(2):724-732. https://doi.org/10.2527/jas.2013-7072 PMID: 24398831

Cunha CS, Marcondes M, Silva AL, Gionbelli TRS, Novaes MAS, Knupp LS, et al. Do live or inactive
yeasts improve cattle ruminal environment?. R Bras Zootec. 2019; 48:20180259. https://doi.org/10.
1590/rbz4820180259

Oeztuerk H. Effect of live and autoclaved yeast cultures on ruminal fermentation in vitro. J Anim Feed
Sci. 2009; 18(1):142-150.

Phesatcha K, Phesatcha B, Chunwijitra K, Wanapat M, Cherdthong A. Changed rumen fermentation,
blood Parameters, and microbial population in fattening steers receiving a high concentrate diet with
Saccharomyces cerevisiae improve growth performance. Vet Sci. 2021; 8(12):294. https://doi.org/10.
3390/vetsci8120294 PMID: 34941821

Cherdthong A, Prachumchai R, Supapong C, Khonkhaeng B, Wanapat M, Foiklang S, et al. Inclusion of
yeast waste as a protein source to replace soybean meal in concentrate mixture on ruminal fermenta-
tion and gas kinetics using in vitro gas production technique. Anim Prod Sci. 2018; 59(9):1682-1688.
https://doi.org/10.1071/AN18491

Slyter LL, Satter LD, Dinius DA. Effect of ruminal ammonia concentration on nitrogen utilization by
steers. J Anim Sci. 1979; 48(4):906—912. https://doi.org/10.2527/jas1979.484906x

Patra AK, Aschenbach JR. Ureases in the gastrointestinal tracts of ruminant and monogastric animals
and their implication in urea-N/ammonia metabolism. J Adv Res. 2018; 13:39-50. https://doi.org/10.
1016/j.jare.2018.02.005 PMID: 30094081

PLOS ONE | https://doi.org/10.1371/journal.pone.0273916  September 1, 2022 14/16


https://doi.org/10.2527/jas1977.442282x
http://www.ncbi.nlm.nih.gov/pubmed/6056194
https://doi.org/10.1111/jpn.13563
https://doi.org/10.1111/jpn.13563
http://www.ncbi.nlm.nih.gov/pubmed/33942397
http://www.ncbi.nlm.nih.gov/pubmed/25049924
https://doi.org/10.1007/s11250-013-0485-1
https://doi.org/10.1007/s11250-013-0485-1
http://www.ncbi.nlm.nih.gov/pubmed/24105031
https://doi.org/10.3390/vetsci7040151
http://www.ncbi.nlm.nih.gov/pubmed/33050260
https://doi.org/10.3390/fermentation7030109
https://doi.org/10.1038/s41598-019-55825-0
http://www.ncbi.nlm.nih.gov/pubmed/31844130
https://doi.org/10.2527/jas.2013-7072
http://www.ncbi.nlm.nih.gov/pubmed/24398831
https://doi.org/10.1590/rbz4820180259
https://doi.org/10.1590/rbz4820180259
https://doi.org/10.3390/vetsci8120294
https://doi.org/10.3390/vetsci8120294
http://www.ncbi.nlm.nih.gov/pubmed/34941821
https://doi.org/10.1071/AN18491
https://doi.org/10.2527/jas1979.484906x
https://doi.org/10.1016/j.jare.2018.02.005
https://doi.org/10.1016/j.jare.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30094081
https://doi.org/10.1371/journal.pone.0273916

PLOS ONE

Bioconversion of agro-industrial residues as a protein source supplementation for tropical lactating cows

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Anantasook N, Wanapat M, Cherdthong A, Gunun P. Effect of plants containing secondary compounds
with palm oil on feed Intake, digestibility, microbial protein synthesis and microbial population in dairy
cows. Asian-Australas J Anim Sci. 2013; 26(6):820-826. PMID: 25049855

Ceconi |, Ruizmoreno MJ, Dilorenzo N, Dicostanzo A, Crawford Gl. Effect of slow-release urea inclusion
in diets containing modified corn distillers grains on total tract digestibility and ruminal fermentation in
feedlot cattle. J Anim Sci. 2015.; 93(8):4058—4069. https://doi.org/10.2527/jas.2014-8299 PMID:
26440185

XuY, LiZ, Moraes LE, Shen J, Yu Z, Zhu W. Effects of incremental urea supplementation on rumen fer-
mentation, nutrient digestion, plasma metabolites, and growth performance in fattening lambs. Animals.
2019; 9(9):652. https://doi.org/10.3390/ani9090652 PMID: 31487882

Pérez Quintana M, Milian Florido G, Bocourt Salabarria R, Aleman Pérez R. In vitro evaluation of pre-
biotics in hydrolysates of yeast (Saccharomyces cerevisiae) prepared by different methods. Cien Vida.
2016; 16:64-75.

Ma J, Shah AM, Shao Y, Wang Z, Zou H, Kang K. Dietary supplementation of yeast cell wall improves
the gastrointestinal development of weaned calves. Anim Nutr. 2020; 6(4):507-512. https://doi.org/10.
1016/j.aninu.2020.06.003 PMID: 33364467

Diaz A, Ranilla MJ, Saro C, Tejido ML, Pérez-Quintana M, Carro MD. Influence of increasing doses of a
yeast hydrolyzate obtained from sugarcane processing on in vitro rumen fermentation of two different
diets and bacterial diversity in batch cultures and Rusitec fermenters. Anim Feed Sci Technol. 2017;
232:129-138. https://doi.org/10.1016/j.anifeedsci.2017.08.011

Galip N. Effect of supplemental yeast culture on ruminal protozoa and blood parameters in rams. Revue
Méd Vét. 2006; 11:519-524. https://doi.org/10.1111/].1439-0396.2006.00625.x PMID: 17083424

Chaucheyras-Durand F, Walker ND, Bach A. 2008. Effects of active dry yeasts on the rumen microbial
ecosystem: past, present and future. Anim Feed Sci Technol. 2008; 145(1-4):5-26. https://doi.org/10.
1016/j.anifeedsci.2007.04.019

Chaucheyras-Durand F, Ameilbonne A, Bichat A, Mosoni P, Ossa F, Forano E. Live yeasts enhance
fiber degradation in the cow rumen through an increase in plant substrate colonization by fibrolytic bac-
teria and fungi. J Appl Microbiol. 2016; 120(3):560-570. https://doi.org/10.1111/jam.13005 PMID:
26600313

Kettunen H, Vuorenmaa J, Gaffney D, Apajalahti J. Yeast hydrolysate product enhances ruminal fer-
mentation in vitro. J Appl Anim Nutr. 2016; 4:e1. https://doi.org/10.1017/jan.2015.14

Wanapat M, Kang S, Hankla N, Phesatcha K. Effect of rice straw treatment on feed intake, rumen fer-
mentation and milk production in lactating dairy cows. Afr J Agric Res. 2013; 8(9):1677—-1687. hitps://
doi.org/10.5897/AJAR2013.6732

Viennasay B, Wanapat M. Enhancing lactating dairy cow rumen fermentation and production with Fle-
mingia silage containing phytonutrients. Livest Sci. 2020; 241:104201. https://doi.org/10.1016/j.livsci.
2020.104201

Khonkhaeng B, Cherdthong A. Improving nutritive value of purple field corn residue and rice straw by
culturing with white-rot fungi. J Fungi. 2020; 6(2):69. https://doi.org/10.3390/j0f6020069 PMID:
32455642

Deters EL, Stokes RS, Genther-Schroeder O, Hansen SL. Effects of a Saccharomyces cerevisiae fer-
mentation product in receiving diets of newly weaned beef steers. II. Digestibility and response to a vac-
cination challenge. J Anim Sci. 2018; 96(9):3906—3915. https://doi.org/10.1093/jas/sky247 PMID:
29912356

Klopp RN, Yoon |, Eicher S, Boerman JP. Effects of feeding Saccharomyces cerevisiae fermentation
products on the health of Holstein dairy calves following a lipopolysaccharide challenge. J Dairy Sci.
2022; 105(2):1469—-1479. https://doi.org/10.3168/jds.2021-20341 PMID: 34802742

Russell JB, Rychlik JL. Factors that alter rumen microbial ecology. Sci. 2001; 292(5519):1119—-1122.
https://doi.org/10.1126/science.1058830 PMID: 11352069

Giang NTT, Wanapat M, Phesatcha K, Kang S. Level of Leucaena leucocephala silage feeding on
intake, rumen fermentation, and nutrient digestibility in dairy steers. Trop Anim Health Prod. 2016; 48
(5):1057-1064. https://doi.org/10.1007/s11250-016-1060-3 PMID: 27113453

ZhuW, Wei Z, XuN, Yang F, Yoon |, Chung Y, et al. Effects of Saccharomyces cerevisiae fermentation
products on performance and rumen fermentation and microbiota in dairy cows fed a diet containing low
quality forage. J Anim. Sci Biotechnol. 2017; 8:36. https://doi.org/10.1186/s40104-017-0167-3 PMID:
28465826

Polyorach S, Wanapat M, Cherdthong A, Kang S. Rumen microorganisms, methane production, and
microbial protein synthesis affected by mangosteen peel powder supplement in lactating dairy cows.
Trop Anim Health Prod. 2016; 48: 593—-601. https://doi.org/10.1007/s11250-016-1004-y PMID:
26885988

PLOS ONE | https://doi.org/10.1371/journal.pone.0273916  September 1, 2022 15/16


http://www.ncbi.nlm.nih.gov/pubmed/25049855
https://doi.org/10.2527/jas.2014-8299
http://www.ncbi.nlm.nih.gov/pubmed/26440185
https://doi.org/10.3390/ani9090652
http://www.ncbi.nlm.nih.gov/pubmed/31487882
https://doi.org/10.1016/j.aninu.2020.06.003
https://doi.org/10.1016/j.aninu.2020.06.003
http://www.ncbi.nlm.nih.gov/pubmed/33364467
https://doi.org/10.1016/j.anifeedsci.2017.08.011
https://doi.org/10.1111/j.1439-0396.2006.00625.x
http://www.ncbi.nlm.nih.gov/pubmed/17083424
https://doi.org/10.1016/j.anifeedsci.2007.04.019
https://doi.org/10.1016/j.anifeedsci.2007.04.019
https://doi.org/10.1111/jam.13005
http://www.ncbi.nlm.nih.gov/pubmed/26600313
https://doi.org/10.1017/jan.2015.14
https://doi.org/10.5897/AJAR2013.6732
https://doi.org/10.5897/AJAR2013.6732
https://doi.org/10.1016/j.livsci.2020.104201
https://doi.org/10.1016/j.livsci.2020.104201
https://doi.org/10.3390/jof6020069
http://www.ncbi.nlm.nih.gov/pubmed/32455642
https://doi.org/10.1093/jas/sky247
http://www.ncbi.nlm.nih.gov/pubmed/29912356
https://doi.org/10.3168/jds.2021-20341
http://www.ncbi.nlm.nih.gov/pubmed/34802742
https://doi.org/10.1126/science.1058830
http://www.ncbi.nlm.nih.gov/pubmed/11352069
https://doi.org/10.1007/s11250-016-1060-3
http://www.ncbi.nlm.nih.gov/pubmed/27113453
https://doi.org/10.1186/s40104-017-0167-3
http://www.ncbi.nlm.nih.gov/pubmed/28465826
https://doi.org/10.1007/s11250-016-1004-y
http://www.ncbi.nlm.nih.gov/pubmed/26885988
https://doi.org/10.1371/journal.pone.0273916

PLOS ONE

Bioconversion of agro-industrial residues as a protein source supplementation for tropical lactating cows

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Wachirapakorn C, Parmaluk P, Wanapat M, Pakdee P, Cherdthong A. Effects of levels of crude protein
and ground corn cobs in total mixed ration on intake, rumen fermentation and milk production in cross-
bred Holstein Friesian lactating dairy cows. J. Appl Anim Res. 2014; 42:263—-268. https://doi.org/10.
1016/j.aninu.2016.08.007 PMID: 29767018

Maamouri O, Selmi H, Hamdi NM. Effects of yeast (Saccharomyces Cerevisiae) feed supplement on
milk production and its composition in Tunisian Holstein Friesian cows. Sci Agric Bohem. 2014; 45
(3):170-174.

Prachumchai R, Cherdthong A, Wanapat M, So S, Polyorach S. Fresh cassava root replacing cassava
chip could enhance milk production of lactating dairy cows fed diets based on high sulfur-containing pel-
let. Sci Rep. 2022; https://doi.org/10.1038/s41598-022-07825-w PMID: 35264651

Dagaew G, Cherdthong A, Wanapat M, So S, Polyorach S. Ruminal fermentation, milk production effi-
ciency and nutrient digestibility of lactating dairy cows receiving fresh cassava root and solid feed-block
containing high sulfur. Fermentation. 2021; 7(3):114. https://doi.org/10.3390/fermentation7030114

Supapong C, Cherdthong A. Effect of sulfur and urea fortification of fresh cassava root in fermented
total mixed ration on the improvement milk quality of tropical lactating cows. Vet Sci. 2020; 7(3): 98;
https://doi.org/10.3390/vetsci7030098 PMID: 32718043

Mapato C, Wanapat M, Cherdthong A. Effect of urea treatment of straw and dietary level of vegetable
oil on lactating dairy cows. Trop Anim Health Prod. 2010; 42(8):1635—1642. https://doi.org/10.1007/
$11250-010-9613-3 PMID: 20524063

Nocek JE, Holt MG, Oppy J. Effects of supplementation with yeast culture and enzymatically hydrolyzed
yeast on performance of early lactation dairy cattle. J Dairy Sci. 2011; 94(8):4046-4056. https://doi.org/
10.3168/jds.2011-4277 PMID: 21787940

Aung M, Ohtsuka H, 1zumi K. Effect of yeast cell wall supplementation on production performances and
blood biochemical indices of dairy cows in different lactation periods. Vet World. 2019; 12(6):796-801.
https://doi.org/10.14202/vetworld.2019.796-801 PMID: 31439996

Broadway PR, Carroll JA, Sanchez NCB, Live yeast and yeast cell wall supplements enhance immune
function and performance in food producing livestock: A review. Microorganisms. 2015; 3(3):417-427.
https://doi.org/10.3390/microorganisms3030417 PMID: 27682097

Hedges JF, Buckner DL, Rask KM, Kerns HM, Jackie LO, Trunkle TC, et al. Mucosal lymphatic-derived
gamma delta T-cells respond early to experimental Salmonella enterocolitis by increasing expression of
IL-2Ra. Cell Immunol. 2007; 246(1):8—16. https://doi.org/10.1016/j.cellimm.2007.04.006 PMID:
17574223

Luallen RJ, Lin J, Fu H, Cai KK, Agrawal C, Mboudjeka I, et al. An engineered Saccharomyces cerevi-
siae strain binds the broadly neutralizing human immunodeficiency virus type 1 antibody 2G12 and elic-
its mannose-specific gp120-binding antibodies. J Virol. 2008; 82(13):6447—6457. https://doi.org/10.
1128/JV1.00412-08 PMID: 18434410

Kvidera SK, Horst EA, Abuajamieh M, Mayorga EJ, Sanz Fernandez MV, Baumgard LH. Glucose
requirements of an activated immune system in lactating Holstein cows. J Dairy Sci. 2017; 100
(3):2360—2374. https://doi.org/10.3168/jds.2016-12001 PMID: 28041733

Garcia-Diaz T, Ferriani Branco A, Jacovaci FA, Cabreira Jobim C, Bolson DC, Pratti Daniel JL. Inclusion
of live yeast and mannan-oligosaccharides in high grain-based diets for sheep: Ruminalparameters,
inflammatory response and rumen morphology. PLoS ONE. 2018, 13(2):e0193313. https://doi.org/10.
1371/journal.pone.0193313 PMID: 29466450

Garcia Diaz T, Ferriani Branco A, Jacovaci FA, Cabreira Jobim C, Pratti Daniel JL, lank Bueno AV,

et al. Use of live yeast and mannan-oligosaccharides in grain-based diets for cattle: Ruminal parame-
ters, nutrient digestibility, and inflammatory response. PLoS ONE. 2018; 13(11):e0207127. https://doi.
org/10.1371/journal.pone.0207127 PMID: 30427904

Roque BM, Reyes GC, Tewoldebrhan TA, Apphuamy JADRN, Lee JJ, Seo S, et al. Exogenous -man-
nanase supplementation improved immunological and metabolic responses in lactating dairy cows. J
Dairy Sci. 2019; 102(5):4198-4204. https://doi.org/10.3168/jds.2018-15568 PMID: 30879811

Stefenoni H, Harrison JH, Adams-Progar A, Block E. Effect of enzymatically hydrolyzed yeast on health
and performance of transition dairy cattle. J Dairy Sci. 2020; 103(2):1541-1552. https://doi.org/10.
3168/jds.2019-17350 PMID: 31864753

Waller KP, Gronlund U, Johannisson A. Intramammary infusion of beta 1, 3-glucan for prevention and
treatment of Staphylococcus aureus mastitis. J Vet Med. 2003; 50(3):121-127. https://doi.org/10.1046/
j.1439-0450.2003.00630.x PMID: 12667189

Bank of Thailand [internet]. Foreign exchange rate. [cited 2020 Nov 2]. https://www.bot.or.th/thai/_
layouts/application/exchangerate/exchangerate.aspx.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273916  September 1, 2022 16/16


https://doi.org/10.1016/j.aninu.2016.08.007
https://doi.org/10.1016/j.aninu.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/29767018
https://doi.org/10.1038/s41598-022-07825-w
http://www.ncbi.nlm.nih.gov/pubmed/35264651
https://doi.org/10.3390/fermentation7030114
https://doi.org/10.3390/vetsci7030098
http://www.ncbi.nlm.nih.gov/pubmed/32718043
https://doi.org/10.1007/s11250-010-9613-3
https://doi.org/10.1007/s11250-010-9613-3
http://www.ncbi.nlm.nih.gov/pubmed/20524063
https://doi.org/10.3168/jds.2011-4277
https://doi.org/10.3168/jds.2011-4277
http://www.ncbi.nlm.nih.gov/pubmed/21787940
https://doi.org/10.14202/vetworld.2019.796-801
http://www.ncbi.nlm.nih.gov/pubmed/31439996
https://doi.org/10.3390/microorganisms3030417
http://www.ncbi.nlm.nih.gov/pubmed/27682097
https://doi.org/10.1016/j.cellimm.2007.04.006
http://www.ncbi.nlm.nih.gov/pubmed/17574223
https://doi.org/10.1128/JVI.00412-08
https://doi.org/10.1128/JVI.00412-08
http://www.ncbi.nlm.nih.gov/pubmed/18434410
https://doi.org/10.3168/jds.2016-12001
http://www.ncbi.nlm.nih.gov/pubmed/28041733
https://doi.org/10.1371/journal.pone.0193313
https://doi.org/10.1371/journal.pone.0193313
http://www.ncbi.nlm.nih.gov/pubmed/29466450
https://doi.org/10.1371/journal.pone.0207127
https://doi.org/10.1371/journal.pone.0207127
http://www.ncbi.nlm.nih.gov/pubmed/30427904
https://doi.org/10.3168/jds.2018-15568
http://www.ncbi.nlm.nih.gov/pubmed/30879811
https://doi.org/10.3168/jds.2019-17350
https://doi.org/10.3168/jds.2019-17350
http://www.ncbi.nlm.nih.gov/pubmed/31864753
https://doi.org/10.1046/j.1439-0450.2003.00630.x
https://doi.org/10.1046/j.1439-0450.2003.00630.x
http://www.ncbi.nlm.nih.gov/pubmed/12667189
https://www.bot.or.th/thai/_layouts/application/exchangerate/exchangerate.aspx
https://www.bot.or.th/thai/_layouts/application/exchangerate/exchangerate.aspx
https://doi.org/10.1371/journal.pone.0273916

