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Abstract: This experiment was conducted to determine the nutrient composition of three agricultural
by-products, namely garlic peel, sweet potato vine, and cotton straw, calculate their relative feeding
value, effective energy value, and other indexes, and comprehensively evaluate their nutrient value
by combining with rumen in vitro fermentation technology, with the aim of providing data references
for the development and utilization of non-conventional feed resources for ruminants. The results
showed that: 1) the dry matter (DM), ash, ether extract (EE), and crude protein (CP) contents of cotton
straw were significantly higher than the other two feeds (p < 0.05), while the acid detergent fiber
(ADF) and neutral detergent fiber (NDF) contents of garlic peel were highly significantly higher than
the others (p < 0.05); 2) the relative feed value (DMI, DDM, TDN, RFV, and RFQ) and effective energy
value (GE, DE, ME, NE,, NEg, and NE} ) indexes of cotton straw were significantly higher than garlic
peel and sweet potato vine (p < 0.01); 3) after 48 h of in vitro fermentation, the dry matter degradation
rate IVDMD) of sweet potato vine was significantly higher than the other two feeds (p < 0.01), and
the cumulative gas productions (mL) and estimated gas parameters (a, b, a + b, and c) of sweet potato
vine were significantly (p < 0.01) higher than those of garlic peel and cotton straw; 4) the sweet potato
vine had lower pH but higher NH3-N compared to garlic peel and cotton straw (p < 0.05). The sweet
potato vine had higher propionate, iso-butyrate, butyrate, iso-valerate, and total VFA than the other
two roughages, which also had the lowest acetate-to-propionate ratio. Garlic peel produced the
lowest acetate, while it produced the highest valerate (p < 0.05). These findings demonstrate that all
three by-products have high potential as livestock feed based on their nutritive value parameters.
Comparatively, sweet potato vines exhibit higher feeding value due to their relatively moderate NDF
content and superior rumen fermentation performance.

Keywords: agricultural by-products; nutritive value; rumen fermentation; gas production

1. Introduction

In the current structure of the global food system, up to 40% of all arable land and over
30% of cereal crop production are allocated for animal feed [1]. Feed ingredient demand
worldwide has rapidly increased due to the further increase in consumption of animal
products. The scarcity of high-quality forage feed has emerged as a significant constraint for
animal husbandry in China. Meeting the rapidly increasing demand for animal products
with additional feed derived from food grains will further aggravate food insecurity in
China. To address the forage feed shortage in the livestock industry, the trend in feed
development is increasingly focusing on identifying and utilizing alternative raw materials
as efficient feed resources [2]. A growing body of literature indicates that repurposing crop
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byproducts for use in livestock feeds enhances sustainability and mitigates the environ-
mental impact of livestock production [3-5]. The crop farming industry of China generates
a significant quantity of byproducts, primarily consisting of crop straw, chaff, residues, and
leaves [6,7]. Crop byproducts are typically rich in digestible fiber and suitable as feeds for
livestock but undesired for human consumption. They are considered a viable alternative
as livestock feed. Incorporating these byproducts into dairy cow diets as a substitute for
traditional forages or concentrates can offer multiple advantages, such as extending limited
forage supplies, reducing feed costs, improving milk performance, and lowering the inci-
dence of ruminal acidosis [8]. Therefore, the full utilization of crop byproduct as ruminant
feed will contribute to the reduction in feed costs and the sustainable development of the
livestock industry.

Garlic (Allium sativum L.), originating from Central and South Asia, is an annual
bulbous herb belonging to the Alliaceae family [9]. The average annual production of garlic
in China now exceeds 9 million tons, accounting for more than 70% of the global total
production [10]. In recent years, there has been a significant increase in demand for garlic on
the international market, both as a spice and in traditional medicine. This surge has resulted
in a substantial quantity of garlic byproducts, such as garlic peel, leaf, and straw [11]. Garlic
byproducts are abundant in protein, total carbohydrates, and ash, making them potential
ingredients for ruminant feed. Garlic and its derivatives are rich in bioactive organosulfur
compounds, including allicin, allixin, and allylsulfides, which endow garlic products with
antimicrobial, antioxidant, anti-inflammatory, immunomodulatory, and other physiological
properties [12]. Garlic and its by-products emit a unique aroma that stimulates appetite,
enhancing feed intake, and promoting digestion by increasing gastric juice secretion and
gastrointestinal motility [13]. Zhu et al. [14] reported that the average daily gain (ADG)
and feed conversion ratio (FCR) of Hu lambs improved with the supplementation of
garlic peel at 80 g/kg (DM basis) over a 56 day period. Moreover, garlic powder and
its extracts have been incorporated into ruminant diets to manage parasite infections,
leveraging the antiparasitic properties of garlic, with studies revealing significant positive
outcomes [15,16]. Despite these promising findings, there is still a paucity of literature
on the effects of garlic byproducts on the nutrient intake and digestibility of ruminants.
Consequently, more research is needed to fully exploit the potential of garlic byproducts in
ruminant feeding.

Sweet potato (Ipomoea batatas L.) ranks among the top five essential food crops glob-
ally [17]. In 2022, China’s sweet potato planting area was 2.2 x 10° hm?, with a total yield
of 4.7x107 tons, accounting for 29.8% and 54.2% of the global sweet potato planting area
and total production, respectively [18]. Virtually every part of the plant, including the
stem, leaf, and root, is edible. However, these components differ in their nutrient, bioactive
compound, non-nutrient, and antinutrient compositions. China is the largest producer of
sweet potatoes globally, which represents more than 60% of the total worldwide produc-
tion [19,20]. Sweet potato is mainly grown for roots, but a large volume of sweet potato
vines (stems and leaves) was left after harvesting. These vines are a potential feedstuff
for livestock, with moderate crude protein content (11%-17%), high digestibility ( > 62%),
and high moisture content [21], but it was reported that sweet potato vines have up to
67.7 g/kg DM-soluble condensed tannins. There is limited information regarding the
impact of tannins on the degradability and utilization of sweet potatoes. Consequently, the
optimal use of sweet potato vines as feed is hindered by the lack of comprehensive data on
their nutritional value.

China is the world’s largest producer, consumer, and exporter of cotton, accounting for
23.19% of global cotton production, while also generating over 30 million tons of straw [22].
As an agricultural byproduct, cotton straw is nutrient-rich, featuring a high content of
crude fiber (60.63% to 70.10%) and acid detergent lignin (ADL) (10.29% to 18.55%), but
a lower CP content (5.67% to 7.45%) [23]. The high lignin, cellulose, and hemicellulose
content, along with free gossypol in cotton straw, results in poor palatability and low intake
and digestibility by cattle and sheep, but some of these components still can be absorbed
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and utilized by cattle and sheep. In fact, the nutrient content varied significantly among
different parts of cotton straw, including the main stem, lateral branches, and leaves [24].
Cotton leaves had the highest crude protein content (12.03%-18.15%), lower cellulose and
lignin content, but higher hemicellulose content (11.62%), making them more digestible.
The main stem of cotton straw contained the highest levels of cellulose (46.16%—47.92%) and
lignin (16.16%—20.18%), rendering it the least digestible part. Factors such as cultivation
area, variety, planting and harvesting timing, cultivation practices, post-harvest storage
conditions, storage duration, and other variables influence the nutrient content of different
parts of cotton stalks. Therefore, to enhance the utilization rate of cotton straw, it is essential
to minimize the use of coarse cotton stems and maximize the utilization of fine stems and
leaves of cotton straw. Therefore, increasing the utilization of cotton straw as a feed resource
holds significant practical importance for alleviating the forage shortage for ruminants in
major cotton-producing areas.

Utilizing crop byproducts for animal feeds is crucial for the effective management
of organic resources in China. This practice enhances the nation’s food self-sufficiency
and reduces dependence on imported feeds. Therefore, the objective of this study was
to determine the potential nutritive value of garlic peel, sweet potato vines, and cotton
straw and provide data for their utilization in ruminant feed formulations. This was
performed through an analysis of chemical composition, estimation of relative feeding
values, and in vitro ruminal fermentation for the utilization of these three non-conventional
feed resources in ruminant nutrition.

2. Materials and Methods
2.1. Experimental Design and Treatments

The experiment was conducted at Evergreen Garden in Wuhan City, Hubei Province.
Three roughages were evaluated as substrates: garlic peel, sweet potato vine, cotton straw.
Details regarding the roughages and their sources are provided in Table 1. All samples
were dried in an electric constant temperature drying oven (DHG-9140A, Shanghai, China)
at 65 °C and ground to pass through a 1 mm screen (Henglian Co., Dalian, China). In the
experimental analysis of chemical composition and in vitro rumen incubation, material
from 3 biological replicates was used.

Table 1. The ingredient name and source of the three unconventional roughages.

Ingredient Name Production Place Harvest Season Harvest Manner
Garlic peel Linyi, Shandong, China May, 2023 Mechanical
L1anyungapg, Jiangsu, August, 2023 Mechanical

China

Cotton straw Alaer, Xinjiang, China September, 2023 Manual

Sweet potato vine

2.2. Chemical Composition Analysis

Following the methods outlined by the Association of Official Analytical Chemists [25],
various parameters were measured: dry matter (DM) was determined via the drying
method, crude protein (CP) content was assessed using an automatic Kjeldahl nitrogen
tester (NKY6160, Wanghai Environmental Technology Co., Ltd., Shanghai, China), and
crude ash (ash) content was measured with a muffle furnace (MF-N, Dutt Scientific In-
struments Ltd., Shanghai, China). The ether extract (EE) content was evaluated using
a Soxhlet extractor (CY-SXT-02, Chuanyi Experimental Instrument Co., Ltd., Shanghai,
China). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined
using a fiber analyzer (TY-SF22, Tianyan Instrument Co., Ltd., Weifang, China) [26].

2.3. Relative Feeding Value and Effective Energy Analysis

Relative Feeding Value (RFV), dry matter intake (DMI), and digestible dry matter
(DDM) were assessed according to the following formula [27]. Total digestible nutrient
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(TDN) was calculated using the method of Lithourgidis et al. [28]. Relative forage quality
(RFQ) was calculated using the method of Moore et al. [29]. The specific formula is as
follows:

DMI (% BM) = 120/NDF

DDM (% DM) = 88.9 — 0.779 x ADF
TDN (% DM) = —1.291 x ADF + 101.35
RFV = DMI x DDM/1.29

RFQ = TDN x DMI/1.23

Gross energy (GE) content was measured with an adiabatic bomb calorimeter (XRY-
1A+, Changji Geological Instrument; Shanghai, China). The method of Lithourgidis
et al. [28] was used to calculate net energy for milk production (NE;). Based on the
TDN, the formulas provided by the NCR (2001) [30] were employed to calculate digestible
energy (DE), metabolizable energy (ME), net energy for maintenance (NE,), and net energy
for gain (NEg). The specific formula are as follows:

DE (M]J/kg DM) = 0.04409 x TDN x 4.184

ME (M]J/kg DM) = 0.82 x DE

NEm (MJ/kg DM) = 1.37 x ME—0.138 x ME? + 0.0105 x ME® — 1.12
NE, (MJ/kg DM) = 1.42 x ME—0.174 x ME? + 0.0122 x ME® — 1.65
NEL (MJ/kg DM) = [1.044 — (0.0119 x ADF)] x 2.205

2.4. In Vitro Rumen Incubation and Gas Determination

Garlic peel, sweet potato vine, and cotton straw were used as the substrates for the
fermented samples, and 1 g of each was weighed and put it in 150 mL culture bottles.
The three substrates were used as 3 treatments and run in triplicate for in vitro rumen
incubation. Ruminal fluid samples were collected from three ruminally fistulated, nonlac-
tating, nonpregnant 4 year-old Holstein cows (650 =+ 32 kg) cared for in accordance with
the Wuhan Polytechnic University Animal Care and Use (Hubei, China; approval number:
2010-0029) guidelines. The cannulated animal handling and management procedures were
reviewed and approved by the Ethics and Research Committee of Wuhan Polytechnic
University (Hubei, China; approval number: 2010-0029). The donor cow was housed
and maintained on a diet of silage, hay, and grain (75:25 forage-to-concentrate ratio, ad
libitum) in a feed bunk for a total of 13.8 kg of DM of available feed per cow per day at the
Wuhan Polytechnic University Dairy Research Farm. The cows were provided water ad
libitum in the morning and evening. Rumen contents were extracted from each cow using
a vacuum pump (V-i120SV, VALUE; Wenling, China), combined in equal volumes, and
filtered through four layers of gauze. The filtrate was then immediately added to a glass
jar containing buffer (prepared according to Menke et al. [31]), forming an in vitro culture
solution with a rumen-fluid-to-buffer ratio of 1:2. This solution was maintained anaerobic
by flushing with CO, and kept ready for use. The incubation was carried out using a
thermostatic water bath shaker (ZHSY-50, Zhichu Instrument; Shanghai, China). CO, was
introduced into the bottle, after which 60 mL of in vitro culture solution was quickly added.
The bottle was then sealed with a rubber cap and incubated at 39 °C constant-temperature
shaking bath for 48 h.

Gas production constants were applied based on the model by [32] and fitted to the
gas production kinetics curve of [33]:

y=a+b (1 —e (1)

where y represents the gas production at time t; a is the gas production from rapidly
degradable fraction (mL); b is the gas production from slowly degradable fraction (mL);
c is gas production rate (%/h); and t is the incubation time (in hours).

At the conclusion of the experiment, the filter bags were removed, quickly rinsed with
cold water, and then dried at 65 °C to a constant weight. The dry matter (DM) residues
were subsequently removed to calculate in vitro digestibility. Rumen fluid samples were
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centrifuged at 15 000x g, and the volatile fatty acids (VFAs) in the supernatants were
analyzed using gas-liquid chromatography (Agilent 7890, Palo Alto, CA, USA) following
the procedure described by Wang et al. [34]. The ruminal ammonia concentration was
measured according to the method of Shahinian and Reinhold [35]. The Coomassie Brilliant
Blue G-250 assay was employed to determine the microbial protein (MCP) levels in the
rumen [36].

2.5. Statistical Analysis

Data were initially collated using Microsoft Excel 2019, and subsequent analysis
was conducted via one-way ANOVA using SPSS 26.0. The fermentation substrate was
considered fixed effects, while fermentor was considered random effect. The following
model was used for these variables:

Yij=H+LXi+Bj+uij

where p = population mean, «; = mean effects of the ith substrate, 3; = mean effects of the
jth fermentor, u;; = experimental error. Differences between groups were assessed with
Duncan’ s multiple comparisons, with p < 0.05 considered statistically significant.

3. Results
3.1. Chemical Composition of the Agricultural By-Products

The chemical composition of the raw materials is shown in Table 2. The DM content of
the three ingredients ranged from 90.63% to 95.71%, with cotton straw having the highest
content of 95.71%. Cotton straw displayed the highest ash content of 21.32%. The CP
contents of garlic peel, sweet potato vine, and cotton straw were higher than 10%, with the
highest value 18.85% found in cotton straw. The CF content of garlic peel was significantly
higher than that of sweet potato vine and cotton straw, with garlic peel also having the
highest NDF (56.55%) and ADF (44.84%) contents.

Table 2. The chemical compositions of the three agricultural by-products (DM basis, %).

Items Garlic Peel Sweet Potato Vine Cotton Straw
DM 90.63 90.68 95.71
Ash 12.28 12.01 21.32

EE 0.64 1.68 6.23
CP 17.66 12.43 18.85
CF 33.28 20.71 11.41

ADF 42.87 39.46 26.59

NDEFE 56.55 44.84 29.48

3.2. Energy and Relative Feeding Value

As shown in Table 3, DMI, DDM, TDN, RFV, and RFQ of cotton straw were significantly
higher than those of garlic peel and sweet potato vine (p < 0.05), while garlic peel had the lowest
relative feeding value in all of them. In terms of effective energy values (Table 4), GE, DE, ME,
NE, NEg, and NE[, were also the highest for cotton straw while the lowest for garlic peel.

Table 3. Relative feeding value of the three agricultural by-products.

Items Garlic Peel =~ Sweet Potato Vine Cotton Straw SEM p Value
DMI(% BM) 2.12¢€ 2688 4.07 4 0.36 <0.001
DDM(% DM) 48.97 € 57.23 B 66.92 A 2.00 <0.001
TDN(% DM) 51.19 € 55.15B 68.49 A 3.32 <0.001
RFV 80.56 € 118.72 B 211.24 4 2291 <0.001
RFQ 88.31 € 1208 226.69 A 26.49 <0.001

Note: Different uppercase letters in the same row indicate significant differences (p < 0.01), and the same letters or
no letters indicate no significant differences (p > 0.05).
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Table 4. Effective energy value of the three agricultural by-products (MJ/kg DM).
Items GarlicPeel  Sweet Potato Vine  Cotton Straw SEM p Value
GE 15.31 € 15.59 B 16.20 A 0.17 <0.001
DE 9.44 € 10.17 B 12.63 4 0.61 <0.001
ME 7.74C 8348 10.36 4 0.50 <0.001
NEm 6.09 ¢ 6.8 B8 9.94 A 0.62 <0.001
NE, 4.58¢€ 5178 7.954 0.63 <0.001
NEL 0.06 B 0.06 B 0.08 4 0.04 <0.001

Note: Different uppercase letters in the same row indicate significant differences (p < 0.01), and the same letters or
no letters indicate no significant differences (p > 0.05).

3.3. Gas Production and Gas Parameters of Three By-Products

The IVDMD, IVNDEFD, and cumulative volume of gas production of the three uncon-
ventional roughages are presented in Table 5. The IVDMD of roughage feeds ranged from
72.09 to 78.74%, being the highest for sweet potato vine, while the lowest for garlic peel (p
< 0.05). The highest IVNDFD was also found in sweet potato vine (72.56%) than in garlic
peel (58.28%) and cotton straw (59.07%). The cumulative gas production volume increased
with longer incubation times. After 48 h of incubation, gas production ranged between
89.90 and 147.05 mL per 1.00 g of substrate. At all incubation periods, the cumulative gas
production (mL) from sweet potato vine was significantly (p < 0.001) higher than that from
garlic peel and cotton straw. Furthermore, the estimated parameters (a, b, a + b, and c) for
sweet potato vine were significantly higher than those for the other substrates.

Table 5. In vitro rumen degradation rate, gas production, and gas parameters of the three by-products.

Items Garlic Peel Sweet Potato Vine  Cotton Straw SEM p Value
Rumen degradation rate
IVDMD, % 72.09 B 78.74 A 75.82 B 1.41 0.026
IVNDED, % 58.28 B 72.56 A 59.07 B 2.88 0.003
Gas production, mL/g
4h 483+0.098 10.55 + 0.44 A 248 +0.11€ 1.03 <0.001
8h 24.08 +2.06 B 38.65 +1.76 A 19.00 4+ 2.38 B 2.74 <0.001
12h 51.45 +£2.708B 72.00 £ 3.36 4 38.55 + 1.68 € 438 <0.001
24 h 85.20 +2.41B 113.75 + 421 A 67.13 +1.78 € 5.99 <0.001
36h 102.28 +2.08 B 136.08 & 3.63 A 81.90 £1.85€ 6.87 <0.001
48 h 11223 £2218 147.05 + 3.05 A 89.90 +2.14€ 7.21 <0.001
Gas parameters
a, mL 41.83 +4304 44.64 + 5954 13.68 +2.75 B 4.83 0.002
b, mL 95.08 +5.13B 127.90 + 7.73 A 100.17 +2.98 B 5.25 0.005
a+b, mL 13691 +1.24 B 17254 £ 2374 113.85 £ 1.93 € 7.35 <0.001
¢, %/h 3.82 +£0.18 AB 439 +0.224 3.60 +£0.16 B 0.01 0.041

Note: IVDMD, in vitro dry matter digestibility; IVNDEFD, in vitro NDF digestibility; a, gas production from
rapidly degradable fraction; b, gas production from slowly degradable fraction; a + b, potential gas production; c,
gas production rate. Different uppercase letters in the same row indicate significant differences (p <0.01), and the
same letters or no letters indicate no significant differences (p > 0.05).

3.4. Rumen Fermentation Products of The Three By-Products

Data on in vitro fermentation products of different by-products are presented in
Table 6. For the three by-products, there was a significant difference in pHyg, NH3-N,
MCP, and total VFAs. The sweet potato vine had lower pH and MCP but higher NH3-N
compared to garlic peel and cotton straw (p < 0.05). Furthermore, the content of total VFA
and acetate-to-propionate ratio (A/P) differed (p < 0.05) among the three by-products. The
sweet potato vine had higher propionate, iso-butyrate, butyrate, iso-valerate, and total
VFA than the other two by-products, which also had the lowest acetate-to-propionate ratio.
Garlic peel produced the lowest acetate, while producing the highest valerate.
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Table 6. The rumen fermentation characteristics of the three roughages in vitro.
Items GarlicPeel Sweet Potato Vine Cotton Straw SEM p Vlue
pHas 6.60 4 6.56 B 6.67 4 0.02 <0.001
NH;-N, mg/dL 4018 4574 4474 0.10 0.031
MCP, mg/mL 132.96 A 120.05 B 135.00 A 2.68 0.044
VFA content
Acetate, mmol/L 29.198 33.184 34174 0.72 <0.001
Propionate, mmol/L 11.10¢ 13.14 4 12.24 B 0.30 0.001
Iso-butyrate, mmol/L 0.18B 0.40 4 0198 0.03 < 0.001
Butyrate, mmol/L 1.86 8 224 A 217 AB 0.14 0.030
Iso-valerate, mmol /L 0.23B 0.634 0238 0.06 < 0.001
Valerate, mmol/L 0.49 A 0.45 AB 0.408 0.02 0.023
Acetate to propionate ratio 2.64 4B 2498 2.73 A 0.10 0.022
Total VFA, mmol/L 43.09B 50.14 A 48524 1.10 <0.001

Note: Different uppercase letters in the same row indicate significant differences (p < 0.01), and the same letters or
no letters indicate no significant differences (p > 0.05).

4. Discussion
4.1. The Chemical Composition of the Three By-Products

Garlic peel is an inedible byproduct of garlic. In this study, the CP, EE, and NDF con-
tents of garlic peel were 17.66%, 0.64%, and 56.55%, respectively. The results were aligned
with previously published data [37,38], while the CP content determined in this study was
higher, which may be related to the different growing environment and harvesting period
of garlic. The sweet potato vines comprise both leaves and stems. Studies have shown
that the crude protein content of the sweet potato stem is between 10 and 14% [39], and
it contains high levels of water-soluble carbohydrates [40]. Baba et al. [41] evaluated the
nutritional content of 12 varieties of sweet potato vines, revealing that their crude protein
levels varied from 10.82% to 20.58% and crude fiber from 21.14% to 35.37%. In the present
study, the CP and CF content of the sweet potato vine were 12.43% and 20.71%, which were
close to the results of the above studies. Additionally, the CP content of garlic peel and
sweet potato vines is similar to that of Leymus chinensis, while their EE content is lower
than that of Leymus chinensis and alfalfa, as well as other high-quality roughages [42].

Cotton straw, a byproduct of cotton, and some of its parts can be absorbed and utilized
by cattle and sheep. The nutrient content of different parts of the cotton straw varied widely,
with the highest crude protein content in the leaves (12.03%-18.15%), the second highest
in the lateral branches (6.22%—6.82%), and the lowest in the main stem (3.97%-5.22%) [43].
The main stems of cotton stalks contain high levels of cellulose and lignin, making them
less digestible. In contrast, cotton leaves have lower levels of cellulose and lignin but higher
levels of hemicellulose, which are more easily utilized [24]. The protein content of cotton
straw measured in this study was 18.85% and crude fiber was 11.41%. This is mainly related
to our sampling method. The samples collected were mainly cotton leaves and contained a
small amount of cotton fiber, which resulted in high protein content and low fiber content
of the samples. In the Xinjiang region of China, cotton straw is primarily utilized for
grazing [44], and sheep predominantly feed on the cotton leaves and lateral branches of
the straw. In addition, the CP content of cotton straw is close to that of alfalfa, while their
ADF and NDF contents are lower than those of alfalfa, oat grass, and ryegrass [42,45]. The
lower fiber content facilitates the digestion and absorption of cotton straw by ruminants
and can increase their feed intake. In conclusion, the above three ingredients have good
nutritional composition and can be used as a potential source of roughage for ruminants.

4.2. Relative Feeding Value and Effective Energy Analysis

Forage quality encompasses both nutritive value and intake potential. The quality
of roughages is primarily determined by the amount and composition of their structural
carbohydrate contents. Specifically, the neutral detergent fiber (NDF) and acid detergent
fiber (ADF) fractions, which constitute the plant cell walls, are key parameters influencing
intake and digestibility. The relative feed value (RFV) and relative forage quality (RFQ)
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are widely used indexes reflecting the quality of roughages based on their NDF and ADF
content [46]. Relative feed value (RFV) is a quality-related parameter based on ADF and
NDF concentrations of alfalfa (RFV = 100) [47]. In this study, the RFV and RFQ of sweet
potato vines and cotton straw both exceeded 100, indicating that these two roughages have
relatively high overall feed value. RFV is a calculated value based on the ADF and NDF
contents of the feed, and its predictive accuracy depends on the precision of ADF and
NDF in estimating DDM and DMI values, which introduces certain limitations. Therefore,
although the RFV of sweet potato vines and cotton stalks is higher than that of alfalfa at
full bloom, their actual feed value requires further comprehensive evaluation.

Energy is the key to sustaining life activities of livestock, and the effective energy
value of feed is related to its nutrient composition. In this study, the GE range of the
three roughages was between 15.31 and 16.20 MJ] /kg, slightly lower than that of oat grass
(17.71 M] /kg) and alfalfa (17.1 M] /kg) [48,49], but they can meet the energy requirements
of ruminants in their diet. The DE values were estimated from the TDN values, while the
ME values were calculated by multiplying the DE values by the coefficient 0.82; the NE,
and NEg values were estimated from the ME values [30]. Therefore, the results of their
significance analyses were all in agreement with TDN, and thus the energy value of cotton
straw was significantly higher than the other two roughages.

4.3. Ruminal DM Degradation and Gas Production Analysis

Rumen DM degradation in roughage is influenced by the cellulose content and the
degree of lignification, which reflect the difficulty of degradation in ruminants [50]. The
composition of neutral detergent fiber (NDF) and acid detergent fiber (ADF) in roughage
affects the degradation rate in the rumen, with higher contents negatively correlated with
the rate of degradation [51]. This study revealed significant differences in DM degradation
among garlic peel, sweet potato vine, and cotton straw. In fact, there were variations in the
NDF and ADF contents among the three forages in this study, which could be a contributing
factor to the differences in DM and NDF degradation among them.

Degradation of the organic fraction of feed by rumen microorganisms is the main
source of gas produced by feed in the rumen. In vitro gas production is an important
indicator of the digestibility of feeds [52], and the level of in vitro gas production can
directly reflect the nutritional quality of feed samples and indicate the metabolism of rumen
microorganisms. Lei et al. [53] showed that there is a positive correlation between the
magnitude of gas production and digestibility. The three roughages in this experiment
had sufficient substrate fermentation in the early stage; the gas production increased with
time and the GP rate was faster; and then the substrate decreased in the late stage and the
GP production gradually leveled off. The degree of feed degradation by rumen microor-
ganisms in the pre-fermentation period increased with time, but the degradable material
gradually decreased in the later period, so the GP also increased slowly. In addition, the
content of VFA and NH3-N accumulated in the artificial rumen culture solution gradually
increased with the extension of in vitro fermentation time [54], resulting in a change in
the fermentation environment of the artificial rumen culture solution, leading to a certain
degree of inhibition of rumen microbial activity. In addition, other substances, such as
insoluble carbohydrate components and phytochemicals, can also affect gas production.
In this study, the sweet potato vine exhibited the highest 48 h cumulative gas production,
suggesting that a significant portion of fermentable components in the sweet potato vine
were utilized.

4.4. In Vitro Fermentation Fluid Parameters

The pH of rumen fluid is a crucial indicator that visually reflects the state of rumen
fermentation [55]. If the pH is too high or too low, it will affect the activity of rumen
microorganisms, leading to fermentation abnormalities. The pH of the three types of
roughage in this study ranged from 6.56 to 6.67, falling within the optimal pH range
(5.5-7.5) for the rumen. This range helps to maintain a stable fermentation environment
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in vitro and is conducive to the growth of rumen microorganisms. NH3-N is generated
through the breakdown of nitrogen-containing compounds in the feed, which can reflect the
degradation of protein in the diet and its reuse by microorganisms to synthesize bacterial
proteins, serving as a crucial marker for rumen metabolism. An optimal NH3-N level
can support the proliferation of microorganisms and the synthesis of bacterial proteins.
Hoover et al. [56] demonstrated that the optimal NH3-N concentration for rumen microbial
growth ranges from 3.3 to 8.0 mg/dL, and in fact, the NH3-N concentration varied from 1
to 76 mg/dL. In this experiment, the NH3-N concentrations of the three roughages were
4.01-4.57 mg/dL, which fell within the normal concentration range.

Volatile fatty acids (VFAs) are key indicators of the fermentation ability of feed in the
rumen. Acetate, propionate, and butyrate constitute 95% of the total VFAs produced in
the rumen and provide up to 75% of the metabolizable energy (ME) for ruminants [57,58].
Acetate is the main precursor for the synthesis of lactic fat, and propionate is the precursor
for the synthesis of glucose, which can supply most of the energy required by the organism.
Studies have shown that roughage contains a large amount of fiber-like substances, which
can be fermented in the rumen to produce more acetic acid [59]. In this experiment, all
three roughages had the highest content of acetate (acetate > propionate > butyrate) after 48
h of fermentation, which is related to the fiber content of roughage, and their fermentation
in the rumen would produce a relatively high proportion of acetate and a lower proportion
of propionate. Notably, the fermentation of sweet potato vine produced the highest content
of acetic acid, propionic acid, and total VFA, and the lowest acetate-to-propionate ratio.
Therefore, compared with other roughage, sweet potato vine has better rumen fermentation
performance and is more favorable for digestion and absorption by ruminants.

5. Conclusions

Garlic peel, sweet potato vine, and cotton straw all demonstrated high potential as
livestock feed based on their nutritive value parameters. However, sweet potato vine
appears to have a higher feeding value due to its moderate NDF content and higher feed
intake, as well as a superior relative feed value. Further verification of the actual feeding
effects of these three ingredients in animals is needed, as sweet potato vine appears to show
higher gas production compared to the other two by-products.
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