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Physically e�ective neutral detergent fiber (peNDF) is a concept that accounts

for the particle length of NDF in diets, sustaining the normal chewing

behavior and rumen fermentation of ruminants. Specifically, peNDF
>1.18 is

the commonest one that is calculated from NDF and the percentage of

feed dry matter left on the 1.18, 8.00, and 19.00mm sieves. This study

aimed to investigate the e�ects of di�erent levels of peNDF
>1.18 on the

rumen microbiome and its correlation with nutrient digestibility and rumen

fermentation in goats. A total of 30 Lezhi black goats were randomized and

blocked to five dietary treatments (n = 6). All the diets were identical in

composition but varied in hay lengths, leading to the di�erent peNDF
>1.18

content of the diets: 32.97, 29.93, 28.14, 26.48, and 24.75%. The results

revealed that the nutrient digestibility increased when dietary peNDF
>1.18

levels decreased from 32.97% to 28.14%, with the highest digestibility at

28.14% peNDF
>1.18 treatment, after which nutrient digestibility decreasedwith

the decreasing of dietary peNDF levels. Ruminal NH3-N concentrations in

the 29.93% and 28.14% groups were higher than that in the 24.75% group

(p < 0.05). Ruminal microbial protein concentration was the highest in the

32.97% group (p < 0.05). Daily CH4 production in the 32.97% and 24.75%

peNDF
>1.18 treatments was lower than that in the 26.48% group (p < 0.05) and

no di�erences were observed among other groups. The relative abundance of

rumen fungi at the phylum and genus levels and archaea at the species were

a�ected by dietary peNDF
>1.18 content. In conclusion, decreasing dietary

peNDF
>1.18 levels within a certain range can improve nutrient digestibility

and change the rumen microbial community structure of goats. Dietary

peNDF
>1.18 level should be 28.14% (roughage length around 1cm) among

the five levels for 4 months Lezhi black goats with the purpose of optimal

nutrient digestibility.
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Introduction

Forages comprise more than 40% of the diets for ruminants

and are essential to maintain an appropriate rumen function

and physiology (Bargo et al., 2002). The high fiber content

is the major nutritional difference between forages and

concentrates, resulting in a lower energy value of forages. Unlike

monogastric animals, the rumen of ruminants is colonized

with an abundance of microorganisms, which are capable of

converting fiber in feed into available energy for the host.

Meanwhile, fiber can stimulate chewing, salivation, rumination,

and ruminal motility of ruminants. It also plays an important

role in alleviating rumen acidosis, regulating dietary intake,

synthesizing milk fat, and promoting the digestion of solid

particles in the rumen (Adesogan et al., 2019). Consequently,

evaluating and improving the utilization efficiency of dietary

fiber is particularly important for the formulation of diets

for ruminants.

In order to assess the adequacy of dietary fiber for

ruminants, the concept of physically effective neutral detergent

fiber (peNDF) was proposed by Mertens (Mertens, 1997) and

attracted more and more attention. The peNDF is more efficient

to indicate the physical effects of a diet because it incorporates

information on particle size and chemical fiber content of

the feedstuffs (Zebeli et al., 2012) and reflects the physical

characteristics that influence masticatory activity and stimulate

stratification of the rumen (Zhao et al., 2011). It seems to be an

ideal and versatile method to calculate the peNDF by separating

the diet or forage into pellets of various grain sizes using a

manually operated Penn State Particle Separator (PSPS). The

peNDF content in feedstuffs or forages could be determined by

their neutral detergent fiber (NDF) content of them multiplied

by the proportion of pellet retained on the 1.18-mm sieve

or 8.00-mm sieve, defined as peNDF>1.18 and peNDF>8.00,

respectively (Zebeli et al., 2012).

The rumen is a very important digestive organ of

ruminants, hosting a large number of microorganisms that

can effectively degrade proteins and carbohydrates through

fermentation. The efficiency of rumen digestion mainly depends

on microorganisms that may be affected by dietary peNDF

(Li et al., 2014). It was well documented that increasing the

dietary peNDF content resulted in increased time for ruminating

and chewing (Yang and Beauchemin, 2007; Zhao et al., 2011;

Li et al., 2014). However, the effects of dietary peNDF levels

on nutrient digestibility are not consistent in the literature.

Several recent studies revealed that the increase of dietary

peNDF content could reduce the total tract apparent digestibility

of dry matter (DM), crude protein (CP), and NDF in dairy

cattle (Soita et al., 2002; Molavian et al., 2020) and lambs

(de Paula Carlis et al., 2021). Other studies found that the

nutrients digestibility was quadratically related to dietary peNDF

content (Zhao et al., 2011; Wang et al., 2017), or not affected

by peNDF (Oh et al., 2016; Jang et al., 2017; Kaeokliang

et al., 2019; Li et al., 2020). In addition, nutrient digestibility

is influenced by the rumen microbiome (Li and Guan, 2017).

Previous studies have reported that dietary fiber is an important

factor influencing rumen microbial composition, diversity, and

microbial metabolites (Billenkamp et al., 2021; Yildirim et al.,

2021). But till now, few studies have been conducted concerning

the effects of dietary peNDF on rumen microbial community

structure and the relationship between rumen microbiota and

nutrient digestibility, especially fungi.

The unique rumen structure of ruminants allows goats to

effectively utilize some unconventional feed resources such as

straw and forage. To make more efficient use of feed resources

such as straw, it is crucial to evaluate the nutritional value

and its effect on various aspects including nutrient digestibility,

rumen fermentation, and rumen microbial communities, which

could dramatically influence the production performance and

health condition of ruminant (Cao et al., 2021), thereby

providing useful information and guidance for improving the

production efficiency of goats. We hypothesized that variation

in the dietary peNDF levels could affect nutrient digestibility,

rumen fermentation, and rumen microbial diversity. The

objective of this study was to investigate the effects of dietary

peNDF levels on nutrient digestibility, rumen fermentation,

and rumen microbial communities of Lezhi black goats, by

analyzing the predicted functional differences of different

ruminal microorganisms.

Materials and methods

Experimental design, animals

All experimental protocols were approved by the Animal

Ethical and Welfare Committee of Animal Nutrition Institute,

Sichuan Agricultural University (Approval No.201408-3).

This study was a part of a larger project which aimed to

explore the effect of dietary peNDF level on the development

of the digestive tract in growing goats. Animal feeding and

management were described previously by Xue et al. (2022). In

brief, a total of 30 male Lezhi black goats, aged 4.0± 0.1 months

and weighed 21.42 ± 0.24 kg, were randomly blocked into five

treatments, with six replicates per treatment and one goat per

replicate. The diet composition and nutrient levels were the

same for the five treatments except for the level of peNDF. The

diets were formulated according to the nutrient requirements of

20 kg goats with a daily weight gain of 100 g by NRC (2007), and

the ingredients and chemical composition as shown in Table 1.

Dietary peNDF levels were controlled by cutting the forage

(Leymus chinensis, alfalfa, peanut vine, all of them are hays)

at the following lengths with a forage cutter (FS60, Jining

Nongfengli Machinery Equipment Co., Ltd., Jining, China): long
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TABLE 1 Ingredients and chemical composition of experimental diet.

Items % of dry matter

Ingredients

Ground corn 37.10

Soybean meal 2.30

Wheat bran 2.90

Alfalfa hay 10.00

Peanut vine 9.00

Leymus chinensis 36.0

Calcium carbonate 0.17

Calcium hydrogen phosphate 1.02

Sodium chloride 0.51

Premixa 1.00

Total 100.00

Chemical compositionb

Metabolic energy, ME (MJ/kg) 10.23

Crude protein 8.87

Neutral detergent fiber 42.89

Acid detergent fiber 30.5

Calcium 0.74

Phosphorus 0.87

aPremix (per kg) contains: Cu 1,800mg, Fe 4,000mg, Zn 6,500mg, Mn 8,000mg, I

100mg, Se 5mg, Vitamin A 800 kIU, Vitamin D 120 kIU, Vitamin E 50 kIU, Vitamin

K3 200mg, Vitamin B1 200mg, Vitamin B12 5 mg.
bMetabolic energy is calculated, and the remaining indicators are measured values.

(7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine

(1mm sieve). Particle size distribution of forages andmixed diets

was determined using the PSPS containing three sieves (19.00,

8.00, and 1.18mm) and 1 pan (receive particles < 1.18mm),

as previously described (Cao et al., 2013). Physically effective

factors (pef) for forage and diets are calculated as the sum of

DM proportion retained on the sieves, referring to the ability

of a specific kind of feed to stimulate animals to chew, which

range from 0 to 1.0 (Zebeli et al., 2012). For example, pef>1.18

and pef>8.00 equal to the sum of the DM proportion retained

on sieves (19.00, 8.00, and 1.18mm) and the sum of the DM

proportion retained on two sieves (19.00 and 8.00mm). The

value of peNDF in the diet is calculated as follows: peNDF (%

of diet) =NDF × pef, where NDF presents the percentage of

NDF in the diet (Yang and Beauchemin, 2005). Based on this,

peNDF>1.18 and peNDF>8.00 could be calculated as the dietary

NDF content multiplied by pef>1.18 and pef>8.00, respectively.

In this study, we distinguished the five treated diets based on

the difference in the content of peNDF>1.18, as fed <1.18mm

in length can pass through the rumen to the following digestive

tract (Maulfair et al., 2011), while the feed particles retained on

the 1.18mm sieve have high resistance to passing through the

rumen, resulting in increased chewing and rumination activities

(Poppi et al., 1981). The concentrates and forages were mixed

and stirred on a total mixed ration (TMR) machine (Shandong

Shengshi Machinery Manufacturing Co., Ltd, Qufu, Shandong)

for 2min before feeding. TMR was supplied to the goats twice

daily at 08: 00 and 20: 00 for ad libitum intake (at least 10% orts).

Clean water was available ad libitum throughout the study.

All the animals were fed in a single cage for a 30-day

formal feeding trial, after a 14-d adaptation period. Total

collection of feces was conducted on day 7 of the formal

period for six consecutive days till day 12. On days 13 to

28, three goats in each treatment were selected for methane

(CH4) measurements in four separate open-circuit respiratory

chambers. These goats stayed in chambers for four consecutive

days with a 2-day adaptation period and a 2-day sampling and

measurement period.

Sample collection

Before feeding on days 7 to 12, total fecal samples were

collected by grab sampling two times daily, weighed, and

recorded. A 10% aliquot of each fecal sample was removed

and immediately stored in a freezer (−20◦C) until further

analysis. At the end of the feeding trial (day 30), 15 goats

(three goats from each treatment) were slaughtered after electric

shock and the others were continually kept in pens. Samples

of rumen fluid and rumen chyme were collected from rumen

immediately after slaughtering. Approximately 50ml of rumen

fluid was collected from each goat by filtering rumen content

through four layers of gauze and then divided into two aliquots

after pH determination using a PHS-3B acidometer (Shanghai

INESA Scientific Instrument Co., Ltd., Shanghai, China). One

aliquot was transferred into sterilized tubes and placed in liquid

nitrogen as soon as possible and was taken to the laboratory

and stored in a refrigerator at −80◦C for DNA extraction.

Another aliquot was aliquoted and transferred into sterilized

tubes and stored at −80◦C for chemical assay of volatile fatty

acids (VFAs), ammonia nitrogen (N-NH3), and microbial crude

protein (MCP) concentrations.

Methane emission measurements

An open-circuit respiratory chamber was used for CH4

measurements, and the CH4 production was calculated as

described previously (Aguilera and Prieto, 1986). Three goats

in each treatment were selected for CH4 measurements, with

one goat in each chamber. The total volume of 6 m3 (2.5m

long, 1.5mwide, and 1.6m high) of each chamber was ventilated

by suction pumps set a range of 16–20 m3/h, allowing a

slight negative pressure within the chambers. Temperature and

relative humidity were set at 25± 1◦C and 60± 10% respectively

with air conditioning units. The CH4 concentration in the air

entering and leaving each individual chamber was measured
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every 10 minutes by using an MGA3000 Multi-Gas Analyzer

(ADC Gas Analysis Ltd., Hoddesdon, United Kingdom). The

analyzer was calibrated weekly using oxygen-free nitrogen (zero

gas) and a known quantity of CH4 (span gas). The flow

measurement systems were checked before and immediately

after the experiment by releasing analytical grade CH4 into the

chambers, by determining the recovery of CH4. The purpose of

the calibrations was to ensure a recovery rate of CH4 at a range

of 97 to 103%. The concentration of CH4 was analyzed using gas

chromatography. Each chamber contained a feed bin, drinking

water container, and separate trays.

Chemical analysis

The contents of DM, organic matter (OM), and crude

protein (CP), in feed samples and fecal samples, were analyzed

according to AOAC (International, 1990), and the contents of

neutral detergent fiber (NDF) and acid detergent fiber (ADF)

in these samples were determined according to previously

described (Van Soest, 1963). Subsequently, the apparent

digestibility of DM, OM, CP, NDF, and ADF were calculated

through the formula: apparent nutrient digestibility =100% ×

[(feed intake × nutrient content in the diet)—(fecal output ×

nutrient content in the feces)]/ feed intake× nutrient content in

the diet (Almeida and Stein, 2010).

The concentration of VFAs in rumen fluid was analyzed with

a Varian CP-3800 gas chromatograph (Agilent Technologies,

Santa Clara, USA). The thawed rumen fluid samples were

centrifuged at 500 × g for 15min, 0.2ml of the 25%

metaphosphoric acid solution (w/v) and 23.3 µl of the 210

mmol/L crotonic acid solution were added to 1mL of the

supernatant. The mixed solution was incubated at 4◦C for

30min and then centrifuged at 16,000 ×g for 10min to obtain

new supernatants. Subsequently, each supernatant sample

(0.3ml) was diluted 4-fold (v/v) with chromatographic grade

methanol. In subsequent experiments, 1 µl of the rumen fluid

sample was injected using a 50:1 split ratio at 220◦C. The

chromatographic column was programmed from 100 to 190◦C

at 20◦C/min. Nitrogen was employed as the carrier gas at

a constant flow of 1 ml/min. The concentration of NH3-

N was measured using UV-3600i Plus spectrophotometrically

(Shimadzu, Kyoto, Japan) according to the method described

previously (Weatherburn, 1967). Briefly, the thawed samples of

the rumen fluid were centrifuged (6,500×g) at 4◦C for 15min,

2.5ml of the prepared chromogenic solution (10 g of phenol and

50mg of sodium nitroprusside to 1 L of solution) and 2ml of

the alkaline hypochlorite (5 g of sodium hydroxide with 50ml

of 5.25% sodium hypochlorite (w/v) per liter of solution) were

added to 80 µl of the supernatant. The absorbance was read at

the wavelength of 625 nm after themixed solution was incubated

at 37◦C for 20min to calculate the concentration of NH3-

N. The microbial protein (MCP) in rumen fluid was obtained

by repeated centrifugation as previously reported (Berthiaume

et al., 2010) and the concentration of MCP was determined

by using bicinchoninic acid (BCA) protein concentration kit

(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

In brief, the thawed samples of the rumen fluid were centrifuged

at 500 × g and 4◦C for 10min, then the supernatant was

centrifuged at 20,000 × g and 4◦C for 30min. The precipitate

was washed with deionized water and centrifuged at 20,000

× g and 4◦C for 30min, repeated 3 times. The final pellet

was thoroughly diluted with deionized water, and 10 µl of the

dilution was blended with 250 µl reaction fluid at 37◦C for

30min. The MCP content could be calculated by measuring the

optical density value at 562 nm in a SpectraMax M5 microplate

reader (Molecular Devices, Sunnyvale, CA, USA) according to

the manufacturer’s instructions.

DNA extraction and sequencing

Total DNA was extracted from each sample by using

the FastPure
R©

Microbiome DNA Isolation Kit (Tiangen

Biotech Co., Ltd., Beijing, China) according to the protocol

provided by the manufacturer. The DNA was quantified

by using the NanoDrop R© ND-2000 micro-spectrophotometer

(Thermo Scientific, Wilmington, DE, USA). The integrity of

DNA samples was assessed with 0.8% denatured agarose gel

electrophoresis. The specific primers with barcode were used

to amplify the V4-V5 region of the 16S ribosomal RNA

(rRNA) gene of archaea, and the primer sequences were as

follows: 519F (5′-CAGCMGCCGCGGTAA-3′) and 976R (5′-

CCGGCGTTGAMTCCAATT-3′) (Teske and Sørensen, 2008).

Similarly, the sequences of the primers used to amplify the

fungal internal transcribed spacer (ITS) 2-rDNA region were as

follows: ITS3_KYO2 (5′-GATGAAGAACGYAGYRAA-3′) and

ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (Toju et al., 2012).

The amplification was performed by GeneAmp R© PCR System

9700 (Applied Biosystems, Inc., Foster City, CA, USA). The

amplification conditions of archaea were 94◦C for 1min; 94◦C

for 20 s, 54◦C for 30 s, 72◦C for 30 s, repeated for 30 cycles;

72◦C for 5min. The amplification conditions of fungi were

94◦C for 1min; 94◦C for 20 s, 48◦C for 30 s, 72◦C for 30 s,

repeated for 30 cycles; 72◦C for 5min. The PCR product of each

sample was detected by 2% agarose gel electrophoresis and sent

to Rhonin Biotechnology Co., Ltd (Chengdu, China) for high-

throughput sequencing analysis on the Illumina HiSeq 2500

(PE250) platform after fluorescent quantization.

The original offline data obtained by sequencing was

spliced and filtered to obtain a high-quality target sequence

for subsequent analysis. Subsequent bioinformatics operations

were completed using Usearch and QIIME4 (Edgar, 2013).

Statistics and mapping are mainly done using R5, python, and

java. The main steps were as follows: stitching the sequences,

distinguishing samples according to barcode, removing the
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low quality sequences, removing the chimera, clustering the

operational taxonomic units (OTUs) at a similarity of 97%,

selecting the representative sequence of OTUs, classifying the

species using the SILVA ribosomal RNA database (http://www.

arb-silva.de/) (Quast et al., 2012) and the UNITE database

(https://unite.ut.ee/) (Kõljalg et al., 2013), aligning and filtering

the representative sequences and then reconstructing the

phylogenetic tree, filtering out the unwanted OTUs and

resampling, calculating the abundance at each classification

level, analyzing the community composition, analyzing the

alpha diversity and beta diversity, differentiating the species, and

analyzing the correlation between species and functions. For the

functional classification prediction of fungal communities, we

used FUNGuild (an open annotation tool for parsing fungal

community datasets by ecological guild, https://github.com/

UMNFuN/FUNGuild) to parse fungal OTUs into trophic modes

and guilds (Toju et al., 2016).

Statistical analysis and calculation

The experimental data in this study were statistically

analyzed using one-way analysis of variance (ANOVA) followed

by Tukey’s post hoc test or Kruskal–Wallis-test with SPSS

version 26.0 (SPSS Inc., Chicago, IL, USA). The quadratic

regression analysis was used to analyze the relationship

between the nutrient digestibility and the level of dietary

peNDF.Spearman correlation coefficients (r) and p value were

analyzed using the OmicShare tools (a free online platform

for data analysis, https://www.omicshare.com/tools) to show

correlations between the feed intake, digestibility, rumen

fermentation, methane production with the relative abundance

of fungi genera andmethanogenic species. p< 0.05 was accepted

as statistically significant differences. Results are presented as

mean and standard error.

Results

Levels of dietary physically e�ective
neutral detergent fiber

As shown in Table 2, the values of pef>8.00 in five treatments

could be calculated as 36.97, 22.95, 16.25, 6.27, and 3.12%

according to the proportions of the particles retained on

19.00mm and 8.00mm sieves; the values of peNDF >8.00

in five treatments could be calculated as 15.86, 9.84, 6.97,

2.69, and 1.34% according to the values of pef>8.00 and the

percentage of NDF in the diet (42.89%, Table 1). Similarly,

the values of pef>1.18 in five treatments could be calculated

as 76.88%, 69.78%, 65.61%, 61.73%, and 57.71% according to

the proportions of the particles retained on 19.00, 8.00, and

1.18mm sieves; the values of peNDF>1.18 in five treatments

TABLE 2 Particle size distribution, physical e�ectiveness factors, and

physically e�ective neutral detergent fiber content of the treatment

rations fed to goats (DM basis).

Items Dietary peNDF>1.18a

32.97% 29.93% 28.14% 26.48% 24.75%

Particle separator of TMRb

Particles > 19.00mm (%) 27.25 11.17 6.98 0 0

Particles 8.00 to 19.00mm (%) 9.72 11.78 9.27 6.27 3.12

Particles 1.18 to 8.00mm (%) 39.91 46.83 49.36 55.46 54.58

Particles < 1.18mm 23.12 30.22 34.39 38.27 42.3

Physical effectiveness factorc

pef>8.00 (%) 36.97 22.95 16.25 6.27 3.12

pef>1.18 (%) 76.88 69.78 65.61 61.73 57.71

peNDF content of DMd

peNDF>8.00 (%) 15.86 9.84 6.97 2.69 1.34

peNDF>1.18 (%) 32.97 29.93 28.14 26.48 24.75

aDifferent dietary peNDF>1.18 (particle size >1.18mm) contents of 32.97, 29.93, 28.14,

26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the

following lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine

(1 mm sieve).
bParticle length of ration variables was measured using the Penn State Particle Separator.
cpef>8.0 and pef>1.18 , physical effectiveness factor determined as the proportion of whole

samples particles retained on 2 sieves or on 3 sieves, respectively.
dpeNDF>8.00 and peNDF>1.18 , physically effective NDF determined as NDF content of

ration sample multiplied by pef>8.00 and pef>1.18 , respectively.

could be calculated as 32.97%, 29.93%, 28.14%, 26.48%, and

24.75%, respectively.

Apparent digestibility of nutrients

Apparent digestibility of DM, OM, CP, NDF, and ADF

varied greatly (p < 0.05) among the treatment groups (Table 3),

the highest and the lowest digestibility of those nutrients were

observed in the 28.14% and 24.75% peNDF>1.18 treatments,

respectively. Regression analysis showed that the digestibility

of DM, OM, NDF, and ADF was quadratically correlated with

dietary peNDF>1.18 levels (Table 4). It could be calculated

that the highest digestibility of DM, OM, NDF, and ADF

appeared at dietary peNDF>1.18 levels of 30.25%, 30.18%,

30.36%, and 30.67%.

Ruminal fermentation parameters and
methane production

The effects of dietary peNDF>1.18 content on rumen

fermentation parameters and methane production are presented

in Table 5. Dietary peNDF>1.18 content did not affect

ruminal pH and the concentration of VFAs. Ruminal NH3-N

concentrations in the 29.93% and 28.14% groups were higher
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TABLE 3 E�ects of di�erent contents of peNDF>1.18 in diets on apparent nutrient digestibility in goats.

Item Dietary peNDF
>1.181 SEM p-value

32.97% 29.93% 28.14% 26.48% 24.75%

Intake (g)

peNDF>8.00 107.53a 69.27b 51.37c 22.35d 9.41e 5.14 < 0.001

peNDF>1.18 223.54a 210.71b 207.39b 220.05ab 173.75c 8.93 < 0.001

Apparent nutrient digestibility (%)

Dry matter 66.07a 64.38ab 68.03a 65.00a 53.07b 1.71 0.019

Organic matter 72.80a 71.11ab 78.90a 68.04ab 59.00b 2.03 0.006

Crude protein 64.14b 63.25b 73.06a 63.56b 62.29b 1.89 0.016

Neutral detergent fiber 63.53ab 67.83a 67.82a 53.33b 39.92c 3.84 < 0.001

Acid detergent fiber 65.90a 63.29ab 70.10a 53.89b 42.37c 3.61 < 0.001

1Different dietary peNDF>1.18 (particle size >1.18mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine (1mm sieve).

Different lettersa−c denote p < 0.05.

TABLE 4 Regression equations between dietary peNDF>1.18 levels (x)

and (y) (n =30, R2
> 0.55).

Items Regression model R2 p-value

DM (%) y=−0.441x2 + 26.679x – 334.996 0.654 0.002

OM (%) y=−0.557x2 + 33.619x – 430.9 0.558 0.007

NDF (%) y=−0.954x2 + 57.927x – 810.075 0.733 < 0.001

ADF (%) y=−0.727x2 + 44.588x – 615.365 0.602 0.004

than that in the 24.75% group (p < 0.05). Ruminal MCP

concentration was the highest in the 32.97% group (p < 0.05).

Daily CH4 production in the 32.97% and 24.75% peNDF>1.18

treatments was lower than that in the 26.48% group (p < 0.05)

and no differences were observed among other groups. CH4

production did not differ among the groups when expressed as

per unit of DM intake.

Sequencing data and abundance of
archaea

A total of 482,535 effective sequences that met quality

control were obtained from the 16S rRNA high-throughput

sequencing analysis. Based on 97% sequence similarity from

valid sequences, these sequences were completely clustered into

876 OTUs with a mean of 58.4 ± 17.8 (mean ± SD, n = 3)

OTUs per sample. The average number of OTUs, Chao1 index,

Shannon index, and Simpson index were the highest in the

32.97% peNDF>1.18 treatment (p < 0.05), and the Shannon

index and Simpson index were the lowest in the 29.93, 28.14,

and 26.48% peNDF>1.18 treatments (Table 6). A total of 44

OTUs were shared across the five treatments, and the number

of sequences in shared OTUs accounted for 99.52% of the total

effective sequences (Figure 1A).

The principal co-ordinate analysis (PCoA) was conducted

based on Bray-Curtis distance as shown in Figure 2A. Each

treatment was evenly distributed among the clusters. All samples

tended to cluster together in accordance with their own ratio

treatment. These results suggested strong differences in the

structure of archaea among the five treatments. Moreover,

the samples of 26.48% and 24.75% peNDF>1.18 treatments

were clustered in the same area, indicating that the archaeal

community structure of the two treatments was more similar to

that of other treatments. Similar results appeared in the 29.93%

and 28.14% peNDF>1.18 treatments.

Only the phylum Euryarchaeota of archaea was identified

in all samples in this study. A total of four genera of

archaea were identified in all samples, with the largest

proportion of Methanobrevibacter accounting for 99.64%,

followed by F_Methanomethylophilaceae|g_ Uncultured

at 0.25%, Methanosphaera at 0.11% and Candidatus

methanomethylophilus at 0.0034% (Figure 3A, Table 7).

The relative abundance of Methanobrevibacter was higher in

the 26.48% peNDF>1.18 treatment than that in the 24.75%

peNDF>1.18 treatment (p < 0.05). The relative abundance

of Methanosphaera was higher in the 32.97% and 24.75%

peNDF>1.18 treatments than that in the 29.93%, 28.14%, and

26.48% peNDF>1.18 treatments (p < 0.05).

The archaea varied greatly with treatments at the species

level (Figure 4). The dominant species for methanogenesis was

Methanobrevibacter sp. YE315, followed by Methanobrevibacter

boviskoreani JH1. The abundance and diversity of archaea are

similar between the groups of consecutive peNDF levels, while

the 32.97% peNDF>1.18 treatment was quite different from

other treatments. The relative abundance ofMethanobrevibacter

sp. YE315 was lower in the 32.97% peNDF>1.18 treatment
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TABLE 5 E�ects of di�erent contents of peNDF>1.18 in diets on ruminal fermentation characteristics in goats.

Items Dietary peNDF
>1.181 SEM p-value

32.97% 29.93% 28.14% 26.48% 24.75%

CH4 (L/d) 15.03b 16.12ab 16.37ab 17.93a 14.68b 0.32 0.003

CH4/DMI (L/kg) 22.84 23.53 22.52 22.38 21.52 0.25 0.431

Ruminal pH 6.1 6.2 6.2 6.3 6.1 0.07 0.263

Total VFAs (mmol/L) 76.30 78.57 83.42 85.28 83.10 4.29 0.476

Acetate (mmol/L) 54.61 56.05 60.39 61.98 59.03 2.94 0.376

Propionate (mmol/L) 12.38 13.57 14.63 14.59 14.05 0.33 0.295

Butyrate (mmol/L) 9.32 8.96 8.40 8.71 10.01 0.37 0.846

Acetate/Propionate 4.43 4.16 4.16 4.25 4.21 0.23 0.909

NH3-N (mg/100mL) 16.40ab 19.45a 19.70a 14.17ab 11.18b 1.06 0.020

MCP (mg/mL) 2.57a 2.40b 2.34b 2.28b 2.26b 0.04 0.009

1Different dietary peNDF>1.18 (particle size >1.18mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine (1mm sieve).

Different lettersa,b denote p < 0.05.

TABLE 6 E�ects of di�erent contents of peNDF>1.18 in diets on rumen microbial OTUs and alpha diversity of goats.

Items Dietary peNDF
>1.181 SEM p-value

32.97% 29.93% 28.14% 26.48% 24.75%

16S rRNA gene sequence analysis

Effective sequences 30,923 31,948 30,293 30,977 33,370 743.48 0.779

OUT number 87.00a 52.67b 51.00b 46.67b 54.67b 4.59 0.008

Chao1 126.89a 64.20ab 57.98ab 53.95b 65.50ab 9.24 0.038

Shannon 1.30a 0.61c 0.56c 0.60c 0.82b 0.07 < 0.001

Simpson 0.62a 0.23c 0.20c 0.23c 0.31b 0.04 < 0.001

ITS sequence analysis

Effective sequences 32,721 33,025 33,115 33,258 34,944 827.65 0.948

OUT number 458a 406bc 381c 441b 354c 80.59 < 0.001

Chao1 422.6ab 404.0b 357.2bc 482.3a 333.0c 19.96 < 0.001

Shannon 3.910a 3.051b 3.165b 3.113b 2.644c 0.077 < 0.001

Simpson 0.939a 0.837b 0.854b 0.835b 0.728c 0.008 < 0.001

1Different dietary peNDF>1.18 (particle size >1.18mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine (1mm sieve).

Different lettersa−c denote p < 0.05.

than that in other treatments (p < 0.05). The relative

abundance of M. boviskoreani JH1 was higher in the 32.97%

peNDF>1.18 treatment than that in other treatments (p

< 0.05).

Sequencing data and abundance of fungi

A total of 501,190 valid sequences that met quality control

were obtained from the fungal ITS sequencing analysis. Based on

97% sequence similarity from valid sequences, these sequences

were completely clustered into 1,013 OTUs with a mean of

301 ± 33.7 (mean ± SD, n = 3) OTUs per sample. The

average number of ruminal fungal OTUs was the greatest

in the 32.97% peNDF>1.18 treatment (p < 0.05), and the

lowest value was observed in the 28.14% peNDF>1.18 and

24.75% peNDF>1.18 treatments (Table 6). Both the Shannon-

Wiener index and Simpson index in the 32.97% peNDF>1.18

treatment were higher than that in other treatments, and in the

24.75 % peNDF>1.18 treatment was lower than that in other

treatments (p < 0.05). A total of 105 OTUs were shared across

the five treatments, and the number of sequences in shared

OTUs accounted for 89.78% of the total effective sequences

(Figure 1B).
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FIGURE 1

Venn diagram of the OTUs among the five treatments of archaea (A) and fungi (B). Long: 32.97% peNDF>1.18 treatment; Medium: 29.93%

peNDF>1.18 treatment; Short: 28.14% peNDF>1.18 treatment; Fine: 26.48% peNDF>1.18 treatment; Very fine: 24.75% peNDF>1.18 treatment.

FIGURE 2

PCoA analysis based on Brary-Curtis distance among the five treatments of archaea (A) and fungi (B). Distances between the samples, based on

similarity in OTU composition (OTU similarity ≥97%) calculated with Brary-Curtis distance, were visualized by principal coordinates analysis

(PCoA) plots. A greater distance between two samples inferred a lower similarity. The percentage of variation explained by PC1 and PC2 were

indicated in the axis.

The principal co-ordinate analysis (PCoA) was conducted

based on the Euclidean distances between the different

treatments, and the results are shown in Figure 2B. Each

treatment was evenly distributed among the clusters. All samples

tended to cluster together in accordance with their own ration

treatment. These results suggested strong differences in the

fungal structure among the treatments. Moreover, the samples

of 24.75% and 26.48% peNDF>1.18 treatment were clustered in

the same area, indicating that the fungal community structure of

the two treatments was more similar to that of other treatments.
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FIGURE 3

The histogram of the relative abundance of archaea at genus level (A) and fungi at phylum level (B). Long: 32.97% peNDF>1.18 treatment;

Medium: 29.93% peNDF>1.18 treatment; Short: 28.14% peNDF>1.18 treatment; Fine: 26.48% peNDF>1.18 treatment; Very fine: 24.75% peNDF>1.18

treatment.

TABLE 7 E�ects of di�erent contents of peNDF>1.18 in diets on rumen archaea abundance in goats.

Items Dietary peNDF
>1.181 SEM p-value

32.97% 29.93% 28.14% 26.48% 24.75%

Genus (%)

Methanobrevibacter 99.60ab 99.75ab 99.50ab 99.88a 99.46b 0.05 0.042

Methanosphaera 0.20a 0.05bc 0.07bc 0.04c 0.18ab 0.02 0.007

Species (%)

Methanobrevibacter sp. YE315 52.91c 88.62a 90.42a 88.06a 83.91b 3.78 < 0.001

Methanobrevibacter boviskoreani JH1 35.74a 5.29b 3.95c 2.42d 4.68bc 3.40 < 0.001

Haemonchus placei 8.39a 4.16b 3.63b 7.58a 8.17a 0.57 < 0.001

Methanobrevibacter sp. G16 1.16ab 0.99b 0.77bc 0.36c 1.61a 0.12 < 0.001

Methanobrevibacter millerae 1.30a 0.58b 0.54b 0.93ab 0.79b 0.08 0.001

Uncultured (%)

f__Methanomethylophilaceae|g_uncultured 0.20 0.20 0.42 0.08 0.37 0.05 0.114

1Different dietary peNDF>1.18 (particle size >1.18mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine (1mm sieve).

Different lettersa−d denote p < 0.05.

A total of 10 fungal phyla were identified in all samples,

seven of which were shared (Figure 3B). The top four most

abundant phyla ranked in descending order were Ascomycota,

Mucoromycota, Neocallimastigomycota, and Basidiomycota,

accounting for an average of 40.6, 36.8, 14.9, and 5.2% of

the total fungi at the phyla level, respectively. In addition

to Basidiomycota, the fungal community at the phylum

level differed significantly among the treatments (p < 0.05).

The relative abundance of Ascomycota was lowest in the

24.75% peNDF>1.18 treatment, followed by the 26.48%

peNDF>1.18 treatment (p < 0.05), while the relative abundance

of Mucoromycota was lowest in the 24.75% peNDF>1.18
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FIGURE 4

The cluster histogram of methanogen at species level. Long: 32.97% peNDF>1.18 treatment; Medium: 29.93% peNDF>1.18 treatment; Short:

28.14% peNDF>1.18 treatment; Fine: 26.48% peNDF>1.18 treatment; Very fine: 24.75% peNDF>1.18 treatment.

treatment, followed by the 26.48% peNDF>1.18 treatment

(p < 0.05). The relative abundance of Neocallimastigomycota

and Glomeromycota were higher in the 32.97% peNDF>1.18

treatment than that in other treatments (p < 0.05).

At the genus level, a total of 186 fungal genera were

detected, 14 of which were detected in all goats with an

average abundance of >1%, including o_GS23|f_uncultured,

f_Saccharomycetales_fam_Incertae_sedis|g_uncultured,

Candida, f_Neocallimastigaceae|g_uncultured, Neocallimastix,

Symbiotaphrina, Orpinomyces, o_Pleosporales|f_uncultured,

o_Agaricostilbales|f_uncultured, o_Sebacinales|f_uncultured,

f_Phaeosphaeriaceae|g_uncultured, Yarrowia,

Aspergillus, p_Ascomycota|c_uncultured (Table 8,

Supplementary Figure S1). The top 50 most abundant fungal

genera were displayed in heatmap (Supplementary Figure S2).

The dominant fungi at the genus level in the rumen of goats
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TABLE 8 E�ects of di�erent contents of peNDF>1.18 in diets on rumen fungi abundance in goats.

Items Dietary peNDF
>1.181 SEM P-value

32.97% 29.93% 28.14% 26.48% 24.75%

Phylum (%)

Ascomycota 47.05a 44.02a 44.38a 37.09b 30.27c 1.413 < 0.001

Mucoromycota 18.50d 35.90c 33.45c 42.20b 53.75a 1.302 < 0.001

Neocallimastigomycota 22.91a 13.80b 13.46b 13.25b 10.93b 1.359 < 0.001

Basidiomycota 7.63 4.84 6.55 3.30 3.55 0.685 0.188

Glomeromycota 0.41a 0.15c 0.34ab 0.24bc 0.11c 0.032 < 0.001

Genus (%)

Candida 5.068c 4.560c 21.419a 11.220b 2.308d 0.531 < 0.001

Yarrowia 2.145a 1.185b 0.914b 1.061b 1.275b 0.157 < 0.001

Rhexocercosporidium 0.852a 0.705ab 0.593bc 0.587bc 0.468c 0.055 < 0.001

Cercospora 0.801a 0.514b 0.293b 0.536ab 0.497b 0.083 0.002

Aureobasidium 0.689a 0.412ab 0.248b 0.564a 0.474ab 0.087 0.005

Macrorhabdus 0.322ab 0.288b 0.502a 0.237b 0.248b 0.059 0.007

Fusarium 0.442a 0.248b 0.316ab 0.333ab 0.231b 0.050 0.013

Batcheloromyces 0.339a 0.220ab 0.226ab 0.135b 0.237ab 0.044 0.014

Neocallimastix 6.660ab 7.399a 5.971b 4.035c 3.398c 0.379 0.013

Uncultured (%)

o_GS23|f_uncultured 17.429d 35.625c 33.339c 42.019b 53.386a 1.301 < 0.001

f_Saccharomycetales_fam_Incertae_sedis|g_uncultured 16.125b 22.282a 7.269d 9.504d 12.625c 0.773 0.009

o_Pleosporales|f_uncultured 3.550a 2.173bc 1.484d 2.551b 1.682cd 0.182 0.010

f_Didymellaceae|g_uncultured 0.988a 0.813ab 0.677b 0.649b 0.672b 0.084 0.011

f_Neocallimastigaceae|g_uncultured 11.243a 3.488bc 2.314c 5.401b 4.024bc 0.660 < 0.001

o_Sebacinales|f_uncultured 2.946a 2.196b 1.501c 2.331b 2.088b 0.137 < 0.001

1Different dietary peNDF>1.18 (particle size >1.18mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine (1mm sieve).

Different lettersa−d denote p < 0.05.

were Candida, Neocallimastix, and Orpinomyces, accounting for

an average of 8.92% and 5.49% of the total fungi at the genus

level, respectively. All the fungi at the genus level differed greatly

among the treatments (p < 0.05). The relative abundance of

Candida went up at first and then dropped with the decrease of

dietary peNDF>1.18 content from 32.97 to 24.75%, and reached

the maximum at the content of peNDF>1.18 was 28.1%. The

relative abundance of Neocallimastigomycota Neocallimastix

was the highest in the 29.93% peNDF>1.18 treatment, followed

by the 32.97% peNDF>1.18 treatment.

Functional prediction of rumen archaea
and fungi

The functional information of rumen archaea in each

treatment based on the functional prediction of archaea by

the Tax4Fun program and the SILVA database is summarized

in Table 9. We found that the functional prediction of rumen

archaea was significantly affected by dietary peNDF>1.18 levels.

The main gene functions of rumen archaea were associated

with amino acid metabolism, carbohydrate metabolism,

membrane transport, and replication and repair. The functional

classification prediction of rumen fungi in each treatment

based on the OTU abundance is shown in Table 10. The

rumen fungal functional guilds were significantly affected by

dietary peNDF>1.18 levels. The trophic mode revealed that the

most diverse fungal type was the pathotrophs. Meanwhile, the

guild classification implied that the most diverse guilds were

animal pathogens.

Correlation analysis

Correlations between microbiome composition and DM

intake, digestibility, and rumen fermentation parameters are

shown in Figure 5. The DM intake was negatively associated

with the relative abundance of s_Methanobrevibacter sp. G16,

s_M. boviskoreani JH1 and g_Methanosphaera (r < −0.6

and p < 0.05). The concentration of NH3-N was negatively

associated with the relative abundance of s_Haemonchus placei

(r < −0.7 and p < 0.05), and it was also positively correlated

with the relative abundance of s_Methanobrevibacter sp. YE315

and p_Ascomycota (r > 0.5 and p < 0.05). The concentration
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TABLE 9 E�ects of dietary peNDF>1.18 level on the functional prediction of rumen archaea (%).

Items Dietary peNDF
>1.181 SEM p-value

32.97% 29.93% 28.14% 26.48% 24.75%

Metabolism

Amino acid metabolism 10.258a 10.186ab 10.178b 10.184ab 10.048c 0.019 < 0.001

Biosynthesis of other secondary metabolites 1.066b 1.074b 1.097a 1.069b 1.003c 0.009 < 0.001

Carbohydrate metabolism 10.109d 10.234ab 10.285a 10.183bc 10.163c 0.017 < 0.001

Energy metabolism 6.009a 6.002a 6.034a 6.059a 5.828b 0.023 < 0.001

Enzyme families 2.231a 2.236a 2.233a 2.229a 2.199b 0.004 < 0.001

Glycan biosynthesis and metabolism 2.704a 2.712a 2.716a 2.735a 2.415b 0.033 < 0.001

Lipid metabolism 2.745b 2.702c 2.740b 2.738b 2.829a 0.012 < 0.001

Metabolism of cofactors and vitamins 4.619a 4.604a 4.543b 4.583ab 4.418c 0.020 < 0.001

Metabolism of other amino acids 1.536b 1.545ab 1.563a 1.543ab 1.463c 0.009 < 0.001

Metabolism of terpenoids and polyketides 1.746a 1.755a 1.723bc 1.738ab 1.702c 0.005 < 0.001

Nucleotide metabolism 4.344a 4.338a 4.282b 4.343a 4.239c 0.012 < 0.001

Xenobiotics biodegradation and metabolism 1.593b 1.573b 1.515d 1.546c 1.652a 0.013 < 0.001

Cellular processes

Cell growth and death 0.562b 0.574a 0.558b 0.565b 0.542c 0.003 < 0.001

Cell motility 2.554b 2.485b 2.728a 2.541b 2.860a 0.039 < 0.001

Transport and catabolism 0.365a 0.344b 0.370a 0.369a 0.334b 0.004 < 0.001

Environmental information processing

Membrane transport 9.374b 9.550b 9.511b 9.374b 10.242a 0.091 < 0.001

Signal transduction 1.489c 1.456c 1.538b 1.491c 1.586a 0.013 < 0.001

Signaling molecules and interaction 0.172b 0.171b 0.168b 0.171b 0.161a 0.001 < 0.001

Genetic information processing

Folding, sorting and degradation 2.588b 2.582b 2.589b 2.609b 2.523a 0.008 < 0.001

Replication and repair 9.607a 9.588a 9.502b 9.646a 9.455b 0.020 < 0.001

Transcription 2.699b 2.662bc 2.631c 2.644bc 2.830a 0.020 < 0.001

Translation 6.144b 6.142b 6.100bc 6.209a 6.085c 0.012 < 0.001

Human diseases

Cancers 0.106 0.107 0.107 0.106 0.106 0.001 0.179

Cardiovascular diseases 0.213 0.215 0.214 0.213 0.212 0.001 0.159

Infectious diseases 0.245a 0.242ab 0.240bc 0.240bc 0.238c 0.001 0.001

Metabolic diseases 0.116b 0.114c 0.117ab 0.119a 0.115bc 0.001 < 0.001

Neurodegenerative diseases 0.111a 0.105b 0.110ab 0.110ab 0.107ab 0.001 0.028

Organismal systems

Environmental adaptation 0.151c 0.151c 0.160a 0.154b 0.160a 0.001 < 0.001

Nervous system 0.107a 0.104bc 0.103c 0.105b 0.104b 0.001 < 0.001

Unclassified

1Different dietary peNDF>1.18 (particle size >1.18mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine (1mm sieve).

Different lettersa−d denote p < 0.05.

of MCP was negatively associated with the relative abundance

of p_Mucoromycota (r < −0.6 and p < 0.01), and it

was also positively correlated with the relative abundance of

p_Neocallimastigomycota and g_Neocallimastix (r > 0.6 and

p < 0.05). The daily CH4 production was negatively associated

with the relative abundance of s_M. boviskoreani JH1 and

s_Methanobrevibacter sp. G16 (r < −0.6 and p < 0.01), and

it was also positively correlated with the relative abundance

of g_Candida and s_Methanobrevibacter sp. YE315 (r > 0.6

and p < 0.05). The concentration of total VFAs was negatively

associated with the species s_M. boviskoreani JH1 (r < −0.5 and

p < 0.05). The acetate concentration was negatively associated

with the relative abundance of s_M. boviskoreani JH1 (r < −0.6

and p < 0.05). The propionate concentration was negatively

associated with the relative abundance of s_M. boviskoreani JH1

and s_Methanobrevibacter sp. G16 (r < −0.5 and p < 0.05). The
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TABLE 10 E�ects of dietary peNDF>1.18 level on the prediction of rumen fungal functional guilds.

Items Dietary peNDF
>1.181 SEM p-value

32.97% 29.93% 28.14% 26.48% 24.75%

Trophic mode Fun guild Guild OTU richness (%)

Symbiotroph Fungal parasite 12.67b 11.31b 8.25c 15.75a 10.94b 0.68 < 0.001

Arbuscular mycorrhizal 1.73a 0.69c 1.21b 1.54a 0.56c 0.12 < 0.001

Ectomycorrhizal 3.16a 0.74c 2.01b 1.17a 2.11c 0.23 < 0.001

Animal endosymbiont 11.95b 21.32a 10.01b 10.89b 7.36c 1.29 < 0.001

Saprotroph Wood saprotroph 14.73b 12.76b 14.30b 20.64a 9.99b 1.01 < 0.001

Soil saprotroph 6.17b 6.08b 5.75b 9.33a 4.92b 0.46 0.002

Undefined saprotroph 3.04a 2.35b 1.49c 2.86a 2.15b 0.15 < 0.001

Pathotroph Animal pathogen 47.40ab 38.34bc 28.62c 53.06a 37.36bc 2.42 < 0.001

Plant pathogen 4.42ab 4.34b 3.48b 5.95a 3.58b 0.27 < 0.001

1Different dietary peNDF>1.18 (particle size >1.18mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5mm sieve), very fine (1mm sieve).

Different lettersa−c denote p < 0.05.

digestibility of OM was negatively associated with the relative

abundance of p_Mucoromycota (r < −0.6 and p < 0.05), while

positively associated with the relative abundance of g_Candida

and p_Ascomycota (r > 0.6 and p < 0.05). The digestibility

of NDF was negatively associated with the relative abundance

of p_Mucoromycota (r < −0.6 and p < 0.05), while positively

associated with the relative abundance of p_Ascomycota,

p_Neocallimastigomycota, and g_Neocallimastix (r > 0.5 and

p < 0.05). The digestibility of ADF was negatively associated

with the relative abundance of p_Mucoromycota (r < −0.6 and

p< 0.05), while positively associated with the relative abundance

of p_Ascomycota, p_Neocallimastigomycota, g_Neocallimastix,

and g_Candida (r > 0.5 and p < 0.05). The digestibility of

DM was negatively associated with the relative abundance of

p_Mucoromycota (r < −0.6 and p < 0.01), while positively

associated with the relative abundance of p_Ascomycota and

g_Candida (r > 0.5 and p < 0.05).

Discussion

E�ects of dietary peNDF on apparent
nutrient digestibility

Due to the high forage content in ruminant feed, optimizing

forage particle size is a significant feeding strategy to improve

forage utilization for ruminants (Tafaj et al., 2005). A suitable

particle size would lead to rapid digestion and passage of feed

in the rumen, with less stimulation of masticatory activity and

rumen contraction (Mertens, 1997). Excessively small or fine

particle size would result in a decrease in rumen pH, negatively

affecting fiber digestion, feed intake, and feed efficiency (Tafaj

et al., 2005). In our recently published study, the feed intake of

goats increased first and then decreased with the decrease of

dietary peNDF>1.18 content from 33.0 to 24.8% (678 vs. 704

vs. 737 vs. 831 vs. 702 g/day), and reached the maximum at

the content of peNDF>1.18 was 26.5% (Xue et al., 2022). The

same trend appeared in the apparent digestibility of nutrients in

this study, with the highest and the lowest digestibility of DM,

OM, CP, NDF, and ADF observed in the 28.14% and 24.75%

peNDF>1.18 treatment. It may be that more feed particles

smaller than 1.88mm have a faster passage rate from the rumen

to escape rumen fermentation (Poppi et al., 1980), making

against the digestion of nutrients, especially for the fiber. Jang

et al. (2017) fed three diets with peNDF>1.18 content of 16.22,

23.85, and 21.71%, and found that the total rumen retention and

transit time of feed increased with the escalating peNDF>1.18

content in the diet, providing more time for the digestion of

nutrients. In addition, the particle size of ruminant feed also

affected rumination and chewing behavior (Ramirez Ramirez

et al., 2016; Jiang et al., 2019), determining the amount of

saliva produced and secreted. Saliva is a buffer for maintaining

ruminal pH, and acetate to propionate ratio, providing a stable

environment for the fermentability and proper growth of rumen

microbes (Banakar et al., 2018). Longer forage particles would

be reduced in size during the prolonged chewing process, so as

to partially eliminate the influence of particle length (Yang and

Beauchemin, 2006c). Since 1.18mm is considered the critical

length for retention of chyme granules in the rumen, stimulating

chewing and rumination behavior (Poppi et al., 1980, 1981),

the apparent digestibility is poorly different in goats-fed diets

with long (7 cm), medium (4 cm), and short (1 cm) forages

in this study. Wang et al. (2017) investigated the effect of

four dietary peNDF>1.18 levels (from 22.7% to 28.4%) on the

nutrient digestibility of heifers and found that the digestibility

increased when dietary peNDF>1.18 level increased from 22.7
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FIGURE 5

The correlation of dry matter intake, rumen fermentation parameters and nutrient digestibility with microbial abundance. The colors indicate

positive (red, closer to 0.81) or negative (blue, closer to −0.90) correlations.

to 25.9%, which was consistent with the results of this study.

However, other studies reported that increasing dietary peNDF

content reduced the apparent digestibility of DM, OM, NDF,

and ADF (Soita et al., 2002; Yang and Beauchemin, 2006a) or

did not affect the apparent digestibility (Park et al., 2014). The

discrepancy in these findings may be due to the different ways of

changing the content of peNDF and the type of concentrates.

Wang et al. (2017) used the same corn grain-based diet and

cut different forage lengths to control the peNDF content

of the diet. Other studies, however, used barley as the main

concentrate (Yang and Beauchemin, 2006a) or no concentrate

(Soita et al., 2002) in the diet or adjusted the mixing time of

TMR to control the content of dietary peNDF (Park et al.,

2014). Fermentability of concentrate is also one of the important

factors affecting the digestion of ruminants (Bekele et al., 2010).

Compared with corn, the higher fermentability of the grain may

be another factor affecting the digestion of nutrition (Yang and

Beauchemin, 2006b).

Oh et al. (2016) found that the nutrient digestibility linearly

increased with the dietary peNDF>1.18 content in heifers, in

which the peNDF>1.18 levels ranged from 27.50 to 30.36%. The

wide range of the peNDF>1.18 gradient (24.75–32.97%) in this

study was useful in depicting the locus of nutrient digestibility

with peNDF>1.18 levels. Regression analysis indicated that the

digestibility of all nutrients reached the peak at the dietary

peNDF>1.18 level of 30% (Table 4). The nutrient digestibility

was quadratically correlated to dietary peNDF>1.18 content,

and the inflection point falls in the range from 28.14 to

30.0%. Combining the results from Wang et al. (2017) and

Oh et al. (2016), we deduced that the nutrient digestibility

of ruminants kept on increasing when dietary peNDF>1.18

levels increased from 22.7 to 30.36%. It is well known that the
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increase in the residence time of feed in the gastrointestinal

tract would improve its digestive efficiency (Shaver et al., 1988;

Kaske and Engelhardt, 1990). In addition, the residence time

in the gastrointestinal tract of 1.00mm particles was 22.7 h less

than that of 10.00mm particles (Kaske and Engelhardt, 1990).

Combined with the results of nutrient digestibility in this study,

proper control of forage length (5.00–10.00mm) was beneficial

to the utilization of nutrients in goats.

E�ects of dietary peNDF on
characteristics of ruminal fermentation in
goats

Rumen pH reflects the balance between the production

and absorption of organic acids in the rumen of ruminants.

Physically effective fiber is the fraction of feed that stimulates

chewing activity and salivary secretion (Mertens, 1997), which

is beneficial to neutralizing excess hydrogen ions and therefore

helps prevent the reduction of rumen pH. Our results suggested

that dietary peNDF>1.18 content has no effect on rumen

pH and VFAs concentration in the rumen. This may be

due to the stable non-fibrous carbohydrate content across

the diets. Although the content of peNDF in the diet is an

important factor in maintaining the stability of the rumen

environment (Allen, 1997), the rumen pH is more affected by

the proportion of non-fiber carbohydrates in the diet, because

they are more easily degraded in the rumen (Nasrollahi et al.,

2012). Moreover, this study only measured the rumen pH at

the time of slaughter before morning feeding and did not

observe the dynamic change of rumen pH, all of this may

result that no significant difference was observed between

the groups.

However, our study found that the concentrates of NH3-N

andMCP in the rumen were affected by the dietary peNDF>1.18

content. As the length of the forage particles decreased, the

residence and fermentation time of the chyme in the rumen

were shortened (Kaske and Engelhardt, 1990), which may be

the reason for the low concentration of NH3-N and MCP in

very fine treatment (peNDF>1.18 = 24.75%). Rumen NH3-N

is an important nitrogen source for rumen microbial growth

and microbial protein synthesis (Pisulewski et al., 2010). Wang

et al. (2017) found that the ammonia concentration increased

significantly with the increase of particle size and dietary

peNDF>1.18 content, even though the peNDF>1.18 content

in the diet was low (22.7 to 28.4%). In this study, the NH3-

N concentration went up at first and then dropped with the

decrease of the dietary peNDF>1.18 content from 33.0 to 24.8%,

and reached the maximum at the content of peNDF>1.18 was

28.14%. This result is similar to the apparent digestibility of

nutrients, with a quadratic linear relationship between rumen

NH3-N and dietary peNDF>1.18 content.

Methane is the end-product of the degradation of dietary

carbohydrates into VFAs in the rumen (Pinares-Patiño et al.,

2007; Hylemon et al., 2018). Earlier studies have reported that

CH4 production was positively correlated with the rate of

feed degradation in vitro (Wang et al., 2014; Molina-Botero

et al., 2020). The methane production in the 24.5% peNDF>1.18

treatment was the lowest in this study, consistent with the results

of nutrient digestibility, this reduction might be related to the

decrease in feed fermentation rate in the rumen. Furthermore,

the variation in daily CH4 production when cattle are fed ad

libitum is largely due to the differences in feed intake and feed

nutritive value (Johnson and Johnson, 1995). The intake and

nutritional value of feed determine the fermentation substrate

of rumenmicroorganisms. A recentmeta-analysis demonstrated

a strong positive correlation between daily CH4 production and

DMI in finishing beef cattle (Smith et al., 2021). Hence, we found

that the variation trend of daily CH4 production was consistent

with the DMI when goats were fed diets with different levels of

peNDF (Xue et al., 2022), while the daily CH4 production per kg

DMI was not affected by the dietary peNDF content.

E�ects of dietary peNDF level on rumen
archaea

Archaea only account for 2–4% of the total rumen

microorganisms of ruminants, making it difficult to study

the structure and composition of rumen archaea (Lin et al.,

1997; Cruz et al., 2016). Furthermore, the strains identified

by in vitro culture were short of representation due to the

fact that these archaea are strictly anaerobic organisms (Paul

et al., 2017). Much more identification efforts are awaited

to describe the classification of major archaeal species (Paul

et al., 2017). Nevertheless, ruminal archaea are responsible for

converting hydrogen and carbon dioxide produced by other

fermenting microorganisms to methane, thereby playing a non-

negligible role in maintaining rumen metabolism and function

(Patra et al., 2017). In the current study, all sequences were

clustered into three genera with validly published names and

an unknown genus, and nine species with validly published

names and two unknown species. Moreover, we found that

Methanobacter was the most dominant genus in goat rumen,

which is consistent with the previously reported results in

buffaloes (Kala et al., 2020), goats (Fliegerova et al., 2021), sheep

(McLoughlin et al., 2020), and beef cattle (Paul et al., 2017).

The most dominant archaeal species was Methanobrevibacter

sp. YE315 and its relative abundance were significantly affected

by dietary peNDF content. Unfortunately, we have not found

any reports describing the role ofMethanobrevibacter sp. YE315.

The correlation analysis showed that the daily production of

CH4 was positively correlated with the relative abundance of

Methanobrevibacter sp. YE315, while negatively correlated with
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the relative abundances of bothMethanobrevibacter sp. G16 and

M. boviskoreani JH1. The relationship between methanogenesis

and the abundance of methanogens in the rumen has not

been unified in the literature. Previous studies suggested that

methane production was related to specific methanogens species

or to the overall abundance of methanogens (Wallace et al.,

2014; Danielsson et al., 2017). However, other reports showed

that there was no relationship between methane production

and the abundance of methanogens (Shi et al., 2014; Casañas

et al., 2015). The current study concluded that the low relative

abundance of methanogens in the rumen compared to fungi and

bacteria contributes to the low or no correlation with methane

production (Janssen and Kirs, 2008).

E�ects of dietary peNDF level on rumen
fungi

Fungi account for 5–20% of the total microbial mass in

the rumen of ruminants (Rezaeian et al., 2004). Fungi produce

a large, comprehensive array of enzymes necessary for the

digestion of plant material, such as cellulases, xylanases, and

other hydrolases (Solomon et al., 2016). Due to the diversity

and high activity of these enzymes, rumen fungi play a major

role in lignocellulose fermentation (Orpin and Joblin, 1997).

An earlier study showed that feeding a high proportion of

enriched diets resulted in a significant reduction or even

complete disappearance of fungal abundance in the rumen of

80% of lambs, while the fungal structure was restored to stability

after feeding Alfalfa hay (Fonty et al., 1987). Another study

also showed that increasing the proportion of concentrate in

the diet would reduce the total number of rumen fungi in

sheep (Faichney et al., 1997). These studies indicated that the

composition and structure of rumen fungi were affected by the

content of forage (fiber) in the diet. Rumen fungi are closely

related to the number of plant substrates in the rumen due

to their properties of colonizing fiber granules (Gordon and

Phillips, 1998). In addition, it has been reported that fungi play

an indispensable role in the degradation of cellulose in the

rumen because they can penetrate deeply into plant tissues that

are usually inaccessible to bacteria (Bauchop and Mountfort,

1981), which has been confirmed in controlling fungal activity

to change the degradation rate of plant cell walls (Lee et al.,

2000). Neocalimastigales family members play an important role

in degrading the feed materials that has complex structures and

are rich in cellulose, enabling the production of hydrogen gas

as a substrate for other rumen microorganisms (Boots et al.,

2013). The proportion of concentrate in the diet increased from

50 to 90% separated Neocallismastigales assemblies (Boots et al.,

2013). In this study, we found that the relative abundance

of f_Neocallimastigaceae|g_uncultured was the highest in the

32.97% peNDF>1.88 treatment and the lowest in the 28.14%

peNDF>1.88 treatment, indicating that the content of dietary

peNDF affected its abundance.Neocallimstixhaswas observed to

be the dominant fungal genus in the rumen of most ruminants

(Kittelmann et al., 2013), which is consistent with the results

of the current study. Neocallimastix produces lower amounts

of cellulolytic and xylanolytic enzymes than other fungi (e.g.,

Piromyces) (Teunissen et al., 1992). The content of peNDF

in the diet affected the abundance of Neocallimastix in this

study. Overall, diet plays an important role in maintaining

fungal diversity in the rumen of ruminants. The anaerobic

rumen fungal population in the rumen of cattle fed the same

growing stage forages was reduced compared with those fed

mature forages (Kostyukovsky et al., 1991). Notably, microbes

that comprise a larger proportion of the abundance contribute

significantly to the function of the rumen microbial ecosystem,

and a small subset of microbes in the rumen community may

have important, yet unrecognized, ecological functions (Singh

et al., 2015).

E�ects of dietary peNDF level on
microbial functions

In this study, we inferred the function of microorganisms

in the rumen of goats by Tax4Fun and FUNGuild. Many

genes from rumen microbiota are closely related to nutrient

metabolism, and therefore can be used to predict the function of

microbial activity in nutrient metabolism (Noecker et al., 2016).

The metabolic genes of archaea in the 24.75% peNDF>1.18

treatment is low, suggesting that low peNDF may not be

beneficial to the metabolic activities of archaea. The production

of methane is also associated with feed intake and rumen passage

rate in addition to the abundance or activity of methanogens

(Goopy et al., 2014; Fagundes et al., 2020). Both feed intake

and rumen passage rate may affect the growth of rumen

microbes (including methanogens) because they are related to

the microbial energy flux and microbial production time (Satter,

1986; Martínez et al., 2009). The lower DM intake in the 32.97%

peNDF>1.88 and 24.75% peNDF>1.88 treatments could result in

a decrease in the relative abundance of Methanobrevibacter sp.

YE315. The very fine forage particles in the 24.75% peNDF>1.88

treatment could increase the rumen passage rate, thus decreasing

the relative abundance of Methanobrevibacter sp. YE315. The

functional prediction value of carbohydrate metabolism was

observed to be lower in the 32.97% peNDF>1.88 and 24.75%

peNDF>1.88 treatments. These results were consistent with

the daily production of CH4. On the other hand, archaea in

rumen interact with fungi and bacteria (Patra et al., 2017).

Although little is known about archaea related to fungi, rumen

bacteria and archaea have been confirmed to interact through

interspecific hydrogen transfer (Patra et al., 2017). A clear link

between rumen fungal abundance and methane production
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has been demonstrated by experiments in vitro (Newbold

et al., 1995; Qin et al., 2012) and in vivo (Schönhusen et al.,

2003), implying that there was an association between fungi

and archaea.

Based on the mode of nutrient acquisition (trophic mode),

fungi can be classified into three main groups (Tedersoo et al.,

2014): saprotroph, nutrients derived from degradation of dying

host cells; symbiotroph, nutrients derived from exchanging

resources with host cells; pathotroph, nutrients derived from

harming host cells. Further, in these trophic modes, a total of 12

categories were included as guilds: animal pathogens, arbuscular

mycorrhizal fungi, ectomycorrhizal fungi, ericoidmycorrhizal

fungi, foliar endophytes, lichenicolous fungi, liche-nized fungi,

mycoparasites, plant pathogens, undefined root en-dophytes,

undefined saprotrophs, and wood saprotrophs. We found that

the guild OUT richness of pathotroph was the lowest in

the 28.14% peNDF>1.88 treatment while the highest in the

26.48% peNDF>1.88 treatment, indicating that the dietary

peNDF level of 26.48% was unfavorable to the rumen health of

the host.

Conclusion

To the best of our knowledge, this report is the first study to

investigate the effect of dietary peNDF levels on rumen fungal

diversity in goats. In this study, we reduced the content of

peNDF>1.18 in diets by reducing the chop length of forages,

and found that the community structures of rumen archaea and

fungi varied with the levels of dietary peNDF>1.18. Without

changing the composition of the diet, appropriately reducing the

levels of peNDF>1.18 in the diet contributed to higher nutrient

digestibility in goats, whereas excessive crushing resulted in

negative effects. The apparent digestibility of nutrients was

highest in the 28.14% PeNDF>1.18 treatment, indicating that

the nutrient utilization was optimal at this level of peNDF>1.18.

Therefore, we recommend that the content of peNDF>1.18 in

goat diets should be 28.14% (roughage chopped to 1 cm) to get

higher usage of feed. Moreover, whether the level of peNDF

in the diets affected the production performance of ruminants,

such as milk yield, growth performance, and meat quality, needs

to be further studied.
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