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Litter size influences rumen 
microbiota and fermentation 
efficiency, thus determining host 
early growth in goats
Dangdang Wang , Guangfu Tang , Junjian Yu , Yuanyuan Li , 
Yannan Wang , Luyu Chen , Xinjian Lei , Yangchun Cao * and 
Junhu Yao *

College of Animal Science and Technology, Northwest A&F University, Yangling, China

Introduction: Multiple litters are accompanied by low birth weight, low survival rates, 
and growth rates in goats during early life. Regulating rumen microbiota structure 
can indirectly or directly affect host metabolism and animal growth. However, the 
relationship between high litter size and rumen microbiome, rumen fermentation, 
and growth performance in goat kids is unclear.

Methods: In the present study, thirty 6-month-old, female goats were investigated, of 
which 10 goats were randomly chosen from single, twin and triplet goats respectively, 
and their birth weight was recorded. From birth, all goats were subjected to the same 
feed and management practices. Individual weaning and youth body weight were 
measured, and the rumen fluid samples were collected to characterize the bacterial 
communities and to determine the ruminal volatile fatty acids (VFA), free amino acids 
(AA), and free fatty acids (FA) concentration of those young goats.

Results and Discussion: Compared with the single and twin goats, triplet goats 
have lower weaning and youth body weight and average daily gain (ADG). Ruminal 
propionate, butyrate, and total VFA were decreased in triplet goats. Meanwhile, 
ruminal AA, such as branched chain amino acids (BCAA), essential amino acids 
(EAA), unsaturated fatty acids (UFA), and monounsaturated fatty acids (MUFA) were 
decreased, while saturated fatty acids (SFA) and odd and branched chain fatty 
acids (OBCFA) were increased in triplet goats. Our results also revealed that litter 
size significantly affected the rumen bacterial communities, and triplet goats had 
a lower the Firmicutes: Bacteroidota ratio, the abundance of Firmicutes phylum, 
Rikenellaceae family, and Rikenellaceae RC9 gut group, and had a higher proportion 
of Prevotellaceae family, and several genera of Prevotellaceae, such as Prevotella, and 
unclassified f Prevotellaceae. Furthermore, Spearman’s correlation network analysis 
showed that the changes in the rumen bacteria were associated with changes in 
rumen metabolites. In conclusion, this study revealed that high litter size could bring 
disturbances to the microbial communities and decrease the rumen fermentation 
efficiency and growth performance, which can be utilized to better understand 
variation in microbial ecology that will improve growth performance in triplet goats.
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Introduction

The goat is one of the oldest domesticated animal species, and more than 1,000 breeds of goats 
around the world (MacHugh and Bradley, 2001; Lai et al., 2016). It provides a range of products and 
plays economically important roles in human productive activity (Haenlein, 2004; Pulina et al., 
2018). In the goat industry, litter size is one of the most important economic traits (Akpa et al., 2011), 
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and improvement of the reproductive traits are associated with large 
profits for farmers. However, the number of fetuses in the litter could 
affect the fetal growth rates and subsequent birth weight of goats 
(Gootwine et al., 2007; Zhang et al., 2008). Moreover, lambs born in 
multi-fetus litters have lower pre- and postnatal survival rates of the 
goats (Christley et  al., 2003). Therefore, the detrimental impact of 
multiple litters on the birth weight and growth performance of goat kids 
should be more thoroughly studied.

Trillions of microbes colonize in the rumen and play crucial roles 
on metabolism and ruminant growth. This microbial cohort contains 
cellulolytic, hemicellulolytic, amylolytic, proteolytic, and lipolytic 
species, which ferment feedstuff to yield volatile fatty acids (VFA), free 
fatty acids (FA), and bacteria protein (O’Hara et  al., 2020). Those 
products of rumen microbial fermentation can meet most of the host’s 
energy and nutrition needs (Matthews et al., 2019). Recent studies found 
that the presence of a microbiome in the gut of fetal lambs (Bi et al., 
2021), and maternal gut and reproductive tract microbiome may affect 
the fetal microbiome and health (Rowe et al., 2020; Hummel et al., 
2021). Furthermore, studies also found that modulating the pregnant 
sow’s microbiome could improve reproductive efficiency (Jiang et al., 
2019) and piglet survival rate (Ma et al., 2020). However, little is known 
regarding the impact of litter size on early life programming of rumen 
microbiome and its implication for goat growth.

In this study, a total of 30 newborn female kids were selected from 
30 litters, one female kid per litter. Ten were randomly selected from 
single (litter size = 1[LZ1]), twins (litter size = 2[LZ2]), and triplets (litter 
size = 3[LZ3]) for sampling, respectively. The aim of this study was to (1) 
evaluate the effects of litter size on weaning and youth growth 
performance of goat kids, (2) investigate the impact of litter size on 
rumen fermentation [VFA, amino acids (AA), and FA] and rumen 
microbial communities of young goats, and (3) reveal the relationship 
between the litter size related rumen microbiota and microbial 
metabolites, and growth performance traits of young goats.

Materials and methods

Ethics statement

In the present study, all animal procedures were approved by the 
Institutional Animal Care and Use Committee of Northwest 
A&F University.

Animals and sample collection

Field experiment were performed at a Saanen goat farm in Baoji, 
Shaanxi (34°41′N, 109°09′E). Thirty ewes delivering in 1 week (third 
birth), including 10 ewes producing single, 10 ewes producing twins, 
and 10 ewes producing triplets, with each litter including at least one 
female newborn, were selected. After born, one female kid was chosen 
from each litter, 30 female kids in total, were randomly selected from 
these 30 litters for sampling. Briefly, 10 female kids were randomly 
selected from single, twins, and triplets, respectively, and named as LZ1, 
LZ2, and LZ3. And the birth weight of those kids was weighed within 
12 h after birth. And then, all kids were transferred to the kid barn with 
bottle-feeding of mixed milk collected from ewes. During pre-weaning 
phase (~90 days old), all goats were feed milk, alfalfa hay, and 
concentration mixture. After weaning, the goats were fed TMR with a 
60:40 forage to concentration ratio. The animals were fed three times 

daily at 0730, 1300, and 1900 h. Water was available ad libitum. The 
detailed feeding programs and ingredient compositions are shown in 
Supplementary Table S1.

The body weight, wither height, body length, and heart girth of 
weaning and 6-month-old (188.9 ± 0.4 days old, mean ± SE) of those 
three group goats were measured. And the rumen fluid sample of those 
young goats were collected via esophageal tube before morning feeding. 
Briefly, the first ~50 ml of rumen fluid was discarded to avoid saliva 
contamination, and the text 30 ml rumen fluid strained through four 
layers of sterile cheesecloth under a constant flux of CO2. Then the 
rumen fluid was aliquoted and stored at −80°C for further analysis.

Dry matter intake measurements

The feed intake of all goats was measured 1 week before sampling 
(171.9 ± 0.4 days old). In brief, feed offered to and refused by each goat 
was recorded continuously for 7 days. The feed samples were dried at 
65°C for 48 h to obtain dry matter content of ration. Daily dry matter 
intake (DMI) per goat was calculated by multiplying daily as-fed intake 
by dry matter content of ration.

Ruminal VFA assay

Ruminal VFA (acetate, propionate, butyrate, valerate, isobutyrate, 
and isovalerate) analysis were performed through separation and 
quantification by a GC (Agilent 7820A, Santa Clara, CA, United States) 
with a capillary column (AE-FFAP of 30 m × 0.25 mm × 0.33 μm; ATECH 
Technologies Co., Lanzhou, China; Li et  al., 2014). Briefly, thawed 
rumen fluid samples were centrifuged for 10 min at 13,500 rpm at 
4°C. To remove the protein, a 1.5 ml supernatant was mixed with 300 μl 
25%w/v metaphosphoric solution. After standing for 4 h at 4°C, the 
mixture was centrifuged for 10 min at 13,500 rpm at 4°C. Then 1 ml 
supernatant was moved into 200 μl 25% crotonic acid, and the mixture 
was collected into an EP tube passed through a 0.45-μm filter.

Ruminal free AA assay

The detection of ruminal free amino acids abundance were 
conducted using LC–MS/MS (Exion LC AC, QTRAP 5500, AB SCIEX, 
Framingham, MA, United States) according to method described as 
previously described (Chen et al., 2022). In brief, in order to precipitate 
proteins rumen fluid samples were mixed through with sulfosalicylic 
acid (10%, wt/vol) and centrifuged at 3,000 × g for 10 min at 4°C. Then 
the supernatant fluid was collected and filtered through a 0.45-μm filter.

Ruminal FA assay

Ruminal fatty acids composition was analyzed using the method of 
Sun and Gibbs (2012). The freeze-dried sample (0.3–0.4 g) was 
methylated with 4 ml of 0.5 mol/L NaOH/methanol for 15 min at 
50°C. Then the mixture was added 4 ml 2% HCl/methanol (v/v) and 
vortexed for 5 min, followed by a water bath (50°C) for 60 min. The 
extract was dissolved in 2 ml of heptane and then introduced to the GC 
(Agilent Technologies 7820A GC system, Santa Clara, CA, 
United States) equipped with a fused silica capillary column (SP-2560, 
100 m × 0.25 mm × 0.2 μm; Supelco Inc., Bellefonte, PA, United States).
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Bacterial DNA extraction and PCR 
amplification

The total DNA was extracted using the QIAamp DNA Stool Mini 
kit (QIAGEN, Germany) according to the manufacturer’s protocol. The 
DNA concentration was determined by using a Nanodrop-2000 
(Thermo Fisher Scientific, United States), and the purity was monitored 
on 1% agarose gel electrophoresis. The DNA was stored at −80°C until 
further processing. The amplicon library preparation was performed by 
polymerase chain reaction amplification of the V3-V4 region of the 16S 
rRNA gene using the primer pairs: 338F (5′-ACTCCTACGGGAG 
GCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). 
The PCR program was carried as previously described (Xue et al., 2018). 
Paired-end (2 × 300 bp) sequencing was performed on Illumina platform 
(Illumina, United States) according to the standard protocols (Caporaso 
et al., 2012).

16S rRNA sequencing analysis

The raw sequences were merged with FLASH (v1.2.11; Magoč and 
Salzberg, 2011) and quality filtered with fastp (0.19.6; Chen et al., 2018). 
Sequences were demultiplexing using QIIME2 v2021.8, and the 
construction of an amplicon sequence variant (ASV) table using 
DADA2 (Callahan et al., 2016). Bacterial 16S ASVs were assigned a 
taxonomy using the SILVA database v138 as the reference.

The alpha diversity diversities of the bacterial communities were 
determined using various diversity indices (Sobs, ACE, Chao 1, 
Shannon, Simpson) and calculated using the procedures within QIIME 
2. The NMDS (non-metric multidimensional scaling) graphs were 
performed based on Bray-Curtis distance and statistical significance was 
determined using analysis of similarities (ANOSIM) with 999 
permutations at the ASV level.

Statistical analysis

Differential DMI, growth performance traits (body weight, ADG, 
wither height, body length, and heart girth), and ruminal metabolites 
(VFA, AA, and FA) were tested by one-way ANOVA among three groups, 
and Student’s t-test was used between two groups. Orthogonal polynomials 
were used to determine the linear effects of increasing the litter size.

The taxa with different relative abundances among those three 
groups were identified by a Kruskal–Wallis test, and Wilcoxon rank-sum 
test was used between two groups with a false discovery rate (FDR) 
value <0.05 to correct the p values. The differences were statistically 
significant at p < 0.05 or a tendency of difference at p < 0.10. Spearman’s 
rank correlation coefficients were used to examine the correlations 
between bacterial abundance and rumen metabolites concentrations.

Results

Growth performance

In the present study, although there was no significant difference in 
birth weight between these three groups (p > 0.05). Numerically, the LZ3 
group (2.94 ± 0.20 kg) with lower birth weight compared to LZ1 
(3.21 ± 0.14 kg) and LZ2 (3.20 ± 0.12 kg) group (Supplementary Figure S1A).

The growth performance traits were shown in Figure 1. With the 
increased litter size, the weaning weight, ADG, and wither height of goat 
kids were linearly decreased (p < 0.05). Moreover, compared to the LZ1 
group, the weaning weight, ADG, and wither height were significantly 
lower in LZ3 group (t-test, p < 0.05).

And, there was no significant difference in DMI between the three 
groups (p = 0.729, Supplementary Figure S1B) at the youth period. 
With the increased litter size, the youth body weight, and ADG of 
young goats were linearly decreased (p < 0.05), the body length and 
heart girth had a tendency to decrease (p < 0.1). Furthermore, compare 
to the LZ1 group, LZ3 group had a lower body weight, ADG, heart 
girth (t-test, p < 0.05), and body length (t-test, p = 0.093) at the 
youth period.

Ruminal fermentation parameters

As shown in Table 1, with the increased litter size, the concentration 
of ruminal propionate, total VFA of young goats were linearly decreased 
(p < 0.05), the ruminal butyrate concertation had a tendency to decrease 
(p = 0.098). In addition, compare to the LZ1 group, LZ3 group had a 
lower propionate, total VFA (t-test, p < 0.05), and butyrate concentration 
(t-test, p = 0.093).

Then the difference in ruminal AA and FA were identified between 
the three groups. We found that the concentration of some essential 
amino acids (EAA), such as His, Trp, Lys, Phe, Val and total EAA 
concentration, were linearly decreased with the increased litter size 
(Table  2, p < 0.05). In addition, compared to the LZ1 group, the 
concentration of His, Cys, Val, Trp, Phe, Lys, and total EAA were 
significantly decreased in LZ3 group (t-student, p < 0.05), and the 
concentration of some AA, such as Leu, Pro, and total branched chain 
amino acids (BCAA) of LZ3 group, tended to be decreased than LZ1 
group (t-student, p < 0.1).

As shown in Table 3, the proportion of iso C14:0, anteiso C15:0, 
C15:0, saturated fatty acids (SFA), odd and branched chain fatty acids 
(OBCFA) and the ratio of SFA to UFA were linearly increased with the 
increased litter size (p < 0.05). And the proportion of C16:0, C18:1, 
C18:1t11, C18:1c9, unsaturated fatty acids (UFA) and monounsaturated 
fatty acids (MUFA) were linearly decreased with the increased litter size 
(p < 0.05). In addition, we  found that the proportion of iso C14:0, 
anteiso C15:0, C15:0, OBCFA were significantly increased and C16:0, 
C18:1t11, C18:1c9, C18:1, and MUFA were significantly decreased in 
the LZ3 group compared to the LZ1 group.

Together, our results revealed that with the increased litter size, the 
growth performance and rumen fermentation efficiency were 
linearly decreased.

Ruminal microbial diversity and structure

Based on the above results, the difference in rumen microbiota 
between LZ3 group and LZ1, LZ2 group were identified, to evaluate 
whether alterations of ruminal fermentative capacity were influence by 
rumen microbiota.

After size filtering, quality control, and chimera removal using the 
QIIME 2 pipeline, an average of 45,662 reads were generated for bacteria 
from a total 1,369,847 quality reads from 30 rumen fluid samples, with 
an average length of 416 bp. The calculated Good’s coverage exceeded 
99.9% for all samples.
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To compare bacterial community diversity across different groups, 
alpha-diversity and beta-diversity were evaluated. There were no 
significant differences in Sobs index, Ace index, Chao 1 index, Shannon 
index, and Simpson index among the three groups (Table 4, p > 0.05). 
And there were no significant difference in alpha-diversity indices 
between LZ1 and LZ3 group (p > 0.05). In a beta-diversity analysis 
(NMDS based on Bray-Curtis), the LZ1 and LZ2 group were clustered 
together and could not be distinguished (p = 0.477), whereas the LZ3 

group was clearly distinguished from the LZ1 and LZ2 group (Figure 2, 
p < 0.05).

Ruminal microbial composition

In total, 21 phyla, 32 classes, 71 orders, 120 families, and 237 genera 
were identified. More specifically, Firmicutes (50.2%), Bacteraioidota 

A

B

FIGURE 1

Effect of litter size on growth performance of weaning (A) and young (B) goats. Data are presented as mean± SEM, #p < 0.1, *p < 0.05, **p < 0.01.

TABLE 1 Effect of litter size on ruminal VFA (mM) concentration of young goats.

Items

Groups

SEM ANOVA Linear

T-test

LZ1 LZ2 LZ3
LZ1 vs. 

LZ2
LZ1 vs. 

LZ3
LZ2 vs. 

LZ3

Acetate 65.41 61.94 60.81 1.711 0.533 0.296 0.453 0.136 0.821

Propionate 23.32 18.44 15.85 1.244 0.041 0.015 0.084 0.030 0.679

Isobutyrate 0.83 0.82 0.74 0.040 0.571 0.317 0.839 0.376 0.378

Butyrate 10.89 9.99 8.41 0.587 0.255 0.098 0.546 0.093 0.279

Isovalerate 1.48 1.56 1.35 0.074 0.566 0.562 0.652 0.472 0.346

Valerate 0.95 0.86 0.84 0.038 0.487 0.268 0.335 0.252 0.872

Total VFA 102.89 93.59 88.01 2.981 0.058 0.019 0.140 0.021 0.343

Different letters (a, b) within a row means values with significantly different (p < 0.05). LZ1, single goat; LZ2, twin goats; LZ3, triplet goats; SEM, standard error of mean; VFA, volatile fatty acids.
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(43.1%), and Patescibacteria (3.4%) were the predominant phyla. The 
abundance of Firmicutes in LZ3 group was significantly lower than LZ2 
group, while the abundance of Bacteraioidota in LZ3 group was 
significantly higher compared to LZ1 and LZ2 group (p < 0.05). 
Meanwhile, the Firmicutes: Bacteraioidota ratio was significantly 
decreased in the LZ3 group (Supplementary Figure S2, p < 0.05).

As shown in Figure 3, Prevotellaceae (24.8%) was the most abundant 
family in LZ3 group. While, F082 was the most abundant family in LZ1 
(13.7%) and LZ2 (11.5%) group. Prevotellaceae abundance in LZ3 group 
was significantly higher than that in LZ1 and LZ2 group (p < 0.05). 
Conversely, the relative abundance of Rikenellaceae in LZ3 group was 
significantly lower than that in LZ1 group (p < 0.05). At the genus level, 
norank f F082 (11.6%), Prevotella (10.9%), Ruminococcus (9.6%), 
Rikenellaceae RC9 gut group (8.5%), Christensenellaceae R-7 group 
(6.8%), Oscillospiraceae NK4A214 group (6.6%), norank f Muribaculaceae 
(4.6%), Candidatus Saccharimonas (3.4%), unclassified c Clostridia 
(2.6%), and unclassified f Selenomonadaceae (2.5%) were the dominant 
(Figure 4). The abundance of Prevotella, unclassified f Prevotella and 
Prevotellaceae UCG-001 in LZ3 group were significantly higher than that 
in LZ1 and LZ2 group (p < 0.05). Succiiniclasticum abundance in the LZ3 
group were significantly higher than that in LZ1 group (p < 0.05). 
Conversely, the abundance of Rikenellaceae RC9 group and unclassified 
c Clostridia were significantly lower than that in LZ1 or LZ2 group 
(p < 0.05).

The correlation between ruminal 
metabolites and ruminal microbiota.

As shown in Figure  5A, those LZ3 enriched bacteria were 
negatively correlated with ruminal VFA concentration and growth 
performance traits of young goats. For example, the relative 
abundance of Prevotellaceae UCG-001 was negatively correlated 
with ADG, wither height, and ruminal butyrate concentration 
(p < 0.05). The relative abundance of Prevotella, and 
Succinniclasticum were negatively correlated with ruminal 
propionate, butyrate, valerate, and total VFA concentration 
(p < 0.05). And Rikenellaceae RC9 gut group had a significantly 
positively correlated with ruminal isobutyrate and butyrate 
concentration (p < 0.05).

And then, we analyzed the correlation between ruminal AA, FA, 
and litter size related bacteria genera (Figures  5B,C). The results 
showed that those LZ3 enriched bacteria were significantly negatively 
correlated with ruminal AA, UFA, and MUFA, such as Prevotella and 
ruminal BCAA, total EAA, anteiso C15:0, and OBCFA were 
negatively correlated but positively correlated with C18:1t11, UFA, 
and MUFA (p < 0.05). unclassified f Prevotellaceae were significantly 
negatively associated with almost all ruminal AA, such as Leu, His 
and total BCAA, and C18:1t11 but positively associated with OBCFA 
(p < 0.05).

TABLE 2 Effect of litter size on ruminal free AAs (μmol/L) concentration of young goats.

Items

Groups

SEM ANOVA Linear

T-test

LZ1 LZ2 LZ3
LZ1 vs. 

LZ2
LZ1 vs. 

LZ3
LZ2 vs. 

LZ3

Asp 676.37 648.45 477.92 50.957 0.383 0.192 0.844 0.178 0.196

Glu 493.67 386.59 308.05 43.990 0.365 0.168 0.432 0.197 0.400

Ser 510.03 350.57 272.34 41.714 0.111 0.042 0.172 0.052 0.347

His 218.90 151.60 88.51 20.520 0.079 0.026 0.248 0.015 0.131

Gly 623.72 435.52 314.51 54.070 0.121 0.044 0.221 0.05 0.221

Thr 312.16 238.87 180.60 31.639 0.165 0.064 0.192 0.09 0.499

Arg 55.66 73.68 69.06 7.211 0.629 0.482 0.335 0.539 0.860

Ala 1241.27 842.05 689.11 103.339 0.139 0.056 0.182 0.063 0.412

Tyr 325.64 247.81 184.84 25.144 0.142 0.051 0.271 0.059 0.203

Cys 103.17 71.43 50.32 8.397 0.074 0.025 0.169 0.022 0.236

Val 498.42 400.84 304.39 43.533 0.119 0.043 0.216 0.042 0.253

Met 228.32 199.71 147.64 22.096 0.253 0.102 0.399 0.106 0.264

Trp 52.81a 54.77a 25.69b 4.886 0.039 0.022 0.765 0.007 0.017

Phe 223.70 193.13 142.13 18.803 0.140 0.050 0.296 0.045 0.189

Ile 409.59 371.27 279.01 38.193 0.284 0.117 0.443 0.116 0.270

Leu 520.57 442.25 349.68 43.029 0.168 0.064 0.269 0.058 0.287

Lys 1146.40 907.48 691.25 100.219 0.109 0.039 0.199 0.043 0.236

Pro 182.17 124.67 116.13 11.297 0.070 0.036 0.054 0.058 0.783

BCAA 1541.47 1214.36 933.08 115.570 0.184 0.069 0.318 0.056 0.268

EAA 3971.65 3033.60 2277.97 294.093 0.125 0.044 0.254 0.040 0.226

NEAA 4155.95 3107.08 2413.21 314.136 0.140 0.052 0.236 0.055 0.277

Different letters (a, b) within a row means values with significantly different (p < 0.05). LZ1, single goat; LZ2, twin goats; LZ3, triplet goats; SEM, standard error of mean; Asp., aspartic acid; Glu, 
glutamic acid; Ser, serine; His, histidine; Gly, glycine; Thr, threonine; Cys, cysteine; Val, valine; Met, methionine; Trp, tryptophan; Phe, phenylalanine; Ile, Isoleucine; Leu, leucine; Lys, lysine; Pro, 
proline; BCAA, branched chain amino acids; EAA, essential amino acids; NEAA, non-essential amino acids.
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Discussion

Litter size is a critical and complicated economic trait within the 
goat industry. Small ruminants have a great frequency of multiple 
births, and past research has shown that the average litter size in goats 
varies from 1.30 to 2.37 (de Lima et al., 2020). However, few studies 

focus on the effect of high fertility on rumen fermentation and growth 
performance of offspring. In the present study, we  investigated the 
relationship between litter size and rumen fermentation, microbiota 
community, and growth performance of young goats. We found that 
LZ3 goats (triplets) have lower growth performance and rumen 
fermentation efficiency. Moreover, rumen microbiota structure and 

TABLE 3 Effect of litter size on ruminal FAs (g/100 g of total FAs, relative abundance >0.1%) of young goats.

Items

Groups

SEM ANOVA Linear

T-test

LZ1 LZ2 LZ3
LZ1 vs. 

LZ2
LZ1 vs. 

LZ3
LZ2 vs. 

LZ3

C12:0 1.19 1.38 1.66 0.133 0.438 0.207 0.491 0.193 0.501

iso-C14:0 0.75 1.28 1.32 0.110 0.060 0.036 0.046 0.008 0.898

C14:0 3.72 3.70 4.63 0.339 0.523 0.356 0.976 0.343 0.369

iso-C15:0 2.07 2.84 2.64 0.166 0.121 0.132 0.053 0.109 0.676

anteiso-C15:0 4.38b 6.12a 5.87a 0.270 0.013 0.024 0.003 0.018 0.739

C15:0 1.96 2.47 2.60 0.126 0.106 0.048 0.073 0.033 0.719

C16:0iso 2.14 2.48 2.73 0.178 0.456 0.217 0.401 0.225 0.62

C16:0 43.66 40.35 40.55 0.704 0.083 0.061 0.061 0.037 0.913

anteiso-C17:0 2.46 2.46 2.31 0.075 0.741 0.506 0.998 0.201 0.556

C18:0 5.45 7.57 7.05 0.499 0.204 0.194 0.094 0.081 0.741

C18:1t11 3.84a 2.96b 2.26b 0.175 0.001 <0.001 0.015 0.002 0.074

C18:1c9 14.57a 11.29b 10.97b 0.516 0.005 0.003 0.002 0.009 0.789

C18:1c11 2.88 1.59 2.99 0.289 0.084 0.912 0.014 0.902 0.089

C18:2cis9,12 5.62 5.04 5.34 0.367 0.799 0.728 0.501 0.771 0.768

C18:1 21.26a 16.90b 17.49b 0.604 0.002 0.003 <0.001 0.015 0.646

SFA 71.25b 75.60a 74.71a 0.676 0.010 0.018 0.003 0.052 0.558

UFA 28.75a 24.40b 25.29b 0.676 0.010 0.018 0.003 0.052 0.558

SFA/UFA 2.52b 3.05a 3.03a 0.096 0.027 0.020 0.005 0.054 0.949

SCFA 0.35 0.78 0.51 0.085 0.089 0.295 0.046 0.172 0.33

MCFA 62.22 64.26 63.94 0.773 0.517 0.364 0.253 0.356 0.897

LCFA 37.43 34.96 35.27 0.762 0.354 0.244 0.139 0.268 0.895

MUFA 22.80a 17.97b 18.60b 0.601 <0.001 0.001 <0.001 0.005 0.623

PUFA 6.50 6.43 6.68 0.300 0.947 0.846 0.915 0.818 0.756

OBCFA 15.33 18.98 19.44 0.833 0.082 0.043 0.053 0.034 0.842

Different letters (a, b) within a row means values with significantly different (p < 0.05). LZ1, single goat; LZ2, twin goats; LZ3, triplet goats; SEM, standard error of mean; SFA, saturated fatty acids; 
UFA, unsaturated fatty acids; SCFA, short chain fatty acids; MCFA, medium chain fatty acids; LCFA, long chain fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; 
OBCFA, odd and branched chain fatty acids.

TABLE 4 Alpha-diversity comparisons in the rumen microbiota among the different groups.

Index

Groups

SEM
Kruskal–Wallis 

test

Wilcoxon rank sum test

LZ1 LZ2 LZ3
LZ1 vs. 

LZ2
LZ1 vs. 

LZ3
LZ2 vs. 

LZ3

Sobs 566.5 611.5 645.6 21.92 0.309 0.341 0.119 0.676

Ace 571.2 616 650.7 22.21 0.309 0.341 0.119 0.676

Chao1 571.5 615.2 650.1 22.26 0.309 0.341 0.119 0.676

Shannon 5.11 5.3 5.31 0.080 0.487 0.309 0.305 0.909

Simpson 0.025 0.016 0.02 0.003 0.321 0.108 0.790 0.425

LZ1, single goat; LZ2, twin goats; LZ3, triplet goats; SEM, standard error of mean.
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composition between LZ3 group and LZ1, LZ2 group were different. 
And these differences in rumen microbiome were associated with a 
decrease in rumen metabolites, such as propionate, total VFA, 
and EAA.

Rumen microbiota plays a fundamentally important role in the 
development of rumen function and metabolism at the host. Previous 
studies confirmed the correlations of ruminal microbial features with 
the ruminants’ phenotypic characteristics, such as rumen fermentation 
products (Kamke et al., 2016; Wallace et al., 2019), feed efficiency (Myer 
et  al., 2015; Shabat et  al., 2016; Xue M.-Y. et  al., 2022), and milk 
production (Jami et al., 2014; Xue et al., 2020). According to our current 
study, triplet kids lead to significant alterations in the microbiota 
structure of rumen, which had lower pre-weaning and youth 
growth performance.

Similar to previous studies (Jami et al., 2013; Li et al., 2019; Tong 
et al., 2022), we also observed that Firmicutes, and Bacteraioidota were 
the predominant bacterial phylum in the ruminal ecosystem. The 
abundance of Firmicutes, Bacteraioidota, and the ratio of Firmicutes to 
Bacteraioidota were different in different litter sizes. The phyla 
Firmicutes and Bacteraioidota were known for polysaccharide 

FIGURE 2

Non-metric multidimensional scaling plot based on ASV level to 
identify differences in microbial community structure among different 
groups.
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FIGURE 3

Compositions of the rumen microbiota among the different groups at family level. (A) Relative abundance of major family, (B) Prevotellaceae, 
(C) Rikenellaceae. Data are presented as mean ± SEM, *p < 0.05, **p < 0.01.
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FIGURE 4

Composition of the rumen microbiota among the different groups at genus level. (A) Relative abundance of major genus, (B) Prevotella, (C) unclassified f 
Prevotellaceae, (D) Prevotellaceae UCG-001, (E) Succiniclasticum, (F) Rikenellaceae RC9 gut group, (G) unclassified c Clostridia. Data are presented as 
mean ± SEM, #p < 0.1, *p < 0.05.

https://doi.org/10.3389/fmicb.2023.1098813
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fmicb.2023.1098813

Frontiers in Microbiology 08 frontiersin.org

A

B

C

FIGURE 5

Heatmap showing association between growth performance, ruminal metabolites and rumen microbiota of young goats. The relationship between rumen 
microbiota and growth performance, rumen VFA (A), AA (B), and FA (C) of young goats. The color gradient represents the values of correlation coefficients. 
Red and blue indicate positive and negative correlations, respectively. #p < 0.1, *p < 0.05, **p < 0.01.

fermentation. And Wang et al. (2019) found that an improved intestinal 
Firmicutes: Bacteraioidota ratio could allow the host to absorb more 
energy from the diet and to store energy.

Moreover, we found that rumen fermentation products, such as 
total VFA, propionate, butyrate, EAA, and BCAA concentrations, 
which were decreased in triplet goats, had negatively associated with 
those members of Prevotellaceae family. Rumen VFA and EAA are the 
major energy and nutrients for animal growth, health and production 
(Maeng et al., 1976; Van Houtert, 1993; Xue et al., 2019). His and Trp 
were the limiting AA for growing goats (Onodera, 2003; Ma et al., 
2010), and some cell experiments demonstrated that the addition of His 
activated the mTOR pathway, which up-regulated phosphorylation of 
the downstream protein and ultimately prompted protein synthesis 
(Appuhamy et  al., 2012). In the current study, the abundance of 
Prevotellaceae family and several genera of it, such as Prevotella, 
unclassified f Prevotellaceae, Prevotellaceae UCG-001, were higher in 
triplet goats. Prevotella species had a documented role in metabolism 
of carbohydrates, such as hemicellulose, starch, xylan, and pectin 
(Kabel et al., 2011; De Filippis et al., 2019), and nitrogen (Kim et al., 
2017). Recent studies suggested the abundance of Prevotellaceae family 
was negatively correlated with feed efficiency in ruminants (Paz et al., 
2018; Zhang et  al., 2021). Rumen Prevotella, and Prevotellaceae 
UCG-001 abundance were reported to be negatively correlated with 
propionate and AA concentrations (Bi et al., 2018; Tong et al., 2020; Liu 

et  al., 2022; Xue B. et  al., 2022), and higher in inefficient animals 
(Carberry et al., 2012; Mccann et al., 2014).

Dietary lipid plays an important role in rumen metabolism and 
animal production. Moreover, dietary FA are extensively hydrogenated 
and isomerized by rumen microbes. These transformations directly 
determine milk and meat FA composition, which is a criterion of the 
nutritional quality of the products (Chilliard et al., 2007). We observed 
that ruminal OBCFA and its main constituent FA, anteiso C15:0, were 
higher in triplet goats. OBCFA are synthesized by ruminal bacteria using 
the precursors, such as propionate, valerate, BCAA, and incorporated in 
their cell membrane (Vlaeminck et al., 2006). A previous study showed 
that rumen cellulolytic bacteria contain relatively high amounts of 
OBCFA (Fievez et al., 2012). This is consistent with our finding that 
those members of Prevotellaceae family (mainly cellulolytic bacteria), 
which were enriched in the rumen of triplet goats, were positively 
associated with OBCFA. Therefore, these triplets enriched bacteria may 
produce less ruminal VFA, and AA, and utilize more propionate, and 
BCAA to produce OBCFA, which leads to less energy and nutrient 
supply for animal growth in triplet goats.

Ruminal butyrate concentration, the proportion of C16:0, C18:1 
components (such as C18:1, C18:1t11, and C18:1c9), and MUFA were 
lower in triplet goats. UFA, especially MUFA, have taxic effects on rumen 
methanogenic archaea, which lead to the reduction of methane production 
(Beauchemin et al., 2008). An in vitro study found that oleic acid (C18:1c9) 
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supplementation in diet can reduce methane production (Wu et al., 2016). 
Moreover, the results showed that the abundance of Rikenellaceae RC9 gut 
group was lower in the rumen of triplet goats, which were positively 
correlated with ruminal butyrate, C16:0, C18:1t11, and negatively 
correlated with ruminal anteiso C15:0 and OBCFA. Rikenellaceae RC9 gut 
group can reportedly degrade structural carbohydrates and starch in the 
rumen (Asma et al., 2013), and be involved in the production of VFA 
(Graf, 2014) and the scavenging of H2. A recent study found that the 
Rikenellaceae RC9 gut group abundance was associated with an increase of 
the feed efficiency trait (Andrade et al., 2022). These bacteria may play 
roles in rumen fermentation and animal growth. Based on the results, it 
would be  promising to develop probiotics that promote the “single-
enriched” and inhibit the “triplets-enriched” bacterial taxa to improve 
rumen efficiency and growth rates in young goats.

Conclusion

In conclusion, the present study disclosed the differences in rumen 
microbiota composition, rumen fermentation, and growth performance 
between single, twin, and triplet goats. Our study revealed that triplet 
goats have lower growth performance and rumen fermentation 
efficiency. The Prevotellaceae family, and several genera of 
Prevotellaceae, such as Prevotella, were higher in the rumen of triplet 
goats, whereas the abundance of Rikenellaceae RC9 gut group was lower 
in the rumen of triplet goats. Our results revealed the change in rumen 
microbiome composition may affect the rumen metabolism, thus 
slowing the growth rates in triplet goats. Overall, our study generated 
relevant information for manipulating rumen microbiome and 
improving rumen function that will increase the feed efficiency and 
growth performance in goats.
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