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Abstract 

Background Ruminal microbiota in early life plays critical roles in the life-time health and productivity of ruminant 
animals. However, understanding of the relationship between gut microbiota and ruminant phenotypes is very 
limited. Here, the relationship between the rectum microbiota, their primary metabolites, and growth rate of a total 
of 76 young dairy goats (6-month-old) were analyzed, and then 10 goats with the highest or lowest growth rates 
respectively were further compared for the differences in the rectum microbiota, metabolites, and animal’s immune 
parameters, to investigate the potential mechanisms by which the rectum microbiota contributes to the health and 
growth rate.

Results The analysis of Spearman correlation and microbial co-occurrence network indicated that some keystone 
rectum microbiota, including unclassified Prevotellaceae, Faecalibacterium and Succinivibrio, were the key modulators 
to shape the rectum microbiota and closely correlated with the rectum SCFA production and serum IgG, which con-
tribute to the health and growth rate of young goats. In addition, random forest machine learning analysis suggested 
that six bacterial taxa in feces could be used as potential biomarkers for differentiating high or low growth rate goats, 
with 98.3% accuracy of prediction. Moreover, the rectum microbiota played more important roles in gut fermentation 
in early life (6-month-old) than in adulthood stage (19-month-old) of goats.

Conclusion We concluded that the rectum microbiota was associated with the health and growth rate of young 
goats, and can be a focus on the design of the early-life gut microbial intervention.

Keywords Early life, Goat, Growth performance, Rectum microbiota, SCFA

Background
Domestic ruminants are characterized by a complex 
gastrointestinal system, which can convert low-quality 
dietary substrates that are unsuitable for human con-
sumption into animal protein. Typically, scientists have 
focused much of their attention on understanding the 
ruminal micro-ecosystem and revealed that rumen 
microbiome features can be linked to the animal’s eco-
nomically important traits, such as feed digestion 
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efficiency [1, 2], and milk production [3]. However, 
microbiome in the hindgut also plays an important role 
in ruminant nutrition, health, and productivity, particu-
larly in early life of animals [4, 5], hence, work in this area 
needs to be further investigated.

In humans and mice, recent studies have demonstrated 
the existence of the mechanistic causal relationship 
between gut microbiota and host health [6–8]. More and 
more studies are investigating the importance of hind-
gut microbiota in the health and production of livestock 
[9]. Several systematic studies revealed the correlation of 
hindgut microbiome with pig phenotypes, and found that 
fecal microbiota transplantation can introduce some spe-
cific bacteria to the recipients, which can prevent animal 
diarrhea [10], and promote host fat accumulation [11] 
and growth performance [12]. In ruminants, there are a 
few studies that explored the hindgut microbial composi-
tion and function, compared with the studies conducted 
in the rumen [13]. These studies suggested a link between 
hindgut microbiota and ruminant production and health 
[14, 15]. Furthermore, hindgut microbial fermentation of 
carbohydrates produces a wide-array of microbial metab-
olites (such as short-chain fatty acids, SCFA), which are 
beneficial to the host and bacterial growth [13, 16], and 
play a role in regulating the immune system and inflam-
matory responses [17, 18]. However, our understanding 
of how the hindgut microbiota and their metabolites 
affect the health and growth performance of ruminant 
animals is limited, and the best time window for modula-
tion of hindgut microbiota remain unclear.

Therefore, we raised two questions in the present 
study: (1) How does the hindgut microbiota affect the 
growth performance and health of young ruminants? and 
(2) Could the hindgut microbiota and their metabolites 
be used as markers for classifying the young animals with 
different growth rates? To answer the questions, we used 
76 young goats with different growth rates as model ani-
mals, fed them with the same diet, kept them under the 
same condition, determined their rectum microbiota in 
young and adult stages, and analyzed the relationships 
between the animal’s growth rate and microbiota features 
or metabolites. These studies may help us to develop 
potent community modulation and intervention strate-
gies for improving feed efficiency and growth perfor-
mance of young ruminants.

Materials and methods
Ethics statement
This experiment was conducted at the Animal Research 
and Technology Center of Northwest A&F University 
(Yangling, Shaanxi, China, 34.2722° N, 108.0846° E), and 
it was performed in accordance with the recommended 
guidelines from the Administration of Affair Concerning 

Experimental Animals (Ministry of Science and Technol-
ogy, China, revised 2004). The protocol was approved 
by the Institutional Animal Care and Use Committee at 
Northwest A&F University.

Experiment animals and sampling
A total of 76 healthy, female, Guanzhong goats were ini-
tially used in this experiment. They had no history of 
administration of any antimicrobial agents (antibiotics, 
antifungals or antivirals) or suffering from any infectious 
disease. Their birth weights were recorded immediately 
after birth, and kids were reared together under the same 
environmental condition. After weaning (3-month-old), 
they were fed the same diet. The diet ingredients and 
feeding programs are shown in Additional file 1: Table S1.

Goats were weighed at the age of 6-month-old 
(188.2 ± 0.40 d, mean ± SE) to calculate the average of 
daily weight gain (ADG, g/d) from birth. The average 
of ADG for all 76 goats was 109 ± 1.72 g/d with a coef-
ficient of variation of 13.73%. All 76 goats were ranked 
according their individual ADG, then the top 10 goats 
were selected as the high growth rate group (HADG, 
ADG: 132.8 ± 1.86 g/d), and the bottom 10 goats selected 
as low growth rate group (LADG, ADG: 84.8 ± 2.19 g/d). 
At the age of 19 months, four goats from both HADG 
and LADG groups were excluded because of diarrhea 
[two goats], fever [one goat], or dermatoses [one goat], 
so there were 8 adult goats in each group for further 
study, the remained adult HADG and LADG goats were 
renamed as HAL and LAL (n = 8 each group).

Fecal samples of all young goats (6-month-old, n = 76), 
and 16 healthy adult goats (19-month-old, HAL and LAL, 
n = 8 each group) were taken from the rectum. In brief, 
all sample (76 young goats and 16 adult goats) collection 
was programmed over 3 d in 3 h intervals so that all 24 
samples represented every hour of a 24-h feeding cycle. 
Samples were immediately snap-frozen in liquid nitro-
gen. At the end of sampling period, all 24 samples for 
each goat were pooled, mixed, and homogenized using 
a sterile slap homogenizer. Then, about 1 g of subsample 
was taken and stored at −80 °C for metagenomic DNA 
extraction. All fecal samples were subjected to fecal dry 
matter determination [19]. The remainder sample was 
stored at −20 °C for SCFA extraction and analysis.

Blood samples were drawn from the jugular vein of 
HADG and LADG goats (n = 10 each group) into endo-
toxin free evacuated tubes 0–1 h before morning feeding. 
Samples were centrifuged at 3500 × g for 15 min at 4 °C 
for serum collection. All serum samples were stored at 
−80 °C until further processing and analysis.

The feed intake of HADG and LADG goats (n = 10 
each group) were measured one week before sampling 
(171.2 ± 0.40 d). In brief, feed offered to and refused by 
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each goat was recorded continuously for 7 d. The feed 
samples were dried at 65 °C for 48 h to obtain dry matter 
content of the ration. Daily dry matter intake (DMI) per 
goat was calculated by multiplying daily as-fed intake by 
the dry matter content of the ration. There was no sig-
nificant difference in DMI between HADG and LADG 
(1.03 ± 0.03 vs. 1.01 ± 0.02, P = 0.735, t-test).

DNA extraction and 16S rRNA gene sequencing
DNA of fecal samples from 76 young goats and 16 
adult goats (HAL and LAL) was extracted using the 
E.Z.N.A.®Stool DNA kit (Omega Bio-Tek, Norcross, GA, 
USA) according to the manufacturer’s protocol. The DNA 
concentration was measured with a Nanodrop-2000 
(Thermo Fisher Scientific, Wilmington, DE, USA) and 
the quality was assessed using 1% agarose gel electropho-
resis. Bacterial 16S rRNA gene fragments (V3-V4) in the 
extracted DNA were amplified using the forward prim-
ers 338F (5′-ACT CCT ACG GGA GGC AGC AG-3′) and 
the reverse primer 806R (5′-GGA CTA CHVGGG TWT 
CTAAT-3′). PCR products were visualized on 2% aga-
rose gels and purified using the QIAquick gel extraction 
kid (Qiagen, Dusseldorf, Germany). All amplicons were 
sequenced using the paired-end (PE300) method on a 
MiSeq platform (Illumina, San Diego, USA) following the 
standard protocols.

Illumina sequencing data analysis
The raw sequences were merged with FLASH (v1.2.11) 
[20] and the quality filtered with fastp (0.19.6) [21]. 
Sequences were imported into QIIME2 v2021.8 for 
demultiplexing and the construction of an amplicon 
sequence variant (ASV) table using DADA2 [22]. Bacte-
rial 16S ASVs were assigned a taxonomy using the SILVA 
database (version 138) as the reference, singletons were 
removed and a table of ASV counts per sample was 
generated. Furthermore, phylogenetic investigation of 
communities by reconstruction of unobserved states 2 
(PICRUSt2) analysis (https:// github. com/ picru st/ picru 
st2) [23] was used to predict the metagenome based on 
the ASV table, and then the metagenome functions were 
predicted and the data were exported into levels 1 and 2 
of Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database pathways.

Alpha diversity indices including the richness esti-
mate and Shannon diversity index were calculated using 
QIIME 2 at the ASV level. The principal coordinate anal-
ysis (PCoA) was performed based on Bray-Curtis dis-
tance, and statistical significance was determined using 
analysis of similarities (ANOSIM) with 999 permutations 
at the ASV level.

Fecal SCFA, ammonia nitrogen and lactate assays
The concentrations of SCFA (acetate, propionate, 
butyrate, valerate, isobutyrate, isovalerate and 2-meth-
ylbutyrate) were determined using gas chromatography 
(Agilent 7820A, Santa Clara, CA, USA) with a capillary 
column (AE-FFAP of 30 m × 0.25 mm × 0.33 μm; ATECH 
Technologies Co., Lanzhou, China) according to method 
described by a previous study [24]. In brief, the fecal 
samples were weighed (about 1.0 g) and added to 3.0 mL 
distilled water and vigorously vortexed, and the mix-
ture was centrifuged at 12,000 × g at 4 °C for 15 min for 
ammonia nitrogen, lactate, and SCFA analyses. To take 
into account the variation in water content between fecal 
samples, the final concentrations (ammonia nitrogen, 
lactate, and SCFA) were adjusted by fecal dry matter.

For determination of SCFA, 2 mL supernatant was 
mixed with 400 μL of 25% metaphosphoric acid (w/v), 
after standing for 4 h at 4 °C, the mixture was centrifuged 
at 16,000 × g at 4 °C for 10 min. Then 200 μL crotonic acid 
(10 g/L) was added to an aliquot (200 μL) of the superna-
tant and then filtered through a 0.45 μm filter. The injec-
tor and detector temperatures were set at 200 and 250 °C, 
respectively. The column temperature was increased 
from 45 °C to 150 °C at a 20 °C/min ramp and then held 
for 5 min.

The ammonia nitrogen concentration in feces was 
determined using the colorimetric method of Broderick 
et al. [25]. And the lactate concentration in the superna-
tant was assayed by spectrophotometry using a commer-
cial kit (Nanjing Jiancheng Co., Nanjing, China).

Detection of serum immune parameters
The serum IgG concentration was determined using a 
goat IgG ELISA Quantitation set (Bethyl Laboratories, 
Montgomery, TX, USA) according to the manufactur-
er’s protocol. Serum was diluted in Tris-buffered saline 
(TBS)-Tween 20 (50 mmol/L Tris, 0.14 mol/L sodium 
chloride, 0.05% Tween 20) to a final dilution factor of 
2.5 ×   105. Absorbance was read using a BioTek Synergy 
HT micro plate reader (BioTek Instruments, Inc., Win-
ooski, VT, USA) at a wavelength of 450 nm. The serum 
albumin (ALB) and globulin (GLB) were assayed as 
described by Fan et al. [26]. The AGR was calculated as 
ALB divided by GLB.

Construction of microbial co‑occurrence networks based 
on random matrix theory
The global microbial co-occurrence network was con-
structed for the rectum microbial community in HADG 
and LADG goats using a random matrix theory (RMT) 
based pipeline with default parameters as described by 
Deng et al. [27] to identify microbial interactions. Briefly, 

https://github.com/picrust/picrust2
https://github.com/picrust/picrust2
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The ASVs detected in < 50% of all samples were excluded 
due to a drastic effect of ASV sparsity on the precision 
and sensitivity of network inference [27, 28]. A similar-
ity matrix, which measures the degree of concordance 
between the abundance profiles of individual ASVs 
across different samples, was then obtained by using 
Pearson correlation analysis of the abundance data [29]. 
The fast-greedy modularity optimization procedure was 
used for module separation. The within-module degree 
(Zi) and among-module connectivity (Pi) were calculated 
and plotted to generate a scatter plot for each network. 
In this study, we used the simplified classification as fol-
lows: (i) Peripheral nodes (Zi ≤ 2.5, Pi ≤0.62), which had 
only a few links and almost always to the nodes within 
their modules, (ii) Connectors (Zi ≤ 2.5, Pi > 0.62), which 
were highly linked to several modules, (iii) Module hubs 
(Zi > 2.5, Pi ≤0.62), which were highly connected to many 
nodes in their own modules, and (iv) Network hubs 
(Zi > 2.5, Pi > 0.62), which acted as both module hubs and 
connectors. From an ecological perspective, peripheral 
nodes represent specialists whereas the other three are 
generalists [27].

Random forest classifier construction
The randomForest package in R was used for the random 
forest analysis [30] on data of the rectum bacteria, SCFA, 
and serum immune parameter. For 16S rDNA and SCFA 
data, each genus and each SCFA were considered as a 
feature. All the features were taken as training datasets 
with random forest algorithm using the rfcv function in a 
R package ‘randomForest’ and then each feature’s impor-
tance score was calculated through the permuting values 
of this feature and then calculating and normalizing the 
difference of out-of-bag errors before and after a per-
mutation. Meanwhile, mean decrease accuracy (MDA) 
from the importance matrix was used to select features. 
Receiver operating characteristic (ROC) analysis was 
performed to measure the quality of the classification 
models by the R software package pROC (v1.16.2). ROC 
curve results were plotted manually by the true positive 
rate against the false positive rate. ROC curves were con-
structed, and the area-under-the ROC curve (AUC) was 
used to designate the ROC effect.

Statistical analysis
The differences in DMI, fecal SCFA, and serum param-
eters (ALB, GLB, AGR, and IgG) between two groups 
(HADG vs. LADG [n = 10 each group], HAL vs. LAL 
[n = 8 each group], young goats [6-month-old, n = 20] vs. 
adult goats [19-moth-old, n = 16]) were compared using t 
test, and P values < 0.05 were considered statistically sig-
nificant. The differences in rectum microbial α-diversity, 
family, and genera, KEGG pathways between two groups 

were compared using Wilcoxon rank-sum test, and P val-
ues < 0.05 were considered significant. P values obtained 
during multiple comparisons within each analysis were 
adjusted to reflect the false discovery rate using the 
Benjamini-Hochberg (HB) algorithm. Correlation analy-
sis between rectum microbiota taxon, serum immune 
parameters, ADG, and fecal SCFA were performed using 
Spearman’s rank correlation, and adjusted with the HB 
false discovery rate. Pairwise correlations (Spearman’s 
correlation, adjust P < 0.05) were used to generate genus-
level co-occurrence networks. The module-environ-
mental trait relationships were analyzed using Pearson 
correlation coefficients. The visualization of the network 
structure was performed using Cytoscape v3.8.0.

Results
Differences in rectum microbiota structure 
and composition in young goats with different growth 
rates
There was no significant difference in the rectum micro-
biota richness and diversity between HADG and LADG 
young goats (6-month-old, n = 10 each group, Fig.  1A). 
However, PCoA analysis showed differentiation in the 
rectum bacterial community composition between 
HADG and LADG goats (P = 0.001, Fig. 1B).

Compared to those in LADG goats (Fig. 1C), the abun-
dances of genera Prevotellaceae NK3B31 group, Suc-
cinivibrio, unclassified Prevotellaceae, Oscillibacter, and 
Colidextribacter were greater in HADG goats (P < 0.05). 
In contrast, genera Christensenellaceae R-7 group, Turici-
bacter, Romboutsia, Clostridium sensu stricto 1 and 
Prevotellaceae UCG-004 were lesser enriched in HADG 
goats (P < 0.05).

The correlations between the bacterial abundance and 
the growth rate (from birth to 6-month-old) in all 76 
young goats (6-month-old) were analyzed (Fig. 1D, Addi-
tional file 1: Table S2). At the family level (relative abun-
dance > 1.0%), the abundances of Prevotellaceae (6.56%) 
and Succinivibrionaceae (2.91%) were positively cor-
related with ADG (P < 0.05), whereas the abundances of 
Christensenellaceae (5.91%), Erysipelotrichaceae (2.79%), 
Peptostreptococcaceae (1.69%), and Clostridiaceae 
(1.16%) were negatively correlated with ADG (P < 0.05). 
At the genus level (relative abundance > 0.1%), some spe-
cific bacterial taxa were positively correlated with the 
growth rate, such as Succinivibrio (2.65%), three members 
of family Prevotellaceae, Oscillibacter (0.68%), Strepto-
coccus (0.67%) and Faecalibacterium (0.43%), unclassified 
Ruminococcaceae (0.33%), Colidextribacter (0.16%) were 
positively associated with ADG. The abundance of Chris-
tensenellaceae R-7 group (5.88%), Turicibacter (2.72%), 
Romboutsia (1.29%), Clostridium sensu stricto 1 (1.16%) 
were negatively correlated with the growth rate (P < 0.05).
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Microbial co‑occurrence patterns and network structure
The differentiated keystone microbial populations 
between HADG and LADG goats (6-month-old, n = 10 
each group) were identified using the RMT-based net-
work analysis. As shown in Fig.  2 and Additional file  1: 
Table S3, more than 85% of the ASV nodes in both net-
works were peripherals, which had only a few links and 
almost always to the nodes within their modules. A 
total of 10 ASVs of HADG goats, including two nodes 
(ASV5025 and ASV5719), assigned to HADG-related 
genera unclassified Prevotellaceae, and Faecalibacterium 
respectively, acted as connector species, linking modules 
together. Five ASVs were module hubs, such as ASV4418, 
assigned to HADG-related genera Succinivibrio, and 
may play an important role for the coherence of its own 
module. In the LADG network, the ASV that acted as 
connectors and module hubs were completely different 
compared to those in the HADG network. There were 
9 ASV connectors in the LADG network, and three of 
them (ASV3231, ASV2741 and ASV2908) belonged to 

Christensenellaceae R-7 group (LADG-enriched genus). 
Moreover, the relationship between ADG-related bac-
teria was analyzed (Additional file  1: Table  S4 and 
Additional file 2: Fig. S1). At the genus level, those ADG-
related bacteria had strong interactions with each other. 
Prevotellaceae NK3B31 group, unclassified Prevotel-
laceae, Christensenellaceae R-7 group, Colidextribacter 
had more than 12 links with other bacteria (P < 0.05).

ADG‑related bacterial abundance is correlated with rectum 
SCFA concentration
Compared to LADG goats, HADG goats had higher con-
centrations of total SCFA, acetate, propionate, and valer-
ate in feces (P < 0.05, Fig. 3A, Additional file 2: Fig. S2A). 
The fecal concentrations of acetate, propionate, valer-
ate, and total SCFA were positively correlated with the 
growth rate of young goats (P < 0.05, Fig. 3B). While, the 
ammonia nitrogen and lactate concentrations were not 
correlated with the growth rate of goats (Additional file 1: 
Table S5 and Additional file 2: Fig. S2) (P > 0.05).

Fig. 1 The differences in rectum microbiota diversity and structure between HADG and LADG goats (6-month-old, n = 10 each group). A The 
Chao1 and Shannon indexes of rectum microbiota. B Principal Coordinate Analysis (PCoA) of rectum microbiota at the ASV level based on the 
Bray-Curtis dissimilarity. Dissimilarity was analyzed using ANOSIM statistical tests with 999 permutations. C Significantly different rectum bacterial 
genera between HADG and LADG goats. D Heatmap showing association between rectum bacterial taxa (average relative abundance > 0.1%) 
and the growth rate of all young goats (n = 76, Spearman’s correlation, P < 0.05). The differences in data in (A) and (C) were tested by the Wilcon 
rank-sum test. The bars represent mean ± SEM. *P < 0.05, **P < 0.01
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The HADG-enriched bacteria, unclassified Prevotel-
laceae, and Oscillibacter were positively correlated with 
the total SCFA, acetate, and propionate concentrations 
(P < 0.05, Fig.  3C). Prevotellaceae NK3B31 group was 
positively correlated with the propionate, and total SCFA 
concentrations (P < 0.05). Lachnospiraceae UCG-001 was 
positively correlated with the total SCFA concentration. 
In contrast, some LADG-enriched bacteria were sig-
nificantly negatively correlated with the total SCFA, and 
two major microbial components, such as Christensenel-
laceae R-7 group, unclassified Peptostreptococcaceae, 
were negatively correlated with the concentrations of 
total SCFA, acetate, and propionate. Clostridium sensu 

stricto 1 and Romboutsia were negatively correlated with 
the total SCFA and acetate concentrations (P < 0.05).

The correlations between microbial network modules 
and rectum SCFA
The network module-trait relationships were investi-
gated using a Pearson correlation analysis to understand 
the relationship between individual modules and rectum 
SCFA (Fig. 4). In the LADG network, at least five mod-
ules were correlated with the total SCFA, and/or acetate, 
and propionate (Fig.  4B, P < 0.05). Module #3, 5, 6, and 
7 were negatively correlated with the total SCFA, acetate 
and propionate concentrations (P < 0.05). Module #4 

Fig. 2 Co-occurrence network of ASVs, and distribution of ASVs based on their network roles in HADG and LADG goats (6-month-old, n = 10 each 
group). Nodes represent ASVs, and the color of connection lines between two nodes represents a positive (red) or a negative (blue) correlation 
(Pearson’s correlation, P < 0.05). No network hubs were identified in networks from both groups
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was negatively correlated with the propionate and total 
SCFA concentrations (P < 0.05). A notable attribution of 
two modules (#3, and 5) was that the majority of nodes 
belong to the LADG-enriched genera, including Chris-
tensenellaceae R-7 group, Turicibacter, and Romboutsia. 
In contrast, in the HADG network, module #6 was posi-
tively correlated with the concentrations of acetate, pro-
pionate, and total SCFA (P < 0.06, Fig. 4A).

Together, microbiota and microbial interactions in the 
rectum had effects on feed degradation and SCFA syn-
thesis, and subsequently affected the energy supply and 
host growth performances in young goats.

The rectum microbiota and their metabolites are linked 
to animal immunity
As shown above, most of those ADG-related bacte-
ria were significantly correlated with SCFA biosynthe-
sis, which are critical for both gut immunity and animal 
growth [31]. Then we analyzed the differences in the 
serum ALB, GLB, and IgG concentration and AGR 
between HADG and LADG young goats (n = 10 each 
group, Fig.  5). The results showed that HADG goats 
had the greater ALB concentration and AGR value, but 
the lower GLB and IgG concentrations (P < 0.05). Fur-
thermore, Spearman correlation analysis showed that 
serum IgG was significantly negatively correlated with 
ADG and acetate and total SCFA concentrations, and 
negatively with the abundances of those HADG-related 
bacteria, such as Prevotellaceae NK3B31 group, Oscilli-
bacter, Faecalibacterium, and Colidextribacter (P < 0.05). 
While serum IgG was significantly positively correlated 
with the abundances of LADG-related bacteria, such as 
Christensenellaceae R-7 group and Clostridium sensu 
stricto 1. Meanwhile, the serum IgG had weak negative 

correlations with the concentrations of propionate and 
butyrate (P < 0.1).

Rectum microbiota and SCFA with high prediction 
accuracy for classifying host growth rate
We used the rectum microbiota and SCFA, and serum 
immune parameters to classify young goats with dif-
ferent growth rates by using the random forest model 
(Fig.  6). The concentrations of acetate, propionate, and 
total SCFA could classify the HADG and LADG goats 
with high accuracy (AUC > 0.77, Fig. 6A, B). Among these 
4 immune parameters, serum IgG and ALB concentra-
tions had the AUC values > 0.80 in classifying HADG 
and LADG goats (Fig. 6C, D). Among the rectum bacte-
ria (Fig. 6E, F), Colidextribacter, Prevotellaceae NK3B31 
group, unclassified Peptostreptococcaceae, Romboutsia, 
Turicibacter were the top 5 genera with the AUC values 
> 0.80 in classifying HADG and LADG goats. Further-
more, six genera, including Colidextribacter, Prevotella, 
Prevotellaceae NK3B31 group, Lachnospiraceae UCG-
001, Oscillibacter, Prevotellaceae UCG-003, were 
selected by the random forest model with MDA > 2.0, 
and the ROC curve of those bacteria combination repre-
sented an AUC of 0.983.

Differences in rectum microbiota composition and SCFA 
between young and adult goats
A few of differences in rectum microbiota diversity, 
structure, composition, and SCFA synthesis between 
HAL and LAL goats (19-month-old, n = 8 each group) 
were detected (Additional file 2: Fig. S3–S6).

Then the differences in microbiota features were 
analyzed between young (6-month-old) and adult 
(19-month-old) goats (Fig.  7). Compared to those in 
young goats, the concentrations of rectum total SCFA, 

Fig. 3 Rectum SCFA and their relationships with ADG-related microbiota. A Concentrations of SCFA in HADG and LADG goats (6-month-old, n = 10 
each group). Significant differences were tested by t-test. The bars represent SEM. B Correlations between the rectum SCFA and growth rate of all 
young goats (n = 76, Spearman’s correlation). C Spearman’s rank correlations between ADG-related microbiota (relative abundance > 0.1%) and 
rectum SCFA (n = 76). The color gradient (in B and C) represents the values of correlation coefficients. #P < 0.1, *P < 0.05, **P < 0.01
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propionate, and butyrate were significantly decreased 
(Fig. 7A), the rectum microbiota richness (Chao 1 index) 
and diversity (Shannon index) were significantly greater 
in adult goats (Fig.  7B). The communities of rectum 
microbiota in adult goats were more convergent and 
clearly distinguished from those in young goats (ANO-
SIM r = 0.504, P = 0.001, Fig. 7C).

At the family level, Christensenellaceae, Peptostrep-
tococcaceae, Erysipelotrichaceae, norank Clostridia 
UCG-014, Eubacterium coprostanoligenes group, 
Clostridiaceae were more abundant in adult goats 

than those in young goats, while Prevotellaceae, Spi-
rochaetaceae, Muribaculaceae showed a opposite 
trend (P < 0.05). At the genus level, 32 of the 50 most 
abundant bacterial genera were significantly differ-
ent between the adult and young goats (P < 0.05); of 
these, 20 genera, including the abundances of Chris-
tensenellaceae R-7 group, Turicibacter, Romboutsia, 
and Clostridium sensu stricto 1, were significantly 
increased in the adult goats, compared to those in the 
young goats. Twelve genera, including unclassified 
Prevotellaceae, Succinivibrio, Prevotellaceae NK3B31 

Fig. 4 Network analysis on the rectum microbiota modules and growth rate, and rectum SCFA in HADG (A) and LADG (B) goats (6-month-old, 
n = 10 each group). The color gradient represents the values of correlation coefficients (spearman’s correlation). #P < 0.1, *P < 0.05, **P < 0.01
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group, and Oscillibacter were significantly decreased in 
the adult goats. The results showed that those HADG-
enriched bacteria decreased and the LADG-enriched 
bacteria increased with maturity of goats.

PICRUSt2 was employed to predict the function of the 
rectum microbiota (Additional file  1: Table  S6). Com-
parison with the young goats, the adult goats had a sig-
nificantly lower relative abundance for Metabolism and 
Organismal Systems-related genes, but a higher relative 
abundance of genes relating to Genetic Information Pro-
cessing, Environmental Information Processing, and Cel-
lular Processes in multiple KEGG (level 1) categories. 
Compared with the young goats, the adult goats had a 
lower relative abundance of genes relating to the metabo-
lism of carbohydrate, glycan, and amino acids, and Cell 
growth and death, Environmental adaptation, Transport 
and Catabolism. Whereas it had a higher relative abun-
dance of genes relating to Replication and repair, Signal 
transduction, Cellular community (prokaryotes), Cell 
motility, Nervous system, and Transcription.

Together, with the maturation of goats, the function of 
rectum microbiota became more diversified. However, 
the contribution of the changes of those microbiota to 
feed degradation and energy supply decreased in adult 
goats.

Discussion
Recent studies showed that rumen microbiome was 
closely associated with productivity and health of 
host [32, 33]. More and more studies are addressing 
the compositions and functions of gut microbiome in 
ruminant animals [34, 35]. However, the relationships 
between hindgut microbiota and the growth perfor-
mance of young ruminants remain unclear. In the pre-
sent study, a total of 76 young goats, which were fed 
the same diet and raised under the same condition, 
were investigated. Based on the comparisons between 
the different growth rates or growth stage goats and 
the analysis of the correlation of large samples and 
microbial co-occurrence network, we found that some 

Fig. 5 Difference in serum immune parameters between HADG and LADG goats (6-month-old, n = 10 each group), and the relationship 
between these immune parameters and ADG-related rectum microbiota. A albumin (ALB), (B) globulin (GLB), (C) IgG, (D) the ALB to GLB ratio 
(ARG), significant differences were tested by t-test. The bars represent SEM. E Correlations between serum immune parameters and ADG-related 
microbiota, rectum SCFA of HADG and LADG (Spearman’s correlation). The color gradient represents the values of correlation coefficients. #P < 0.1, 
*P < 0.05, **P < 0.01
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Fig. 6 Classification analyses based on random forest model. Classification of host ADG (HADG vs. LADG) using rectum SCFA (A, B), serum immune 
factors (C, D), and rectum microbiota (E, F)

Fig. 7 Differential rectum microbiota diversity, structure and composition between young (6-month-old, n = 20) and adult (19-month-old, n = 16) 
goats. A Concentrations of SCFA between young and adult goats. Significant differences were tested by t-test. B The Chao1 and Shannon indexes 
of rectum microbiota between young and adult goats. C Principal Coordinate Analysis (PCoA) of recutm microbiota at the ASV level based on the 
Bray-Curtis dissimilarity. The 15 most abundance bacterial family (D) and 50 most abundant bacterial genera (E). The differences in data in (B), (D), 
and (E) were assessed by the Wilcon rank-sum test. The bars represent SEM. *P < 0.05, **P < 0.01
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keystone rectum microbiota, played more critical roles 
in early life than in adulthood, especially in modulating 
the rectum fermentation and animal growth.

The significant differences in the microbial commu-
nity composition of fecal samples were found between 
HADG and LADG goats in the present study. Moreo-
ver, the analysis of microbial co-occurrence network 
showed that the HADG-related bacteria (unclassified 
Prevotellaceae [0.86%, 29/306], Succinivibrio [2.65%, 
10/306], and Faecalibacterium [0.43%, 41/306]), and 
LADG-related bacteria [Christensenellaceae R-7 group 
(5.88%, 4/306)], which were the top 50 genera of the 
total 306 genera measured of all young goats, had sig-
nificantly interacted with other rectum bacteria. These 
taxa may play momentous roles as functional-keystone 
bacteria in shaping the hindgut microbial community 
and improving feed digestion. In the present study, 
we mainly focused on the relationship between “com-
mon” bacteria (relative abundance > 0.1%), gut fermen-
tation and animal performance. Future studies should 
explore the function of gut “rare” species in ecosystem 
multifunctionality.

In the present study, we found the concentrations of 
acetate, propionate, and total SCFA in feces were sig-
nificantly and positively correlated with ADG of young 
goats. Carbohydrates are the important sources of energy 
for ruminants and microbial cells. Gut microbes are 
involved in the digestion, absorption, and metabolism 
of the plant polysaccharides in the gastrointestinal tract, 
and the end products, SCFA, mainly consist of acetate, 
propionate, and butyrate, which have profound effects on 
host productivity [36]. Those HADG-enriched bacteria 
identified in this study are generally considered as SCFA 
producing and beneficial bacteria. Prevotellaceae family 
and its three genera (Prevotellaceae UCG-003, Prevotel-
laceae NK3B31 group, and unclassified Prevotellaceae) 
can utilize fiber as substrates for produce primarily 
acetate, succinate, and propionate [37], showing a posi-
tive correlation with the goat growth rate. Succinivibrio 
is a predominant and important propionate producing 
genus, which is associated with the feed efficiency [38–
40]. Oscillibacter, Faecalibacterium, and Colidextribacter 
can produce SCFA (mainly butyrate), contributing pri-
marily to complex sugar degradation [41–44]. It has been 
reported that those 3 genera improved the gut health and 
were decreased in different intestinal disorders, such as 
Crohn’s disease and diarrhea [45–47]. Streptococcus is 
involved in amino acid biosynthesis and the metabolism 
of energy substrates [48–50], and a recent study showed 
that Streptococcus may promote pig growth performance 
[12]. These previous studies support our findings that 
those HADG-related bacteria were positively correlated 
with rectum SCFA production.

The family Christensenellaceae had a higher abun-
dance of LADG goats than that in HADG goats in the 
present study, which is supported by a report that this 
taxon was enriched in individuals with low body mass 
index [51]. Human individuals with a high abundance 
of Christensenellaceae had low lipid biosynthesis and 
energy metabolism pathway, which may explain the 
negative association between the body weight and Chris-
tensenellaceae abundance [52, 53]. Meanwhile, the pro-
portions of Turicibacter and Romboutsia, which were 
positively correlated to colitis in both mice and humans 
[54, 55], increased in LADG goats in this study. Future 
research activities will be carried out to comprehensively 
understand how those growth-related/keystone bacteria 
influence microbial community, and effective microbial 
manipulation means and techniques can be developed to 
improve feed efficiency and animal performance.

In the present study, several HADG-related bacteria, 
such as Prevotellaceae NK3B31 group, Oscillibacter, and 
Faecalibacterium, showed positive correlations with fecal 
total SCFA concentration and negatively associated with 
serum IgG level; and the acetate, propionate, butyrate, 
and total SCFA concentrations were negatively correlated 
with the IgG level. A study showed that manipulating the 
gut microbial composition in early life with oral supple-
mentation of Faecalibacterium spp. could decrease calf 
diarrhea [47] and improve calf health and growth [56]. 
Taking the finding of the present study and previous 
studies together, enrich of those SCFA-producing bacte-
ria in the gut likely inhibit growth of pathogenic bacte-
ria, suppress inflammation, and promote animal growth, 
where SCFA can decrease intestinal permeability and 
circulating endotoxins, lower inflammation and oxida-
tive stress, and play important roles in anti-inflammatory 
function [31, 57]. Therefore, research in the future should 
focus on developing probiotics that promote the produc-
tion of more SCFA and inhibit the pathogenic bacterial 
taxa in the gut.

The random forest classification is an effective tool to 
learn approaches of the microbiota and their metabo-
lites for prediction of host phenotypes, including for 
the prediction of disease risk [58–60] and productive 
performance [38, 61]. In the present study, we found 
that the acetate concentrate in feces could classify 
HADG and LADG goats with an accuracy of 83.7%. 
Notably, six genera (Colidextribacter, Prevotella, Prevo-
tellaceae NK3B31 group, Lachnospiraceae UCG-001, 
Oscillibacter, and Prevotellaceae UCG-003) all together 
could predict the host growth rate with an accuracy of 
98.3%. Further studies are warranted to test the robust-
ness of these potential markers, which can help us to 
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apply rectum bacterial community and their metabo-
lites for predicting the growth performance of goats in 
practice.

Studies on gut [62, 63] and rumen [64] microbiomes 
of ruminant animals have revealed that individual vari-
ations are greater in early life than those in adulthood, 
suggesting the establishment of a more similar microbial 
community in adult animals. This is consistent with the 
finding in this experiment that there were few differences 
in rectum microbiota features (diversity, structure, com-
position) and fermentation between adult HADG and 
LADG goats. While, compared to the young goats, the 
HADG-related bacteria, such as family Prevotellaceae, 
genera unclassified Prevotellaceae, Succinivibrio, Prevo-
tellaceae NK3B31 group, and Oscillibacter, which are 
SCFA-producing bacteria, were decreased in the adult 
goats. Moreover, adult goats had lower fecal SCFA con-
centrations and microbial genes related to carbohydrate 
and protein metabolisms. Fan et al. discovered that more 
bacteria in pre-weaning calves were associated with the 
weight gain of calves than the correlation in the fatten-
ing stages [65]. Taken together, individual variation in 
the rectum microbial community became low in adult 
goats, and the contribution of the rectum microbiota to 
feed efficiency and energy supply declined. These find-
ings are consistent with the results that hindgut microbi-
ota play more critical role in hindgut fermentation when 
the rumen is not fully developed [16]. Therefore, micro-
bial interventions in the gut of early may be one option 
to obtain a desirable and healthy gut microbiome, which 
helps to improve the gut fermentation and animal perfor-
mance in future.

Host genetics play an important role in the establish-
ment and shaping of the gut microbiota, as it has been 
demonstrated that the composition of bacterial com-
munity is influenced by specific host genomic loci [51, 
66]. Furthermore, a recent study reported that indi-
vidual variations in gut microbiota of calves were pri-
marily explained by genetic differences among the hosts 
[67]. All goats used in this study were fed the same diet, 
kept under the same condition, and housed together 
from birth to minimize nongenetic influences to the gut 
microbiota. Therefore, those ADG-related microbiota 
taxa in young goats must have been attributed to genetic 
variations of animals. In other words, the gut microbial 
community composition could be inheritable to a certain 
extent. For example, the family Christensenellaceae was 
reported to be the most heritable microbial taxon in a 
human study [51]. Future studies will explore how host 
genotypes modulate gut bacterial composition, which 
could further be applied to manipulate the gut micro-
biome through selective breeding of the hosts and to 
improve animal feed efficiency and performance.

Conclusion
In conclusion, the rectum microbial variations can 
affect the rectum fermentation and change the health 
and growth performance of young goats. Some specific 
rectum bacteria, such as unclassified Prevotellaceae, 
Succinivibrio, and Faecalibacterium, play keystone 
roles in shaping rectum microbial community, and 
these SCFA- producing taxa support more SCFA syn-
thesis for a high growth rate of goats. Moreover, rec-
tum microbiota of young goats could become effective 
biomarkers for predicting animal growth performance. 
The present study also showed that the individual vari-
ation in rectum microbiota was relative higher in early 
life of goats and played a more important role in rec-
tum fermentation than that in adult animals. These 
findings can help better understanding how the hindgut 
microbiota affect the health and growth performance of 
young ruminants, and provide a foundation for further 
studies on early microbial interventions for improving 
animal health and performance.
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or negative associations between bacteria. Fig. S2. The difference in 
rectum minor SCFA,  NH3-N and lactate between HADG and LADG group 
(6-month-old, n = 10 each group). Differences in data were assessed by 
student t test, The bars represent mean ± SEM. ** P < 0.01. Fig. S3. The 
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were tested by Wilcoxon rank-sum test. The bars represent mean ± SEM. 
HAL: adult HADG goats, LAL: adult LADG goats. Fig. S4. The difference 
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group). Significant differences were tested by t test. The bars represent 
mean ± SEM. HAL: adult HADG goats, LAL: adult LADG goats. Fig. S5. The 
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and LAL group (19-month-old, n = 8 each group). Significant differences 
were tested by Wilcoxon rank-sum test. The bars represent mean ± SEM. 
*P < 0.05. HAL: adult HADG goats, LAL: adult LADG goats. Fig. S6. The 
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differences were tested by Wilcoxon rank-sum test. The bars represent 
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