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a b s t r a c t

The posterior intestinal microbiota plays a vital role in the growth and health of Holstein dairy calves.
However, its establishment and dynamic changes during early development remain unclear. The aim of
this study was to investigate microbial colonization and development in the rectum of calves within the
first 70 d after birth. Here, 96 rectal content samples were collected from 8 Holstein dairy calves at 12
time points and analyzed using 16S rRNA gene sequencing. The microbial alpha diversity increased with
age. The bacterial community displayed a distinct dynamic distribution. The phylum Proteobacteria was
replaced by Firmicutes and Bacteroidetes after d 3. The colonization process of bacterial genera in the
rectum of neonatal calves can be divided into 2 periods: the colonization period (stage 1: d 1 and stage 2:
d 3) and the stable period (stage 3: d 7e14, stage 4: d 21e42, and stage 5: d 49e70). The fermentation
pattern and metabolic function changed from propionate fermentation dominated by Shigella to lactic
acid fermentation dominated by Lactobacillus, Blautia, and Oscillospira. The stable period was more
comprehensive and complete than the colonization period. This study revealed the dynamic changes in
the posterior intestinal microbiota of Holstein dairy calves during early development. The transition
period (d 7e14) was identified as a key stage for early nutritional intervention, as the abundance of
Lactobacillus increased and the abundance of harmful bacteria (such as Proteobacteria and Shigella)
decreased. This study provides a framework for understanding early-life gut health and offers theoretical
guidance for future research on hostemicrobe interactions and early nutritional interventions. It is
suggested that nutritional interventions based on microbial characteristics at different stages be
implemented to improve calf growth performance and immune function, which may contribute to the
reduction of diarrhea and other gastrointestinal disorders during dairy production.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

The gut microbiota is a complex and dynamic community that
affects many host functions, such as metabolism, immunity, the gut
barrier, and disease resistance (Fan et al., 2021; Valdes et al., 2018).
The early colonization and development of the gut microbiota are
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among the most important factors for gut health, as they improve
the microecological balance, increase nutrient absorption, control
intestinal infection and regulate immune function (Arrieta et al.,
2014; Ronan et al., 2021; Xiao et al., 2021). Specific microorgan-
isms that are closely related to disease onset and progression are
important targets for designing and evaluating intervention stra-
tegies to regulate the gut microbiota during early life (Choudhury
et al., 2019). Ma et al. (2020) proposed that Trueperella, Strepto-
coccus, Dorea, Uncultured Lachnospiraceae, Ruminococcus 2, and
Erysipelatoclostridium were strongly correlated with the rate of
diarrhea in calves and could be used as key targets for predicting
diarrhea in young animals, with a prediction accuracy of up to
84.3%. Chen et al. (2022) suggested that some species of Prevotella
might constitute the core microbiota of newborn and weaned
calves, while Muribaculaceae may constitute the core microbiota of
weaned calves to prevent diarrhea. They also proposed some
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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probiotics and biomarkers that could be used to prevent calf diar-
rhea and predict diarrhea risk.

Compared with adult animals, young animals are more prone to
intestinal pathogen colonization and gastrointestinal diseases due
to their immature gastrointestinal tract (GIT) and microbiota,
especially during the period from birth to weaning (Kim et al.,
2021; Quijada et al., 2020). The preweaning period is a critical
period for the establishment and development of microbial com-
munities within the intestines of calves (Luo et al., 2022). Therefore,
understanding the early colonization and development patterns of
the gut microbiota may help us to elucidate the relationship be-
tween the gut microbiota and host health and provide a reference
for the development of new treatment methods (such as fecal
microbiota transplantation, probiotics, and prebiotics).

However, there is limited research on the development of the
gut microbiota in calves, and systematic dynamic analysis is lack-
ing. Therefore, in the present study, the rectal microbiota com-
munity structure and diversity of Holstein dairy calves was
evaluated within 70 d after birth and the dynamic distribution of
the rectal microbiota was revealed. This study may provide a
framework for understanding gut health during early life and offer
theoretical guidance for future research on early hostemicrobe
interactions and interventions to reduce diarrhea and other
gastrointestinal disorders during dairy calf breeding.

2. Materials and methods

This study followed the principles of the Basel Declaration and
the recommendations of the Chinese Academy of Agricultural Sci-
ences Animal Care and Use Committee (Beijing, China). The
experimental protocol was approved by the Ethics Committee of
the Chinese Academy of Agricultural Sciences (IAS2019-62, Beijing,
China).

2.1. Animal study and sample collection

Eight newborn Holstein female dairy calves with similar initial
body weights (40.1 ± 0.87 kg) were randomly selected from the
Beijing Dairy Cow Center (Beijing, China). Immediately after birth,
the calves were removed from their dams and housed in individual
pens (1.8 m length � 1.4 m width � 1.2 m height) to avoid cross-
contamination. All the calves were fed 4 L of colostrum obtained
from their respective dams from a bottle within 1 h after birth.
From d 2 to 4, they were fed 1.5 L of raw milk 3 times a day (at
Table 1
Ingredients of the starter, and nutrient levels of the starter and milk.

Starter ingredients Content, % as-fed basis Starter nutrient levels3

Corn 22.94 DM
Wheat bran 3.77 CP
Wheat middling 2.59 EE
Soybean meal 20.35 Ash
Flaked soybean 8.00 NDF
Rapeseed meal 5.00 ADF
Flaked maize 10.0
Sprayed corn bran 5.00
DDGS 8.00
Yeast culture1 3.00
Soybean hull 5.35
Molasses 2.00
Premix2 4.00

DDGS ¼ distillers dried grains with solubles; DM ¼ dry matter; CP ¼ crude protein; EE ¼
solids; SNF ¼ solids-not-fat.

1 Diamond V XP yeast culture supplement (Diamond V, Cedar Rapids, IA, USA).
2 One kilogram of premix provided 530,000 IU vitamin A; 70,000 IU vitamin D; 800mg v

8 mg Co.
3 Analyzed value.
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06:00, 14:00 and 18:00). From d 5 to 70, they were fed 4 L of raw
milk twice a day (at 06:00 and 18:00). The raw milk, which was
collected from healthy Holstein dairy cows on the farm, was heated
to 60 �C, cooled to 38 to 39 �C and then fed to the calves. The
granulated starter was purchased from the Feed Branch of Beijing
Shounong Animal Science and Technology Development Co., Ltd.
(Beijing, China), and fed to the calves beginning on d 3. All the
calves received the same colostrum, raw milk, and starter
concentrate. The nutrient compositions of the starter and milk are
shown in Table 1. The amount of raw milk gradually decreased, and
the calves were weaned at 70 d of age. Similar health management
practices (nutrition, vaccinations, anthelmintic treatments, etc.)
were applied for all calves that remained healthy and did not
receive any additional antibiotics throughout the entire experi-
mental period.

Calves were weighed biweekly to calculate average daily gain
(ADG). Starter and milk intake and health checks were monitored
and recorded every day. The dry matter (DM) intake of each calf
associated with the starter and milk was also recorded, and the
average daily starter intake and average daily feed intake were
calculated. The starter was collected for the analysis of DM content
(AOAC, 2005; method 930.15), crude protein (CP) (AOAC, 2000;
method 976.05) and ether extract (EE) (AOAC, 2003; method
4.5.05) using the standard procedures of the Association of Official
Analytical Chemists. The neutral detergent fiber (NDF) and acid
detergent fiber (ADF) contents were determined as reported by Van
Soest et al. (1991). Sodium sulfite and heat-stable a-amylase (Sigma
A3306, SigmaeAldrich) were used for NDF analysis. The contents of
milk fat, milk protein, lactose, total solids and solids-not-fat in the
milk were determined by a fully automated milk composition
analyzer (MilkoScon FT6000, FOSS, Hillerød, Denmark).

A total of 96 rectal content samples were collected from the
rectums of the calves on the mornings of d 1, 3, 7, 14, 21, 28, 35, 42,
49, 56, 63, and 70. Fresh rectal content samples (approximately
1.5 g/tube) were collected using sterile gloves and immediately
placed into 2 mL DNase/RNase-free centrifuge tubes (Corning, NY,
USA), which were snap-frozen in liquid nitrogen and then stored
at �80 �C.
2.2. Extraction of rectal bacterial DNA

Rectal content samples were thawed, and bacterial genomic
DNAwas extracted from approximately 0.25 g of each sample using
Fast DNA SPIN extraction kits (MP Biomedicals, Santa Ana, CA, USA)
Content, %, DM basis Milk composition Content, % as-is basis

89.0 Milk protein 3.25
24.5 Milk fat 4.02
1.68 Lactose 4.91
7.75 TS 12.6
12.2 SNF 9.15
4.85

ether extract; NDF ¼ neutral detergent fiber; ADF ¼ acid detergent fiber; TS ¼ total

itamin E; 650mg Cu; 3800mg Fe; 3200mg Zn; 2400mgMn; 85mg I; 20mg Se; and
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according to the manufacturer's instructions. The samples were
centrifuged, and the pellet was resuspended. The process followed
the FastPrep 24 (MP Biomedicals, Santa Ana, CA, USA) protocol. The
concentration and purity of the extracted DNA were measured
using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), and the integrity of the DNA was assessed by
1% agarose gel electrophoresis to confirm successful DNA isolation.
The DNA concentrations for all the samples are shown in
Supplementary Table S1.
2.3. 16S rRNA gene amplicon sequencing

The V3 to V4 region of the bacterial 16S rRNA gene was ampli-
fied by PCR using the forward primer 338F (50-ACTCCTACGG-
GAGGCAGCA-30) and the reverse primer 806R (50-
GGACTACHVGGGTWTCTAAT-30). The primers were tagged with
sample-specific 7-bp barcodes for multiplex sequencing. The PCR
program consisted of an initial denaturation step at 98 �C for 2 min,
followed by 25 cycles of denaturation at 98 �C for 15 s, annealing at
55 �C for 30 s and extension at 72 �C for 30 s, and a final extension
step at 72 �C for 30 s. The PCR mixture contained PrimeSTAR buffer
(5 � , 4 mL), dNTPs (2.5 mmol/L, 2 mL), each primer (5 mmol/L,
0.8 mL), PrimeSTAR heat stress DNA polymerase (TaKaRa, Dalian,
China; 0.4 mL), and template DNA (20 ng) in a final volume of 20 mL.
Each sample was analyzed in triplicate. The amplicons were puri-
fied using a DNA Gel Extraction Kit (AxyPrep) and sequenced on an
Illumina NovaSeq sequencing platform to obtain 250 bp paired-end
reads at Personalbio Company (Shanghai). The raw sequencing data
were deposited in the NCBI Sequence Read Archive (SRA) database
under the accession number SRP320638 (https://www.ncbi.nlm.
nih.gov/sra/?term¼SRP320638).
2.4. Bioinformatics analysis

Microbiome bioinformatics analyses were performed with
Quantitative Insights Into Microbial Ecology (QIIME 2-2019.4)
software with slight modifications according to official tutorials
(https://docs.qiime2.org/2019.4/tutorials/) (Bolyen et al., 2018).
Briefly, raw sequence data were demultiplexed using the demux
plugin, followed by primer trimming with the cutadapt plugin
(Kechin et al., 2017). The sequences were then quality filtered,
denoised, merged and made chimera free using the DADA2 plugin
(Callahan et al., 2016). Nonsingleton amplicon sequence variants
(ASV) were aligned with MAFFT (Katoh et al., 2002) and used to
construct a phylogenetic tree with FastTree 2 (Price et al., 2010).
Alpha diversity indices (observed ASV, Chao1, Shannon, and
Simpson indices) and beta diversity indices (weighted UniFrac)
(Lozupone et al., 2007) were estimated using the diversity plugin.
Taxonomy was assigned to ASV using the classify-sklearn Naïve
Bayes taxonomy classifier in the feature classifier plugin (Bokulich
et al., 2018) based on the Greengenes reference database
(McDonald et al., 2012). Beta diversity was visualized using
weighted UniFrac principal coordinates analysis (PCoA) (Ramette,
2007), and the different sites were statistically compared using
Table 2
The dynamic distributions of growth performance of preweaning Holstein dairy calves.

Item Age

Day 1e14 Day 15e28 Day 29

Average daily gain, g/d 453d 660c 811bc

Starter intake, g DM/d 12.3e 130d 303c

Total feed intake, g DM/d 981e 1097d 1288c

Feed-to-gain ratio 2.25a 1.71b 1.60b

a, b, c, d, e Values with different superscripts within a row indicate a significant difference
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analysis of similarity (ANOSIM) based on weighted UniFrac in the
Vegan package in R (Lozupone and Knight, 2005; Warton et al.,
2012).

The linear discriminant analysis effect size (LEFSe) (Segata et al.,
2011) and random forest regression (Breiman, 2001) were per-
formed to identify differentially abundant taxa between groups
using the LEfSe tool and randomForest package, with a default filter
value of 3 for the linear discriminant analysis (LDA) score. Microbial
functions were predicted by phylogenetic analysis of communities
through reconstruction of unobserved states (PICRUSt2) based on
MetaCyc databases (Caspi et al., 2016; Douglas et al., 2020). Dif-
ferential analysis of the MetaCyc metabolic pathways was per-
formed using the metagenomeSeq package in R. The correlation
between bacterial taxa and MetaCyc metabolic pathways was
evaluated by the Pearson correlation test. Finally, the coexpression
network graphs of bacterial taxa and metabolic pathways (|r| > 0.9,
adjusted P-value <0.01) were visualized and analyzed using Cyto-
scape software (version 3.8.0). Time-series analysis was performed
by Short Time-Series Expression Miner (STEM) (Ernst and Bar-
Joseph, 2006).

2.5. Statistical analysis

The growth performance was analyzed using one-way ANOVA
followed by Tukey's test in SPSS statistics 26.0 software (IBM; USA).
A value of P < 0.05 was regarded as statistically significant. Differ-
ences in alpha diversity indices and relative abundances of rectal
bacterial phyla and genera among different days of age were
assessed using the nonparametric KruskaleWallis test with Dunn's
post hoc test for multiple comparisons in SPSS statistics 26.0 soft-
ware (IBM; USA). Two-sidedWelch's test and Benjamini‒Hochberg
(BH) false discovery rate (FDR) correction were used for 2-group
analysis. ANOVA with the TukeyeKramer test and BH correction
were chosen for multiple-group analysis. The significance was
assessed based on an FDR adjusted P < 0.05. The relationships
among the various microbial and MetaCyc metabolic pathways
were analyzed using Pearson correlation coefficients.

3. Results

3.1. Growth performance

The initial average body weight of the 8 dairy calves was 40.1 kg.
As the calves grew, starter intake and total feed intake significantly
increased (Table 2, P < 0.001), resulting in a corresponding increase
in the ADG of dairy calves (P < 0.001). The final body weight of the
dairy calves reached 95.6 kg. Additionally, the feed-to-gain ratio
decreased gradually and was greater during the first 2 weeks than
during the other periods (P < 0.001).

3.2. Dynamic changes in the rectal bacterial microbiota of calves

In total, 6,120,883 high-quality sequenceswere obtained from96
rectal samples, with an average of 63,759 ± 1584.8 (mean ± SEM)
SEM P-value

e42 Day 43e56 Day 57e70

956ab 1083a 39.4 <0.001
472b 718a 41.3 <0.001
1446b 1687a 41.8 <0.001
1.54b 1.57b 0.06 <0.001

(P < 0.05).

https://www.ncbi.nlm.nih.gov/sra/?term=SRP320638
https://www.ncbi.nlm.nih.gov/sra/?term=SRP320638
https://www.ncbi.nlm.nih.gov/sra/?term=SRP320638
https://docs.qiime2.org/2019.4/tutorials/
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sequences per sample (Supplementary Table S2). During the whole
experimental period, the Shannon index decreased from1 to 3 d but
then gradually increased, albeit with fluctuations, and stabilized at
50 d (Fig.1A). A total of 48,631ASVwere identified fromall the rectal
content samples, of which 46were present in all groups and defined
as core ASV (Fig. 1B).

At the phylum level, the dominant microbial communities from
d 1 to 70 were Proteobacteria, Firmicutes, and Bacteroidetes
(Fig. 1C). The relative abundance of Proteobacteria was greater than
60% on d 1 and 3, but decreased significantly from d 35 to 70
(P < 0.05; Fig. 1D). In contrast, Firmicutes and Bacteroidetes
increased gradually after 7 d of age and replaced Proteobacteria as
the dominant phylum. The relative abundance of Bacteroidetes on
d 28, 49, 56 and 63 was significantly greater than that on d 1
(P < 0.05; Fig. 1D). The relative abundance of Firmicutes ranged
from 47.78% to 82.98% after 7 d of age (Fig. 1D and Supplementary
Table S3). Additionally, the relative abundance of Actinobacteria on
d 7 (3.65%) and 14 (4.27%) increased by 24-fold and 28-fold
Fig. 1. Dynamic changes in alpha diversity metrics (Shannon index) (A); Venn diagram of am
bacterial phyla across ages (C); the major bacterial phyla at different ages are expressed as t
(E); and the major bacterial genera of the different ages are expressed as medians and SEM
samples at any single age are shown. A relative abundance significantly different from t
nonparametric KruskaleWallis test with Dunn's post hoc test for multiple comparisons.
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compared with that on d 3 (0.15%), respectively, and then stabi-
lized at approximately 1% (Fig. 1D and Supplementary Table S3).

Of the bacterial genera identified across all the fecal samples, 14
genera had a relative abundance >1% in at least 60% of the fecal
samples on a single day. These genera were Bacter-
oidaceae_Bacteroides, Faecalibacterium, Shigella, Lactobacillus,
Blautia, Prevotella, [Prevotella], Dorea, Butyricicoccus, Oscillospira,
Collinsella, [Ruminococcus], Streptococcus, and Parabacteroides
(Fig. 1E and F and Supplementary Table S4). At the genus level,
Shigella was the dominant genus during the first 3 d after birth,
while Faecalibacterium, Bacteroidaceae_Bacteroides, Lactobacillus,
and Prevotellawere the predominant genera after d 7 (Fig. 1E). The
relative abundance of Shigella on d 1 (39.41%) and 3 (66.93%) was
greater than that on d 35, 49, 56, 63 and 70 (P < 0.05). The abun-
dances of Bacteroidaceae_Bacteroides and Faecalibacterium were
greater at approximately d 7 to 63 than at d 1, although there were
fluctuations, and then decreased toward the end of the trial. The
relative abundance of Lactobacillus on d 7, 14 and 21 (20.05% to
plicon sequence variants (ASV) at different ages (B); relative abundance of the top 10
he median and SEM (D); relative abundance of the top 30 bacterial genera across ages
(F). Only the phyla and genera with a relative abundance >1% in at least 60% of the

hat of d 1 is indicated by *P < 0.05, **P < 0.01, and ***P < 0.001 according to the
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24.84%) suddenly increased by 7- to 9-fold compared with that on
d 3 (2.59%) and then decreased.

Remarkably, the relative abundance of Dorea was the highest
(17.14%) on d 14, while that of Prevotella was the highest on d 63,
and that of Blautia increased after 7 d of life and then varied,
peaking on d 35. Compared to d 1, the relative abundance of
Butyricicoccus increased and then decreased sharply (P < 0.001) on
d 3. The abundances of Oscillospira, Collinsella, [Ruminococcus] and
Parabacteroides peaked at different time points (14e35 d) during
the experiment (P < 0.01), but they all showed similar patterns of
first increasing and then decreasing. Streptococcus was different
from all the other genera, as its initial relative abundance decreased
dramatically on d 7 (P ¼ 0.022), and it never recovered.
3.3. Composition and distribution of bacterial genera

The 30 most abundant genera were analyzed via a hierarchical
clustering heatmap and divided into 5 clusters (Fig. 2A). Among
these genera, Enterococcus, Clostridium, Streptococcus, Acinetobacter,
Lactococcus, Aquabacterium, and Psychrobacter in the first cluster
predominated on d 1; Shigella, Butyricicoccus, and Peptos-
treptococcus in the second cluster predominated on d 3; Lactoba-
cillus, Dorea, Collinsella, and [Ruminococcus] in the 3rd cluster
predominated from d 7 to 14; Barnesiella, Mitsuokella, Phasco-
larctobacterium, Subdoligranulum, Oscillospira, Odoribacter, [Pre-
votella], Parabacteroides, Blautia, and CF231 in the 4th cluster
predominated from d 21 to 42; and Prevotella, Megamonas, Cop-
rococcus, Bacteroides, Faecalibacterium, and Sutterella in the 5th
cluster predominated from d 49 to 70. The STEM analysis identified
a significant module, including Blautia, [Prevotella], Barnesiella,
Parabacteroides, and Odoribacter, all belonging to the 4th cluster
(P ¼ 0.007; Fig. 2B). Based on the distribution of the high-
abundance bacterial genera, the entire experimental period was
divided into 5 stages, and PCoA was used to visualize the bacterial
distribution of each cluster (Fig. 2C; d 1, d 3, d 7e14, d 21e42, and
d 49e79).

The main bacterial genera that changed dynamically with age
were identified using random forest regression (Fig. 3A). The 30
Fig. 2. Heatmap of species abundance clustering for the 30 most abundant genera (A); tim
analysis (B); and principal coordinate analysis (PCoA) of the bacterial microbiota across dif
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most abundant bacterial genera belonged to 4 phyla: Firmicutes (17
genera), Bacteroidetes (5 genera), Proteobacteria (5 genera), and
Actinobacteria (3 genera) (Fig. 3B). The PCoA and ANOSIM showed
that the 5 stages were distributed in 2 clusters, each corresponding
to an age period (Fig. 4 A, B and Table 3; colonization period vs.
stable period, R ¼ 0.830 and P ¼ 0.001). The colonization period
included stages 1 and 2 (d 1e3), and the stable period included
stages 3 to 5 (d 7-70).

The KruskaleWallis test and LEfSe analysis using LDA were
performed to further investigate the differences between samples,
and an LDA score �3 was observed for the colonization period and
stable period (Fig. 4C). This threshold ensured that only informative
taxa were compared and that most rare taxa were eliminated.
During the stable period, the bacteria mainly belonged to the Pro-
teobacteria, including the genera Brevundimonas, Craurococcus,
Sphingomonas, Aquabacterium, Pelomonas, Arsenophonus, Shigella,
Acinetobacter, and Psychrobacter. In addition, the abundances of
Aerococcus, Alkalibacterium, Enterococcus, Lactococcus, Strepto-
coccus, and Clostridium of Firmicutes, as well as Flavobacterium and
Sufflavibacter of Bacteroidetes, increased during the stable period.
During the colonization period, the bacteria mainly belonged to the
phyla Firmicutes, Actinobacteria, and Bacteroidetes. At the genus
level, the abundances of Ruminococcus, Faecalibacterium, Oscil-
lospira, Subdoligranulum, Megamonas, Phascolarctobacterium,
[Ruminococcus], Blautia, Dorea, Lactobacillus, Collinsella, Barnesiella,
[Prevotella], Bacteroides, Parabacteroides, and Prevotellawere greater
during the stable period.
3.4. Microbial function prediction and intestinal metabolic
pathways

A functional analysis of the fecal bacterial microbiota of calves
between the stable period and the colonization period was per-
formed using PICRUSt2, and the abundance of metabolic path-
ways was estimated with the MetaCyc database as a reference.
The functional abundance statistics revealed that most microbial
functions were involved biosynthesis and degradation/utiliza-
tion/assimilation (Fig. 5A). Biosynthetic processes had a
e-series analysis of the top 30 genera by short time-series expression minus (STEM)
ferent stages (C).



Fig. 4. Schematic diagram of the genera of high abundance bacteria at different stages (A); principal coordinate analysis (PCoA) of the bacterial microbiota across the colonization
period and stable period (B); and Linear discriminant analysis effect size (LEfSe) cladogram (C).

Fig. 3. Heatmap of the 30 most abundant genera among 5 stages ranked by importance to the accuracy of the random forest regression model and the clusters they formed based
on their relative abundance (A); and the affiliation network diagram (B).
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significantly greater abundance than did the other metabolic
pathways. The main biological pathways included amino acid
biosynthesis, nucleoside and nucleotide biosynthesis, cofactors,
prosthetic groups, electron carriers, vitamin biosynthesis, fatty
306
acid and lipid biosynthesis, and carbohydrate biosynthesis.
Moreover, carbohydrate degradation was the main biological
pathway involved in the processes of degradation/utilization/
assimilation.



Table 3
Analysis of similarity (ANOSIM) of rectal microbiota beta diversity at different
stages1.

Age Age R-value P-value

Day 1 Day 3 0.204 0.018
Day 1 Day 7e14 0.731 0.001
Day 1 Day 21e42 0.937 0.001
Day 1 Day 49e70 0.960 0.001
Day 3 Day 7e14 0.618 0.001
Day 3 Day 21e42 0.830 0.001
Day 3 Day 49e70 0.901 0.001
Day 7e14 Day 21e42 0.141 0.013
Day 7e14 Day 49e70 0.370 0.001
Day 21e42 Day 49e70 0.119 0.001
Day 1e3 Day 7e70 0.831 0.001

1 The numbers in bold indicate R-values > 0.5 and P- values < 0.05. The fecal
microbiota of the two age groups were considered completely different at R > 0.75,
different at 0.5 < R < 0.75, tended to be different at 0.3 < R < 0.5, and did not differ at
R < 0.3.
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MetagenomeSeq analysis was used to identify metabolic path-
ways that differed significantly between groups (logFC >2 or
logFC < �2, and adjusted P < 0.05). A total of 110 metabolic path-
ways (54 upregulated and 56 downregulated pathways) exhibited
significant differences between the stable period and the coloni-
zation period. A total of 41 metabolic pathways related to carbo-
hydrate and protein metabolism were selected, which included
volatile fatty acid (VFA) production and degradation, CH4 produc-
tion, lactic acid production, amino acid degradation and produc-
tion, and carbohydrate metabolism (Fig. 5B and Table 4).

3.5. Coexpression network graphs of bacterial genera and metabolic
pathways

The link between bacterial genera and function was investi-
gated, which could serve as a foundation for further investigations
of dynamic changes in the fecal bacterial microbiota of calves. A
Fig. 5. The abundances of the differential metabolic pathways based on the MetaCyc data
functional pathway of MetaCyc's second classification level, and the rightmost is the first-
related to carbohydrate and protein metabolism in positive and negative coordinates (logF
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coexpression network of bacterial genera and metabolic pathways
was constructed, and several modules that were clustered in this
coexpression network were identified. The genera identified via
LEfSe analysis (LDA score �3) and the metabolic pathways related
to carbohydrate and protein metabolism were used as a dataset,
and correlations were calculated via Pearson correlation analysis
(Supplementary Table S5). Then, only robust (|r| > 0.9) and statis-
tically significant (adjusted P-value <0.01) correlations were
retained for the coexpression network graphs.

A total of 72 differentially positive relationship pairs were
identified and divided into 6 coexpression modules (Fig. 6). The
first coexpression module was associated with the sucrose
biosynthesis pathway in carbohydrate metabolism (sucrose
biosynthesis III [PWY-7347]; sucrose biosynthesis I [SUCSYN-
PWY]) (from photosynthesis) and was positively correlated with
21 bacterial genera, including Psychrobacter, Aerococcus, Alka-
libacterium, Brachybacterium, Craurococcus, YRC22, Nesterenkonia,
Sufflavibacter, Macrococcus, Skermanella, Comamonas, Aequorivita,
Ornithobacterium, Bizionia, Salinicoccus, Arsenophonus, Truepera,
Nodosilinea, Staphylococcus, Thiocystis, and Aeromonas. The second
coexpression module was involved in VFA (propionate) degrada-
tion (2-methylcitrate cycle II [PWY-5747] and 2-methylcitrate cycle
I [PWY0-42]), carbohydrate metabolism (glucose and glucose-1-
phosphate degradation [GLUCOSE1PMETAB-PWY]), amino acid
degradation (superpathway of ornithine degradation [ORNDEG-
PWY] and L-arginine degradation II [AST-PWY]), and lactic acid
production (superpathway of methylglyoxal degradation
[METHGLYUT-PWY]) and was positively correlated with only 1
bacterial genus, Shigella. The 3rd coexpression module included
carbohydrate metabolism (L-arabinose degradation IV [PWY-
7295]; glucose degradation (oxidative) [DHGLUCONATE-PYR-CAT-
PWY]; starch degradation III [PWY-6731]), amino acid degrada-
tion (superpathway of L-arginine, putrescine, and 4-
aminobutanoate degradation [ARGDEG-PWY]; superpathway of
L-arginine and L-ornithine degradation [ORNARGDEG-PWY]), and
CH4 production (factor 420 biosynthesis [PWY-5198]) and was
base (A). The abscissa is the abundance count of the classification, the ordinate is the
level classification to which this pathway belongs. Histogram of metabolic functions
C >2 or logFC < �2, and adjusted P < 0.05) (B). FC ¼ fold change.



Table 4
MetaCyc predicted microbial metabolic functions related to carbohydrate metabolism and protein metabolism.

Function Pathway logFC SE Adjusted P-values

VFA production Succinate fermentation to butanoate 4.88 1.25 0.002
L-lysine fermentation to acetate and butanoate 4.77 0.551 <0.001
L-glutamate degradation VIII (to propanoate) 4.19 0.859 <0.001
L-glutamate degradation V (via hydroxyglutarate) 2.10 0.591 0.004
Pyruvate fermentation to acetate and lactate II 2.15 0.601 0.004
Acetyl-CoA fermentation to butanoate II 3.66 1.05 0.005

CH4 production Methanogenesis from acetate 5.85 1.33 <0.001
Coenzyme M biosynthesis I 2.87 0.789 0.003

Lactic acid production Heterolactic fermentation 2.92 1.11 0.025
Amino acid degradation L-lysine fermentation to acetate and butanoate 4.77 0.551 <0.001

Glutaryl-CoA degradation 4.22 1.29 0.007
L-glutamate degradation VIII (to propanoate) 4.19 0.859 <0.001
L-histidine degradation I 3.16 1.42 0.057
Urea cycle 2.18 1.72 0.298
L-glutamate degradation V (via hydroxyglutarate) 2.10 0.591 0.004

Amino acid production Mannan degradation 3.67 1.51 0.038
Superpathway of L-aspartate and L-asparagine biosynthesis 2.02 0.603 0.006

Carbohydrates metabolism Acetyl-CoA fermentation to butanoate II 3.66 1.05 0.005
Glycolysis V (Pyrococcus) 3.17 1.00 0.007
Bifidobacterium shunt 3.09 1.12 0.018
Heterolactic fermentation 2.92 1.11 0.025
Incomplete reductive TCA cycle 2.51 0.898 0.017
Starch degradation V 2.12 0.588 0.003
Glycogen biosynthesis I (from ADP-D-glucose) 2.04 0.607 0.006
Glycogen degradation I (bacterial) 2.02 0.576 0.004

VFA production Isoprene biosynthesis II (engineered) �3.59 1.58 0.050
VFA degradation 2-Methylcitrate cycle I �3.39 1.11 0.010

2-Methylcitrate cycle II �3.33 1.06 0.008
CH4 production Factor 420 biosynthesis �4.95 1.28 0.002
Lactic acid production Superpathway of methylglyoxal degradation �2.92 1.09 0.022
Amino acid degradation L-arginine degradation II (AST pathway) �3.42 1.24 0.018

Superpathway of ornithine degradation �3.19 0.412 <0.001
Superpathway of L-arginine, putrescine, and 4-aminobutanoate degradation �2.54 0.585 <0.001
Superpathway of L-arginine and L-ornithine degradation �2.54 0.585 <0.001

Carbohydrates metabolism Starch degradation III �5.31 0.763 <0.001
Glucose degradation (oxidative) �4.45 1.09 0.001
L-arabinose degradation IV �3.13 1.33 0.044
Glucose and glucose-1-phosphate degradation �2.79 1.12 0.034
Sucrose biosynthesis III �2.45 1.30 0.111
Sucrose biosynthesis I (from photosynthesis) �2.42 1.28 0.111

FC ¼ fold change; VFA ¼ volatile fatty acid; AST ¼ arginine succinyltransferase.

Fig. 6. Linear discriminant analysis effect size (LEfSe) analysis of genera (linear discriminant analysis score �3) and the metabolic pathways related to the carbohydrate and protein
metabolism coexpression network diagram.
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positively correlated with 7 bacterial genera, including Aqua-
bacterium, Brevundimonas, Flavobacterium, Pelomonas, Sphingomo-
nas, Elstera, and Acinetobacter. The 4th coexpression module was
involved in carbohydrate metabolism and lactic acid production
(Bifidobacterium shunt [P124-PWY]; heterolactic fermentation
[P122-PWY]) and was positively correlated with Lactobacillus. The
5th coexpression module was associated with CH4 production
(methanogenesis from acetate [METH-ACETATE-PWY]) and
showed a positive correlation with Blautia. The 6th coexpression
module was involved in VFA production (succinate fermentation to
butanoate [PWY-5677]) and showed a positive correlation with
Oscillospira.

4. Discussion

Birth weight and ADG before weaning are important indicators
of calf health status. The calves' body weights ranged from 37.9 to
44.0 kg at birth, which met the national standard of the People's
Republic of China (GB/T 3157-2023) of not being lower than 36.0 kg.
At 70 d of age, the calves' body weights ranged from 88.0 to 104 kg,
with an ADG of 792 g/d. These values were consistent with the
statistics of the United States Department of Agriculture Animal
and Plant Health Inspection Service (USDA, 2021). These results
suggest that the growth performance and health status of the
calves in this study were similar to those of most calves in China
and abroad.

In this study, the longitudinal changes in bovine fecal microbiota
development during preweaning were evaluated. Sequencing of
the 16S rRNA gene was used to analyze the microbial structure,
composition, significantly enriched bacteria, and potential func-
tions. The period from birth to weaning is a critical period for in-
testinal microbiota colonization and development, and its
microbial communities show obvious temporal changes. The bac-
terial richness and diversity of preweaning calves generally in-
crease with age, but within 7 d after birth, the bacterial richness
declines and rapidly recovers (Dill-McFarland et al., 2017; Li et al.,
2019; Rey et al., 2014; Yeoman et al., 2018). Our study revealed
that the Shannon index of rectal microbes in preweaning calves
increased significantly with age. This was consistent with the
findings of Klein-J€obstl et al. (2019) and Chen et al. (2022) on
bacterial richness. Previous studies suggested that the preruminant
GIT was first colonized by facultative anaerobes, including Escher-
ichia coli, Streptococcus, and Clostridium perfringens, which colonize
calves within 8 h after birth. As the calves grow older, the intestinal
oxygen is depleted, and the abundances of facultative anaerobes,
such as Lactobacillus and Bacteroides, are reduced, creating anaer-
obic conditions for obligate anaerobic gut microbiota (Jordan, 1976;
Jost et al., 2012). This may be an important reason for the decrease
in the number of microbes on d 3.

The dominant phyla in the rectal microbiota before weaning
were Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria,
which was consistent with previous studies on the core microbiota
in the bovine gut at different ages (Bi et al., 2021; Jami et al., 2013;
Malmuthuge et al., 2019). A previous study reported that the
enrichment of Proteobacteria in the gut, including Enterobacteri-
aceae, indicates an imbalanced or unstable microbial community
structure or a disease state of the host (Shin et al., 2015). Many
metabolic and inflammatory diseases are associated with the
phylum Proteobacteria, a major phylum of gram-negative bacteria
that increases the level of lipopolysaccharide endotoxin in the
blood, decreases the number of intestinal barrier cells, and in-
creases intestinal permeability (Cani et al., 2007; Rizzatti et al.,
2017). In our study, Proteobacteria were abundant 3 d after birth
and then decreased rapidly. Shigella, belonging to Enterobacteri-
aceae, showed the same changes as did the phylum Proteobacteria.
309
It is a gram-negative invasive enteropathogenic bacterium that
causes rupture, invasion, and inflammatory destruction of the
colonic epithelium, leading to bacillary dysentery. Diarrhea is one
of the most important health problems in young calves, especially
during the first month after birth, and it is associated with a high
abundance of harmful bacteria (Ma et al., 2020; Pempek et al.,
2019). Chang et al. (2020) reported that calves with a high diar-
rhea rate had a greater abundance of Proteobacteria. One possible
reason for this may be the absence of differentiated B cells and IgA
production deficiency at 3 d after birth, which increases the sus-
ceptibility of calves to infection (Mirpuri et al., 2014; Rizzatti et al.,
2017). Another possible reason may be the upregulation of PWY-
722 (nicotinate degradation I), which produces fumarate as the
final metabolite, during the colonization period. Fumarate is a
component of fumarate and nitrate reduction (FNR), which is
essential for the virulence of Shigella (Marteyn et al., 2010; Vergara-
Irigaray et al., 2014). This suggests that some interventions, such as
facilitating B-cell differentiation and IgA production or blocking the
pathway of PWY-722 or the FNR, could modulate immunity and
weaken some harmful bacteria (such as Proteobacteria and
Shigella) one week after birth.

Megamonas, Prevotella and Lactobacillus were the most impor-
tant genera in the random forest analysis. Megamonas and Pre-
votella were the most abundant genera in stage 5, while
Lactobacillus was one of the most abundant genera in stage 3.
Megamonas and Prevotella are Firmicutes that mainly ferment
various carbohydrates and produce VFA, which are important for
energy supply, rumen development and immune function (Nuli
et al., 2019; Stevenson and Weimer, 2007; Xue et al., 2020). The
high abundance of Megamonas and Prevotella during stage 5 may
reflect the maturity and stability of the calf intestinal microbiota.
Lactobacillus is a member of the Firmicutes and mainly uses lactose
or other monosaccharides for fermentation, producing lactic acid,
inhibiting the growth of harmful bacteria, maintaining the balance
of intestinal pH, and promoting the establishment of the intestinal
mucosal barrier (Cheirsilp et al., 2003; Liu et al., 2019; Vassallo
et al., 2015). Studies have shown that Lactobacillus colonized 1 d
after birth and then dominated in all regions of the GIT tested in the
first week (Smith, 1965). The high abundance of Lactobacillus dur-
ing stage 3 may be related to the dynamic changes in the calf in-
testinal microbiota because on d 4 after birth, with the feeding of
the granulated starter and the adaptation of the digestive system,
the intestinal microbiota underwent a transition period. During this
period, the abundance of Lactobacillus increased, which gradually
decreased the abundance of harmful bacteria (such as Proteobac-
teria and Shigella). This suggests that colonization by these genera
during stage 3 (Lactobacillus, Dorea, Collinsella, and [Ruminococcus])
in the gut of young calves might facilitate the establishment of a
functional gut and maintain the stability of the gut microbiota
(Cascone et al., 2021; Liu et al., 2020; Sokol et al., 2017; Tian et al.,
2019). Similarly, Schwaiger et al. (2022) showed that a greater
abundance of diarrheal pathogens and the restricted development
of Lactobacillus can cause intestinal dysbiosis, which is conducive to
the onset of diarrhea in newborn calves. Therefore, strict man-
agement and appropriate preventive measures must be provided
during early life, and nutritional interventions that promote the
colonization of beneficial microbes, such as Lactobacillus and Bifi-
dobacterium (such as galacto-oligosaccharide (Chang et al., 2022),
zinc oxide (Chang et al., 2020), and zinc methionine (Yu et al.,
2024), may be key to preventing and controlling the onset of
diarrhea and other intestinal diseases.

During the colonization period, VFA production and degradation
were mainly related to propionate. During the stable period, the
number of metabolic pathways related to VFA production and
degradation increased, and these pathways were mainly related to
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acetate, butyrate and lactic acid. Acetate and butyrate are the main
sources of energy for intestinal epithelial cells, and butyrate mod-
ulates the immune response, improving intestinal barrier function
by increasing colonic mucin and tight junctions (Gonzalez et al.,
2019; Wang et al., 2022; Xu et al., 2016). Interestingly, compared
with those identified during the colonization period, there were no
metabolic pathways associated with VFA degradation identified
during the stable period, which means that in the early stages of
life, in addition to meeting the energy needs of the host, part of the
propionate produced by fermentation was degraded as a carbon
source and energy for microorganisms. Among the metabolic
pathways associated with amino acid metabolism, amino acid
degradation in the stable period was more related to VFA produc-
tion, and metabolic pathways related to amino acid biosynthesis
were also more abundant during the stable period than during the
colonization period (mannan degradation and the superpathway of
L-aspartate and L-asparagine biosynthesis). In addition, from the
perspective of the number of enriched metabolic pathways,
whether protein metabolism or carbohydrate metabolism, the
stable period was more comprehensive and complete than the
colonization period.

Association analysis revealed that propionate production and
degradation in calves during the colonization period were closely
related to Shigella, while acetate and butyrate production during
the stabilization periodwere closely related to Lactobacillus, Blautia,
and Oscillospira. This suggested a shift in the fermentation pattern
during calf development, from a propionate fermentation pattern
dominated by Shigella in the colonization period to a lactic acid
fermentation pattern dominated by Lactobacillus, Blautia, and
Oscillospira in the stabilization period. There is no evidence that
Shigella can ferment propionate, but it can use propionate as a
carbon or energy source, which is significantly negatively related to
propionate (Tao et al., 2022). In addition, among the highly abun-
dant bacteria during the colonization period, some were closely
related to propionate fermentation, such as Clostridium, Butyr-
icicoccus and Peptostreptococcus. Shigella and propionate-
fermenting bacteria may have some interactions in the intestine,
such as competing for nutrients and affecting the intestinal pH and
microbial balance. The interactions between Shigella and Clos-
tridium or between Butyricicoccus and Peptostreptococcus may in-
fluence the efficiency of propionate fermentation, but the specific
mechanism involved needs further investigation.

5. Conclusion

A dynamic distribution of themicrobiota andmetabolic function
in the rectums of neonatal calves during the first 10 weeks of age
was observed in the present study. The colonization process of the
bacterial genera could be divided into 2 periods and 5 stages: stage
1 (d 1), stage 2 (d 3), stage 3 (d 7-14), stage 4 (d 21-42), and stage 5
(d 49-70). The colonization period included stages 1 and 2, and the
stable period included stages 3 to 5. The highly abundant genera
and the fermentation pattern differed between the colonization
period and stable period, and the stable period had more diverse
and complex metabolic functions than did the colonization period.
During the colonization period, VFA production and degradation
occurred mainly via the propionate fermentation pattern domi-
nated by Shigella. During the stable period, VFA production and
degradation were dominated by Lactobacillus, Blautia, and Oscil-
lospira, which are involved in many metabolic pathways and are
mainly based on the lactic acid fermentation pattern. The changes
in fermentation pattern and metabolic function may be related to
the colonization of these genera at stage 3 (Lactobacillus, Dorea,
Collinsella, and [Ruminococcus]) in the gut of young calves. As the
digestive tracts of calves gradually adapt to starter feeding, the
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intestinal microbiota undergoes a transition period. During this
period, the abundance of Lactobacillus increased, which gradually
decreased the abundance of harmful bacteria (such as Proteobac-
teria and Shigella). Therefore, it is important to provide strict
management and appropriate preventive measures to calves dur-
ing their early life, and nutritional interventions that promote
Lactobacillus colonization may be the key strategy to prevent and
control the occurrence of diarrhea or other gastrointestinal
disorders.
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