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Abstract 

Background Calves undergo nutritional, metabolic, and behavioural changes from birth to the entire weaning 
period. An appropriate selection of weaning age is essential to reduce the negative effects caused by weaning‑related 
dietary transitions. This study monitored the faecal microbiome and plasma metabolome of 59 female Holstein calves 
during different developmental stages and weaning times (early vs. late) and identified the potential associations of 
the measured parameters over an experimental period of 140 days.

Results A progressive development of the microbiome and metabolome was observed with significant differences 
according to the weaning groups (weaned at 7 or 17 weeks of age). Faecal samples of young calves were dominated 
by bifidobacterial and lactobacilli species, while their respective plasma samples showed high concentrations of 
amino acids (AAs) and biogenic amines (BAs). However, as the calves matured, the abundances of potential fiber‑
degrading bacteria and the plasma concentrations of sphingomyelins (SMs), few BAs and acylcarnitines (ACs) were 
increased. Early‑weaning at 7 weeks significantly restructured the microbiome towards potential fiber‑degrading 
bacteria and decreased plasma concentrations of most of the AAs and SMs, few BAs and ACs compared to the 
late‑weaning event. Strong associations between faecal microbes, plasma metabolites and calf growth parameters 
were observed during days 42–98, where the abundances of Bacteroides, Parabacteroides, and Blautia were positively 
correlated with the plasma concentrations of AAs, BAs and SMs as well as the live weight gain or average daily gain in 
calves.

Conclusion The present study reported that weaning at 17 weeks of age was beneficial due to higher growth rate of 
late‑weaned calves during days 42–98 and a quick adaptability of microbiota to weaning‑related dietary changes dur‑
ing day 112, suggesting an age‑dependent maturation of the gastrointestinal tract. However, the respective plasma 
samples of late‑weaned calves contained several metabolites with differential concentrations to the early‑weaned 
group, suggesting a less abrupt but more‑persistent effect of dietary changes on host metabolome compared to the 
microbiome.
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Background
The commercial calf rearing facilities are continuously 
challenged by cost reduction without affecting ani-
mal health and performance. Even a slight reduction in 
the weaning age can significantly reduce the feed cost. 
However, weaning age should be carefully considered 
as calves undergo extreme nutritional, metabolic, and 
behavioural changes from birth to the entire weaning 
period [1]. Feeding minimal plane of nutrition before 
weaning could result in long-term detrimental effects on 
calf ’s growth and metabolic health [2]. The composition 
of the gut microbiome is unstable during the first three 
months of a calf ’s life due to the change in physiological 
state, age, diet, weaning, and other environmental factors 
[3]. Besides other factors, pre-weaning calf diet contrib-
utes most strongly to the establishment of gut micro-
bial communities and mucosal immune system [4]. The 
activity of gut microbes in turn benefit the host through 
digestion of complex dietary substrates, maturation of 
host immune system, intestinal epithelium development, 
maintenance of gut integrity and protection against path-
ogens [5–8]. The gut microorganisms produce a wide 
variety of metabolites either through direct fermenta-
tion of dietary substrates or through utilization of endog-
enous compounds produced by other gut microbes and 
the host [9]. These microbial metabolites are absorbed 
by the intestinal epithelium, enter the bloodstream to 
provide energy and nutrition to the host, regulate target 
organs and thus, alter the host’s metabolic state [10].

Most recent studies have highlighted the importance of 
integrating data from the microbiome and metabolome 
instead of solely microbial taxonomic profiling to better 
understand the host–microbe’s metabolic interactions 
and possible identifications of predictive biomarkers for 
diseases [11, 12]. With the advanced metabolomic anal-
ysis tools, it is now possible to detect several classes of 
metabolites such as amino acids (AAs), biogenic amines 
(BAs), acylcarnitines (ACs), and sphingomyelins (SMs) 
in a broad spectrum of matrixes such as blood or diges-
tive material. These metabolites can provide a broader 
image of metabolic shifts and enable us to understand 
the underlying mechanisms caused by gut microbial dys-
biosis [13]. Given the role of AAs in protein synthesis, 
energy generation and metabolic pathways regulation 
[14], plasma AAs quantification can provide an insight 
into the nutritional status, health and disease patho-
genesis [15]. Similarly, high levels of BAs during rumen 
acidosis are regarded as a biomarker for bacterial dys-
biosis [16], due to their important role in immunologi-
cal, muscular, cardiovascular and neurological functions, 
as well as anti-inflammatory and anti-oxidative reac-
tions [17]. Acylcarnitines were suggested as lipid mobi-
lization biomarkers [18] and their high concentrations 

in plasma have been linked with both the healthy and 
diseased status of the host [19]. Sphingolipids are bio-
active molecules, involved in several cellular and patho-
logical processes including proliferation, cell division 
and differentiation, cell death, and pro-inflammatory 
responses [20]. Thus, it can be speculated that stress-
related gut microbial dysbiosis can strongly impact the 
levels of metabolites [12]. To our knowledge, the associa-
tion of gut microbiota with the plasma concentrations of 
AAs, BAs, ACs and SMs in pre- and post-weaned calves 
has not been examined so far. Although this evaluation 
should be done with care as a strong influence of host 
genetics on serum metabolites was described before 
[21], a more recent study found that 47% of the microbe-
associated blood metabolites to be nonheritable [11]. 
This suggests the important role of gut microorganisms 
on the systemic metabolism, which is independent of 
the host’s genome. Here, we explored the changes in the 
calf ’s faecal microbiome and plasma metabolome due to 
the developmental stage and the early and late-weaning 
event, inherently associated with qualitative and quanti-
tative aspects of nutrient intake pattern.

Results
Age‑dependent changes in the compositional profile 
of calves’ faecal microbiome
The differences between the faecal bacterial commu-
nity structure associated with age, weaning and parity of 
the mother were identified using Permutational Analy-
sis of Variance (PERMANOVA) that showed a signifi-
cant impact of age (p < 0.001), weaning time (p < 0.001), 
parity (p = 0.007) and the interaction between age and 
weaning time (p < 0.001) but parity was non-significant 
within the respective age and weaning groups. A clus-
tering of bacterial communities based on amplicon 
sequence variants (ASVs) was observed by calves age 
in both weaning groups (Fig.  1A, B), which was further 
confirmed with the analysis of similarity test (ANOSIM) 
that showed significant differences between age groups 
(ANOSIM; p < 0.001; R = 0.65 and 0.75; earlyC and 
lateC, respectively). Both weaning groups showed a sig-
nificant increase in faecal bacterial alpha-diversity with 
age (p < 0.001) as indicated by the lowest Shannon index 
values of 2.68 and 2.98 (d1) to the highest values of 4.94 
and 4.95 (d140) in earlyC and lateC groups, respectively 
(Additional file  1: Fig. S1A). However, no significant 
impact of weaning time on diversity index was observed. 
With respect to the faecal bacterial taxonomic composi-
tion, a significant age-dependent decrease in the relative 
abundances of Firmicutes and Actinobacteria, while an 
increase in Bacteroidetes, Spirochaetes and Elusimicro-
bia was observed (Additional file 1: Fig. S1B, Additional 
file 2: Table S1). At species-level, the earliest time point 
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(d1) had significantly higher abundances of Bifidobac-
terium longum, Gallibacterium anatis, Lactobacillus 
amylovorus, Lactobacillus ingluviei, Ligilactobacillus 
salivarius, Streptococcus gallolyticus, unclassified (uncl.) 
Butyricicoccus, uncl. Lactobacillaceae, and uncl. Mediter-
raneibacter, showing significant decrease in abundance 
with age (d1–d140) in both weaning groups. In addi-
tion, Bacteroides uniformis, Barnesiella intestinihominis, 
Blautia wexlerae, Faecalibacterium prausnitzii, Phocaei-
cola vulgatus, Prevotella copri, uncl. Faecalicatena, and 
uncl. Prevotella were significantly more abundant during 
days 28–42 and less abundant during later time points. 
On the contrary, Bifidobacterium pseudolongum, uncl. 
Bacteroidia, uncl. Bacteroidales, uncl. Bacteroidaceae, 
uncl. Clostridia, uncl. Clostridiales, uncl. Eubacteriaceae, 
uncl. Muribaculaceae, uncl. Oscillospiraceae, uncl. Prevo-
tellaceae, uncl. Ruminococcaceae, uncl. Rikenellaceae, 

uncl. Sphingobacteriales, and uncl. Tannerellaceae were 
less abundant during early time points and showed a 
significant increase with age (Fig.  1C, Additional file  2: 
Table S1).

Weaning‑dependent modifications in the faecal bacterial 
composition and their predicted function in calves
In addition to the age-related maturation, the time point 
of weaning also significantly influenced the faecal bacte-
rial compositional profiles as indicated by the separate 
clustering of weaning groups during days 42–112. In 
contrast, no significant difference was detected before 
or after this period (Fig.  2). Both weaning groups had 
distinct bacterial taxonomic compositions during days 
42–98 (Fig.  3, Additional file  2: Table  S1). Early-wean-
ing at seven weeks triggered an increase in the relative 
abundance of Bacteroidetes and a decrease of Firmicutes 

Fig. 1 Age‑dependent changes in the faecal bacterial communities of earlyC and lateC calves. a, b Bacterial compositional profiles of different age 
group earlyC (n = 176) and lateC (n = 154) faecal samples based on ASVs visualized using principal‑coordinate analysis plots. Each triangle indicates 
one sample. c Heatmap based on bacterial taxa with significantly different relative abundance (p < 0.05; Kruskal–Wallis test). Each day represents 
an average value for animals: d1 (20 & 22), d28 (24 & 21), d42 (25 & 23), d70 (26 & 21), d98 (27 & 22), d112 (27 & 23), and d140 (27 & 22) animals for 
earlyC and lateC groups, respectively. EarlyC group was weaned during experimental days 28–42 and lateC during experimental days 98–112
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(Additional file 1: Fig. S1B) during days 42–98 (p < 0.05). 
At genus-level, earlyC calves had significantly higher 
abundances of Butyricimonas and certain unclassi-
fied members of Bacteroidetes, Firmicutes, as well as 
Spirochaetes (Fig.  3, Additional file  2: Table  S1). Early-
weaning also significantly decreased the abundances of 

potential lactose- and starch-degraders as well as poten-
tial butyrate-producing bacteria including Faecalibacte-
rium, Blautia, Prevotella, Bacteroides, Parabacteroides, 
Butyricimonas, Olsenella, Anaerostipes, Streptococcus, 
Frisingicoccus, Phocaeicola, Mediterraneibacter, uncl. 
Atopobiaceae, uncl. Bacteroidales incertae sedis, and 

Fig. 2 Principal‑coordinate analysis plots showing changes in bacterial compositional profiles of faecal samples due to weaning event. Each 
triangle indicates one sample. The significant differences between same‑age‑old weaning groups, separated based on PCO analysis, were 
confirmed using analysis of similarities test (ANOSIM), with R‑ and p values indicated
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uncl. Lachnospiraceae. In addition, the abundance of 
potential pathogenic bacteria, such as Collinsella, was 
reduced due to the weaning event in the earlyC group.

CowPI-based predictive analysis showed a significant 
enrichment of function with particular involvement in 
the metabolism of amino acid, carbohydrate, energy and 

nucleotide, and glycan biosynthesis in the earlyC group 
(days 42–98) (Additional file  1: Fig. S2). In contrast, a 
significant reduction in some of the general metabolic 
functions with essential role in microbial survival such 
as protein kinases, ABC transporters, two-component 
system, transcription factors, and other ion-coupled 

Fig. 3 Changes in faecal bacterial communities of calves due to weaning event. Significantly different bacterial genera with relative abundance 
(≥ 1%) and p  ≤ 0.05 (Kruskal–Wallis test) among same‑age old weaning groups are shown. Each bar represents an average value for animals: d42 
(25 & 23), d70 (26 & 21), d98 (27 & 22) animals for earlyC and lateC groups, respectively
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transporters were also predicted in the earlyC group cor-
responding to the weaning event.

Plasma metabolome and the impact of calves’ age
The differences between the plasma metabolic profiles 
of calves from different age groups were shown by a 
supervised partial least square discriminant analysis 
(PLS-DA), that resulted in clear age-dependent clus-
tering for both weaning groups (Fig.  4A, B). Metabo-
lites showing significant difference due to the age of 
the calves were selected based on the variable impor-
tance in the projection (VIP) threshold > 1 and a false 
discovery rate (FDR) < 0.001 (ANOVA) (Fig.  4C, Addi-
tional file  2: Table  S2). The plasma concentrations of 
most of the metabolites including AAs, BAs, ACs, and 
SMs were affected by both calves age and the time of 

weaning (Fig. 4C). In both weaning groups, a significant 
age-dependent decrease in the concentrations of AAs 
(arginine, lysine, methionine, phenylalanine, threo-
nine, proline, serine, tyrosine, glutamate, glycine, and 
histidine), BAs (taurine, trans-4-hydroxyproline, cre-
atinine, sarcosine, asymmetric dimethylarginine, and 
symmetric dimethylarginine), AC (carnitine) and SM 
(SM C24:1) was observed. However, as the calves aged 
and became more mature (days 70–140), the plasma 
concentrations of BAs (carnosine, acetylornithine, 
dopamine, spermine, histamine, and dihydroxypheny-
lalanine), ACs (hydroxyhexadecadienylcarnitine, and 
valerylcarnitine), and most of the sphingomyelins (SM 
(OH) C14:1, SM (OH) C16:1, SM (OH) C22:1, SM (OH) 
C22:2, SM (OH) C24:1, SM C18:1, SM C26:0) were 
increased (Fig. 4C).

Fig. 4 Age‑dependent changes in plasma metabolites concentrations of earlyC and lateC calves. a, b Metabolic profiles of different age group 
earlyC (n = 174) and lateC (n = 153) plasma samples visualized using PLS‑DA score plots. Each shape indicates one sample coloured according to 
the age group with ellipse indicating the 95% confidence region. c Heatmap of the significantly altered metabolites due to calves age (VIP > 1, 
FDR < 0.001, ANOVA). Each day represents an average concentration of metabolites for animals: d1 (20 & 22), d28 (24 & 21), d42 (24 & 23), d70 (25 & 
21), d98 (27 & 21), d112 (27 & 23), and d140 (27 & 22) animals for earlyC and lateC groups, respectively
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Weaning‑dependent modifications in the plasma 
metabolome of calves
Similar to the weaning-related shifts in the faecal 
microbial profiles, the supervised PLS-DA showed 
clear separation among metabolic profiles of earlyC 

and lateC calves during days 42–112 (Fig. 5). The iden-
tification of metabolites altered due to the weaning 
event within each age group was based on a VIP > 1, 
FDR < 0.05 (t-test) and log2 FC > 0.1 or < − 0.1. Moth-
er’s parity showed no significant influence on DMs 

Fig. 5 Partial least squares‑discriminate analysis for identification of metabolic differences among weaning groups. Each circle indicates one 
sample and ellipse indicating the 95% confidence region. The quality of the models was assessed using Q2 as performance measure and tenfold 
cross‑validation method. The Q2 values for the first 5 components are shown
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within each weaning group (earlyC PC vs. earlyC MC 
and lateC PC vs. lateC MC). A total of 10, 32, 32, and 
18 significantly differential metabolites (DMs) were 
identified between earlyC and lateC groups at days 
42, 70, 98, and 112, respectively. During days 42–112, 
the relative concentrations of 2, 5, 8 and 3 metabo-
lites were significantly higher in the plasma of earlyC 
calves, and the relative concentrations of 8, 27, 24, and 
15 metabolites were significantly higher in the plasma 
of lateC calves (Fig.  6). In general, earlyC calves had 
significantly lower concentrations of most of the essen-
tial amino acids (EAAs; arginine, histidine, leucine, 
lysine, methionine, phenylalanine, valine, threonine, 
tryptophan), and non-essential amino acids (NEAAs; 

aspartate, glutamine, proline, serine, tyrosine, cit-
rulline, and ornithine), BAs (taurine, trans-4-hy-
droxyproline alpha-aminoadipic acid, carnosine, and 
methionine sulfoxide), ACs (carnitine, acetylcarnitine, 
and propionylcarnitine), and SMs (SM (OH) C22:1, 
SM (OH) C22:2, SM C16:0, SM C16:1, SM C18:0, 
SM C18:1, SM C22:3, SM C24:0, SM C24:1) as com-
pared to the same-day-old lateC group (days 42–112; 
Fig. 6). The ratio between kynurenine/tryptophan was 
lower at day 70 and 98 (Additional file  1: Fig. S3) in 
the lateC group. Similar to the microbiome dataset, no 
significant differences between metabolic profiles of 
weaning groups were observed during days 1–28, but 
the plasma samples of 112 days old earlyC and lateC 

Fig. 6 Volcano plots of the weaning‑dependent changes in the plasma metabolic profiles of weaning groups. The identification of significantly 
altered metabolites due to weaning event within each age group was based on a VIP > 1, FDR < 0.05 (t‑test) and log2 FC > 0.1 or < − 0.1. Each circle 
indicates one metabolite
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calves showed a large number of DMs. A metabolic 
pathway analysis (MetPA) was done using DMs iden-
tified between the weaning groups. The enrichment 
of 5 (d42), 12 (d70), 13 (d98), and 9 (d112) pathways 
mainly related to AAs metabolism was shown to be 
significantly different between the weaning groups 
(Additional file 1: Fig. S4, pathway impact ≥ 0.1, FDR 
< 0.01).

Associations between differential faecal microbial genera 
and plasma metabolites of weaning groups
To identify the weaning-dependent shifts in the potential 
host-microbe metabolic interactions, Spearman’s rank 
correlations were calculated between the differentially 
abundant faecal microbial genera and plasma metabolites 
of weaning groups, separately for each time point (Fig. 7). 
The potential lactose- and starch-degrading bacterial 
genera that were reduced by the early-weaning events 

Fig. 7 Heatmaps showing the Spearman’s rank correlations between differentially abundant faecal microbial genera and plasma metabolites of 
weaning groups. Colours indicates the correlation between microbiome and metabolome (blue: significant positive, red: significant negative, and 
white: non‑significant). Only Spearman correlation coefficients with p < 0.05 are shown. Abbreviations (ACs, AAs, BAs and SMs) indicates following 
metabolites classes: acylcarnitines, amino acids, biogenic amines, and sphingomyelins respectively
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during days 42–98 were strongly positively correlated 
(R > 0.50, p < 0.05) with the plasma concentrations of 
AAs, BAs and SMs. Aspartate was positively correlated 
with Butyricimonas, histidine with Frisingicoccus, Blau-
tia, Bacteroides, Prevotella, Mediterraneibacter, Anaero-
stipes, Parabacteroides, Butyricimonas and Olsenella, 
methionine and proline with Blautia, Mediterranei-
bacter and Parabacteroides, leucine and ornithine with 
Parabacteroides and Butyricimonas, threonine, trypto-
phan and tyrosine with Bacteroides and Parabacteroides, 
leucine with Olsenella, and threonine with Mediterra-
neibacter. Similar positive correlations were observed 
between the plasma concentrations of BAs such as 
alpha-aminoadipic acid with Frisingicoccus, taurine with 
Bacteroides, Butyricimonas and Olsenella, trans-4-hy-
droxyproline with Frisingicoccus, Blautia, Mediterranei-
bacter and Anaerostipes. The plasma SMs concentrations 
were positively correlated with bacterial abundances; 
SM (OH) C22:1 with Blautia, Mediterraneibacter and 
Butyricimonas, SM (OH) C22:2 with Butyricimonas, SM 
C24:1 with Mediterraneibacter, Parabacteroides, Blautia 
and Butyricimonas, SM C16:0 with Blautia, Prevotella, 
Mediterraneibacter, Anaerostipes, Parabacteroides, Bac-
teroides and Butyricimonas, and SM C16:1 with Blau-
tia, Mediterraneibacter, Bacteroides and Butyricimonas 
(Fig. 7).

In addition, the genera that were significantly higher in 
abundance in the earlyC group during days 42–98 were 
also strongly positively correlated to the following plasma 
metabolites: uncl. Rikenellaceae with alanine, uncl. 
Clostridiales with propionylcarnitine, uncl. Bacteroi-
dales, Bacteroidaceae, Rikenellaceae and Eubacteriaceae 
with acetylornithine, and uncl. Bacteroidales with SM 
(OH) C16:1 (R > 0.50, p < 0.05). Furthermore, few strong 
negative correlations also existed between uncl. Bacteroi-
dales with histidine, leucine, taurine, SM C16:0, and SM 
C16:1, uncl. Bacteroidaceae with SMs (SM (OH) C22:1, 
SM (OH) C22:2, SM C16:0, SM C16:1, and SM C24:1) as 
well as with AA (histidine), uncl. Muribaculaceae with 
alpha-aminoadipic acid, uncl. Rikenellaceae with carni-
tine, AAs (histidine, leucine, ornithine, threonine, trypto-
phan, tyrosine), taurine, and SMs (SM C16:0, SM C16:1, 
and SM C24:1), uncl. Ruminococcaceae and Butyrici-
monas with acetylcarnitine, uncl. Spirochaetaceae with 
SM C24:1 (R < − 0.50, p < 0.05).

Associations between morphometric variables of calves, 
differential faecal microbial genera and plasma 
metabolites of weaning groups
Live weight (LW), live weight gain (LWG) or average daily 
gain (ADG), and morphometric variables such as with-
ers height, hip height, back length, heart girth and body 
length increased with age (p < 0.001) and were higher in 

the lateC group [22]. The data were checked for strong 
positive (R >  0.50) or strong negative correlations (R < 
− 0.50; p < 0.05, Additional file 2: Table S3) with micro-
biome and metabolome data. LWG or ADG was signifi-
cantly higher for lateC group from days 42–98, showing 
strong positive correlations with the abundances of 
Mediterraneibacter, Parabacteroides, Prevotella, Blautia, 
uncl. Bacteroidales incertae sedis, uncl. Lachnospiraceae 
(d70), and Olsenella (d98), as well as the plasma con-
centrations of threonine, tryptophan, tyrosine, histidine, 
methionine, proline, carnitine, hexoses, SM C16:0, and 
SM C16:1 (d70), while strong negative correlation with 
uncl. Rikenellaceae abundance and acetylornithine con-
centration (d70) were observed. LateC group had signifi-
cantly higher LW from days 70–140, which was strongly 
positively correlated with uncl. Bacteroidales incertae 
sedis (d70 and d98), uncl. Atopobiaceae (d98), and plasma 
concentrations of methionine, serine, trans-4-hydroxy-
proline, and carnitine (d70), tryptophan, tyrosine, valine, 
leucine, ornithine, taurine, hexoses, SM C24:1, SM C16:0, 
SM C16:1 (d98), and threonine (d70 and d98), and nega-
tively correlated with uncl. Rikenellaceae (d98), sper-
midine (d70) and acetylornithine (d98). Hip height was 
significantly different between the weaning groups only 
during days 70 and 140, and positively correlated with the 
abundances of Blautia, Mediterraneibacter, Prevotella 
and uncl. Bacteroidales incertae sedis, and plasma con-
centrations of lysine, threonine, histidine, methionine, 
serine and carnitine, while negatively correlated with 
spermidine and SM (OH) C16:1 (d70). Heart girth was 
greater for lateC group from days 98 onwards and had a 
strong positive association with the abundance of unclas-
sified Bacteroidales incertae sedis, plasma concentration 
of tryptophan, valine, leucine, ornithine, SM C24:1, SM 
C16:0 and SM C16:1, and strong negative association 
with uncl. Rikenellaceae abundance and acetylornithine 
(d98).

Discussion
This study examined the age- and weaning-dependent 
changes in the calves’ faecal microbiome, plasma metab-
olome and explained the potential host-microbe associa-
tions. We showed an age-dependent increase in the faecal 
bacterial alpha-diversity as reported in other studies [23, 
24], which might have assisted GIT development and liq-
uid to solid diet transition post-weaning [25]. At species-
level, the faecal bacterial community of young calves was 
dominated by potential lactose- and starch-degrading 
bacteria, which was replaced by potential fiber-degrading 
bacteria with age. A similar age-related decrease in the 
abundances of Bifidobacterium, Lactobacillus, and Fae-
calibacterium [25, 26], and an increase in fiber-degrading 
Ruminococcus was recently reported [25]. Bifidobacteria 
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can utilize carbohydrates freely available in the pre-
weaned calf GIT [27] and are usually isolated from fae-
cal samples of new born calves, and young ruminants 
[27–29]. Similarly, F. prausnitzii was found in faecal sam-
ples of 3–4-week-old calves, showing an age-dependent 
decrease in abundance as observed in our study [30]. The 
high abundance of F. prausnitzii has also been linked with 
increased weight gain and lower incidence of diarrhoea 
in dairy heifers and Holstein calves during the pre-wean-
ing period [23, 31]. We also reported an age-dependent 
decrease in certain potential pathogenic bacteria such as 
Streptococcus gallolyticus, found in newborn calves with 
purulent lesions and meningitis [32], and Gallibacterium 
anatis, isolated from cattle with respiratory diseases [33], 
indicating an age-dependent maturation of the immune 
system in calves.

In addition to the age, the time at which animals were 
weaned (7 or 17 weeks of age) had an important role 
in shaping their gut microbial communities. The major 
differences between the bacterial composition of wean-
ing groups were observed during days 42–98. The ear-
lyC group was characterized by a significantly higher 
abundance of phylum Bacteroidetes and potential fiber-
degrading bacteria. In contrast, the lateC group was 
dominated by Firmicutes and potential lactose- and 
starch-degraders. The differential bacterial composi-
tion of weaning groups during days 42–98 was due to 
their different feed intake pattern as described previ-
ously [22]. During day 42, lateC group had higher milk 
replacer (MR) intake, while earlyC had higher rough-
age and concentrate (C) intake. However, during days 
70–98, earlyC group was characterized by a total mixed 
ration (TMR) feeding pattern, while, the lateC group 
still consumed substantial amounts of MR and C. Cas-
tro and colleagues suggested that the increase in MR 
intake may result in higher lactose flux in the hindgut, 
serving as a prebiotic and a growth substrate for cer-
tain beneficial microorganisms [34]. In accordance with 
this study, the faecal microbiota of lateC calves (days 
42–98) had high dominance of Bacteroides, Prevo-
tella, Faecalibacterium, Butyricimonas, Blautia, and 
Olsenella. Few other studies have reported an increased 
dominance of Bacteroides, Prevotella, Faecalibacterium 
and Blautia in MR-fed pre-weaned calves’ faeces [35]. 
Likewise, a positive association between MR intake and 
faecal Blautia abundance in pre-weaned calves [36] and 
a negative association between dietary forage inclu-
sion and faecal Bacteroides, Olsenella abundances have 
been reported [37, 38]. The high abundance of Bacte-
roides, Faecalibacterium, and Butyricimonas has also 
been linked with lower disease susceptibility in calves 
[39, 40]. Thus, it can be speculated that the decrease 
in the abundances of major lactic-acid producing 

bacteria with age and after day 42 in the earlyC group 
was due to their increased fiber ingestion and the 
decreased milk consumption, resulting in limited nutri-
ent availability for the growth of potential lactose- and 
starch-degrading microorganisms. In addition to the 
beneficial microorganism, we also observed a signifi-
cantly higher abundance of pathogenic bacterial genus 
Collinsella in 42-day-old lateC calves’ faeces. This 
bacterial genus reduces the expression of tight junc-
tions and increases intestinal permeability, resulting in 
gut leakage and pro-inflammatory dysbiosis [41, 42]. 
Their abundance was linked with host dietary intake, 
such as higher abundance in MR-fed calves’ faeces [43] 
and lower abundance with fiber-rich diet [44]. Thus, 
the low abundance of Collinsella in 42-day-old earlyC 
group in our study was probably due to the introduc-
tion of roughages in their post-weaning diet. Moreover, 
no significant differences in the bacterial composition 
of the weaning groups were observed during later time 
points (days 112–140) indicating a rapid adaptation of 
the lateC microbiome to the weaning-related dietary 
changes without causing dysbiosis.

Besides the differences described above, the plasma 
metabolic profiles of calves also showed age- and wean-
ing-dependent modifications. The plasma samples of 
young calves (days 1–28) had high concentrations of 
most of the AAs, but their concentrations declined with 
age and after weaning event in the earlyC group. The 
plasma AAs concentrations are dependent on many fac-
tors such as synthesis and breakdown of proteins, and it 
is known that highly digestible milk protein levels lead 
to an improved AAs absorption which results in higher 
blood levels [45]. A high plasma concentration of EAAs 
and NEAAs was observed after MR-feeding in Holstein 
bull calves [46]. Similarly, feeding a high amount of milk 
during the pre-weaning period increased the levels of 
plasma arginine and lysine in Holstein heifer calves [47], 
suggesting that the liquid diet could provide specific 
metabolites that can be transported into the bloodstream 
through GIT [48]. In ruminants, depending on the stage 
of development, digestion and fermentation takes place 
in different sections of the GIT. Neonatal ruminants 
mainly rely on their hindgut for digestion of feed and 
metabolites synthesis [49], this restricts the absorption 
of certain metabolites as the absorption capacity in the 
colon is limited. With the development of the rumen, 
the major microbial activity is located in the forestom-
ach and the microbial metabolites are absorbed through 
the epithelium of the rumen or the lower GIT and sup-
ply energy to the host [50, 51]. Therefore, a lower level 
of plasma metabolites at the early life of a ruminant is 
true to the fact of the limited absorption capacities in the 
hindgut and have to be considered for the interpretation.
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Not only the plasma AAs concentrations were affected, 
but we also observed distinct profiles of BAs at different 
developmental stages. The early-weaning event lowered 
the concentrations of certain BAs (taurine, trans-4-hy-
droxyproline, alpha-aminoadipic acid, carnosine, and 
methionine sulfoxide) as well as plasma ACs (carnitine, 
acetylcarnitine, and propionylcarnitine) compared to the 
late-weaning event. The difference in plasma BAs and 
ACs concentrations of weaning groups was probably due 
to their different dietary composition as the carbohy-
drates rich diet may result in higher levels of BAs [52]. 
A high concentration of serum taurine was observed 
in high-grain fed dairy cows [53]. A decreased level of 
plasma acylcarnitines was observed after feeding calves 
with a limited amount of MR in another study [2]. Similar 
to the AAs, BAs and ACs, the plasma concentrations of 
most of the SMs were also lower in the earlyC compared 
to the lateC group. The functional aspects of the changed 
sphingomyelin profile in calves are still unclear, however, 
lower concentrations of blood SMs (SM OH C14:1 and 
SM OH C16:1) were linked with metabolic stress in peri-
parturient cows [54]. It may be assumed that the lower 
level of plasma SMs in earlyC calves was probably due to 
the stressful weaning event as the animals were not fully 
matured and sudden dietary changes might have resulted 
in quick transitioning from a non-ruminant to a pre-
ruminant. Contrary to the microbiome dataset that had 
no significant differences between samples of 112-day-
old early- and late-weaned calves, the plasma revealed 
several metabolites with differential concentrations, sug-
gesting that the weaning related-dietary changes had less 
abrupt but more-persistent impact on host metabolism 
compared to the microbiome.

The associations between the faecal microbial genera, 
plasma metabolites and calf growth parameters were 
assessed during the weaning event to track the weaning-
dependent modifications in the potential host-microbe 
metabolic interactions. LWG or ADG was higher in the 
lateC group during days 42–98 and correlated with the 
faecal abundances of Parabacteroides, Blautia, Mediter-
raneibacter, Olsenella, Prevotella, and the plasma con-
centrations of histidine, threonine, tryptophan, tyrosine, 
methionine, proline, carnitine, hexoses, SM C16:0, and 
SM C16:1. High abundances of Blautia and P. copri 
were observed in steers with high ADG [55] and a posi-
tive correlation between Blautia, Prevotella abundances 
and ADG was recently reported [36, 56], indicating the 
importance of these bacterial group for ruminants. The 
early-weaning event not only decreased the LWG or 
ADG, but the plasma concentrations of most of the AAs, 
BAs and SMs as well as the abundances of several poten-
tial lactose- and starch-degrading bacteria were reduced. 
Plasma AAs are essential for health and an alteration in 

their concentrations may result in immune responses 
and inflammation. Proline possesses antioxidant prop-
erties and protects against reactive oxygen species [57]. 
Leucine involvement in tissues and cells protein synthe-
sis was previously reported in pigs and mice [58, 59]. 
Tryptophan and its degradation product kynurenine 
are used as indicators for low-grade chronic inflamma-
tion in humans [60]. Here, lateC animals had lower ratio 
at d70 and d98, which is indicates a possible increased 
inflammatory status of the earlyC animals during this 
time period and matches to previous findings reporting a 
lower kynurenine/tryptophan in healthy dairy cows [19]. 
The lower plasma levels of arginine, glutamine, methio-
nine, histidine have been linked with the increased inci-
dence of diarrhoea in calves [61]. Our study reported that 
the weaning event affected the predicted AAs metabolic 
pathways, specifically during days 42–98. At the same 
time, higher plasma concentrations of histidine, threo-
nine, tryptophan, and tyrosine were measured in the 
lateC group. These AAs were positively correlated with 
the abundances of Bacteroides and Parabacteroides. Sim-
ilar trends were observed with methionine, proline, and 
histidine concentrations that were positively correlated 
with Blautia abundance, while the concentrations of leu-
cine, ornithine, methionine, and proline, were positively 
associated with the Parabacteroides. Bacteroides mem-
bers are essential for AAs metabolism in the large intes-
tine [62]. Similarly, Parabacteroides, which was assigned 
to the Bacteroides genus prior to reclassification in 2006 
[63], also produces a wide range of AAs such as alanine, 
glutamate, histidine, isoleucine, lysine, methionine, phe-
nylalanine, proline, and valine [64]. A recent study also 
reported the significant correlation of Bacteroides and 
Blautia abundances with the faecal metabolites involved 
in AAs metabolism (proline, and leucine) [65]. Butyrici-
monas abundance was relatively higher in the lateC 
group at day 98 and it was positively correlated with 
plasma aspartate concentration. Similar positive associa-
tion between Butyricimonas and N-acetylaspartate was 
reported in young pigs [66]. The lower plasma AA levels 
and their associations with diet-related diminished abun-
dance of AAs producing bacteria in the earlyC group is 
understandable. However, the identification of the causal 
relationships of the observed correlations are challenging 
as the plasma AA concentrations are not only determined 
by diet but also strongly by liver and muscle metabolisms 
which are yet to be explored.

In addition to the AAs, the plasma concentration of 
taurine and faecal Bacteroides abundance was signifi-
cantly higher in the lateC group during day 98 and were 
positively correlated with each other. Similar to our 
study, a high dominance of Bacteroides in MR-fed pre-
weaned calves’ faeces [35] and its negative association 
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with dietary forage inclusion have previously been 
reported [38]. Taurine can be derived directly from the 
diet, absorbed through the epithelial cells and trans-
ported to the blood [17]. A significant increase in serum 
taurine concentration was reported with high-grain feed-
ing in dairy cows [53]. However, endogenous synthesis of 
taurine from methionine and cysteine majorly takes place 
in liver and tissues [67]. Taurine is released into the gut 
as conjugated bile salts [68], where it is deconjugated by 
bacterial bile salt hydrolases (BSH) [69], expressed by 
several member of Bacteroides (B. vulgatus and B. uni-
formis) [70]. This process increases the concentrations 
of bile salts and taurine in the lower digestive tract [71], 
which can further be absorbed from the distal ileum and 
transported to the blood as reported in recent human 
study [17]. Taurine plays an essential role in regulation of 
gut micro-ecology through inhibition of potential patho-
genic bacteria, reduction of lipopolysaccharides concen-
trations and acceleration of SCFA synthesis [72]. The 
association of plasma taurine concentration with liver 
functionality has previously been reported in cows [73]. 
This confirms our previous findings reporting lower liver 
cholesterol production to compensate weaning-related 
dietary lack in earlyC group as compared to the lateC 
group [22]. Thus, it can be speculated that the weaning-
dependent addition of dietary roughages might have 
resulted in lower availability of dietary taurine, reduced 
abundances of bile salt hydrolysing bacterial genera and 
the resultant lower absorption of taurine from the gut 
due to insufficient BSH activity in the 98-day-old earlyC 
group.

In addition, the plasma concentrations of several SMs 
(SM (OH) C22:1, SM (OH) C22:2, SM C24:1, SM C16:0, 
SM C16:1) were significantly higher in the lateC group 
and positively associated with the abundances of Bacte-
roides, Parabacteroides, Prevotella, Anaerostipes, Blau-
tia, Butyricimonas, and Mediterraneibacter during days 
70–98. Bacteroides, Parabacteroides, and Prevotella are 
sphingolipids (SLs)-producing bacterial genera [74]. Bac-
teroides are among the few bacteria that can synthesize 
SLs and utilize them to survive in the stressful intestinal 
environment [75]. The Bacteroides members produce 
SLs-rich outer membrane vesicles (OMVs) [76], which 
are described to penetrate the intestinal mucosa and exert 
immune-related effects on the host [77]. Some recent 
studies reported the possible processing of Bacteroides-
SLs via mammalian SL pathways [78] and the utilization 
of bacteria-derived SLs during food deprivation periods 
[74]. Thus, the higher abundance of SLs-producing bac-
teria in the lateC group might be one of the contributing 
factors towards their higher plasma SMs concentrations. 
Hence, a change in the composition of faecal microbi-
ome and plasma metabolic profiles over the course of 

development, the higher abundances of several beneficial 
bacterial genera in lateC group and their positive associa-
tion with AAs, BAs and SMs concentrations suggesting 
that the gut microbial colonization might play a certain 
role in this phenomenon.

Conclusion
Our study showed that the progressive development of 
faecal microbiome and plasma metabolome in calves 
depends on their developmental stage and the time of 
weaning. A high dominance of potential lactose- and 
starch-degrading bacteria and a high concentration of the 
plasma AAs and BAs were observed in young calves, but 
as the calves aged, the abundances of unclassified mem-
bers of potential fiber-degrading bacteria and the plasma 
concentrations of SMs and few BAs and ACs were 
increased. Higher consumption of roughages at day 42 
in the earlyC group declines the abundances of potential 
lactose- and starch-degraders, and the plasma concen-
trations of most of the AAs and SMs, few BAs and ACs. 
This weaning-dependent modification in the microbi-
ome composition and plasma metabolic profiles of calves 
were significantly correlated. On the contrary, the fae-
cal microbial communities of lateC group showed quick 
adaptability to the weaning-dependent dietary changes, 
indicating an established microbial consortium com-
pared to the earlyC group. Nevertheless, the plasma sam-
ples of lateC group at day 112 showed several metabolites 
with differential concentrations to the earlyC group, 
suggesting that the weaning-dependent dietary changes 
had a less abrupt but more-persistent impact on host 
metabolome compared to the microbiome. Altogether, 
the integration of faecal microbiome and plasma metabo-
lome provided us initial insight into the host–microbe’s 
interactions in calves during weaning. However, the 
plasma metabolic profiles are not only dependent on diet 
and microbiome, but are also linked to liver and muscle 
metabolism, as well as the host genetics. Therefore, fur-
ther studies are needed, where the associations between 
gut microbiome, gut metabolome, blood metabolome, 
liver and muscle metabolism must be explored to better 
understand the role of the microbiome in host metabo-
lism and possible identifications of predictive biomarkers 
for diseases.

Methods
Animals and experimental procedures
The experiment was performed using 59 female German 
Holstein calves, raised under controlled environmental 
conditions from birth until 149 ± 2 days of life. The exper-
imental design was the same as described previously [22]. 
Briefly, the experimental period started when calves were 
8 ± 1.9 days old. Calves were randomly allocated into 
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two weaning groups, weaned at 7 weeks (experimental 
days 28–42, earlyC) and 17 weeks of age (experimental 
days 98–112, lateC). Both weaning groups comprised 
of equal number of calves born from primiparous cows 
(PC) and multiparous cows (MC), with similar pattern of 
MR and C intake until day 28 of the trial. A step-down 
weaning approach was followed by gradually reducing 
MR amount (1.35–0.3 kg/d) over a period of 14 days. In 
the earlyC group MR amount was reduced from day 28 
until day 42. However, the lateC group consumed a con-
stant level of MR (∼ 1300 g DM/d) until day 98 followed 
by a gradual reduction in MR amount until day 112. All 
calves received a maximum of 2 kg/day concentrate feed 
and ad  libitum hay over the entire experimental period. 
The consumption of C started in both weaning groups at 
around day 21 of the trial. Intake of C increased in ear-
lyC during their weaning period (days 28–42). However, 
lateC group continued to increase their C intake until 
day 63 and then consumed a constant level of C (1500–
1700 g DM/d) until weaning. When weaning started for 
lateC group at day 98, C amount was reduced to 1 kg/d to 
lower the risk of rumen acidification and increase rough-
age intake. EarlyC group started to consume roughage 
from day 42, however, the lateC group increased their 
roughage intake when the MR supply was reduced at day 
98. The post-weaning calves’ diet was comprised of hay 
and a total mixed ration (TMR) containing grass (48%), 
maize silage (32%), and C (20%). Ingredients and chemi-
cal composition of the diets were shown in a companion 
paper [22].

Sample collection and preparation
On experimental days 1, 28, 42, 70, 98, 112 and 140 blood 
and faecal samples were taken from each calf. Blood sam-
ples were obtained from Vena jugularis externa by needle 
puncture and collected into tubes (10 ml tubes, Sarstedt, 
Nürnbrecht, Germany) containing ethylenediaminetet-
raacetic acid (EDTA). After centrifugation (15 min, 3000 
×  g, Varifuge 3.0, Heraeus, Hanau, Germany), aliquots 
of plasma samples were stored at − 80 °C until analysis. 
Faecal samples were taken directly from the calves’ rec-
tum and collected in sample pans. Homogeneous sam-
ples were then transferred in sample cups and stored at 
− 80 °C until the microbiome was analysed. Some of the 
calves’ samples were discarded due to technical issues as 
well as during bioinformatic and statistical analysis, thus, 
resulting in a total of 330 samples over 7 timepoints.

Faecal bacterial community profiling
The genomic DNA was isolated from the faecal samples 
(250  mg) using the FastDNA™ SPIN Kit for Feces (MP 
Biomedical, Solon, OH, USA) according to the manu-
facturer’s protocol with minor modifications. For an 

effective lysis of cells, a bead-beating procedure was per-
formed for 40 s at a speed of 6 m/sec using FastPrep®-24 
instrument (MP Biomedical), followed by centrifugation 
at 14,000 × g for 15  min. The DNA concentration and 
quality were accessed using NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).

Illumina amplicon sequencing and bioinformatic analysis
PCR amplification of the faecal DNA extracts targeting 
V1-V2 region of bacterial 16 S rRNA gene, and Illumina 
amplicon sequencing was done as described previ-
ously by [79]. Briefly, 20  µl PCR mixture was prepared 
by adding primers (0.2 µM), dNTP mixture (2.5 mM), 
PrimeSTAR HS DNA polymerase (2.5 U) and 1 µl DNA 
template. Forward primers comprised of a linker (2-nt) 
and a barcode (6-nt) sequence. Additionally, an overhang 
adapter sequences compatible to the Illumina platform 
were added to both primers. The PCR conditions com-
prised of an initial denaturation step for 3 min at 95 °C, 
followed by 20 cycles involving denaturation for 10  s at 
98  °C, annealing for 10  s at 59  °C, extension for 45  s at 
72 °C and 72 °C final extension step for 2 min. The result-
ant PCR product (1 µl) was used in the second PCR step 
that was performed under similar conditions and com-
prised of 15 cycles with reverse primer containing addi-
tional sequence for integration of Illumina multiplexing 
sequence and index primers. The PCR products were 
quality controlled, purified, normalized and sequenced 
using paired-end (250  bp) Illumina MiSeq sequencing 
platform.

Bioinformatic analysis of sequencing dataset was per-
formed using QIIME 2 (2019.10) workflow [80]. Briefly, 
cutadapt (v2.6) was employed within the QIIME 2 
for demultiplexing of paired-end (PE) reads accord-
ing to the barcode sequence of each sample, followed 
by the trimming of barcodes and primers. The demul-
tiplexed sequences were then quality filtered to remove 
bases with quality score less than 30, followed by join-
ing of PE reads (mean length 315 ± 14  bp) and removal 
of non-overlapping regions, chimeras and singletons, 
thus, resulted in amplicon sequence variant (ASVs) table 
after DADA2 step. Fourteen faecal samples with < 5000 
reads were discarded from the feature table, result-
ing in a total of 10,221,260 reads for 339 faecal samples 
with 30,151 ± 1183 reads (mean ± SEM) per sample. The 
negative control samples had an average of 125 reads per 
sample and therefore were not included in further analy-
sis. For taxonomic assignments to ASVs, three different 
reference databases for 16 S rRNA gene were employed 
i.e., the initial classification was performed using pre-
trained naïve Bayesian classifier trained on SILVA 132 
clustered at 99% similarity. After initial taxonomic classi-
fication, an additional filtration step was employed where 
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the unassigned ASVs and those assigned to chloroplast, 
cyanobacteria, and non-bacterial taxon were removed, 
the least abundant features (ASV) with ≤ 0.2% contri-
bution to the total reads per sample were discarded and 
again the low reads samples (< 5000 reads) were removed, 
thus, resulting in a total of 8,083,449 reads for 330 fae-
cal samples with 24,495 ± 777 reads (mean ± SEM) per 
sample and a total of 4,229 unique bacterial ASVs. For 
taxonomic reassignments of the unique bacterial ASVs, 
RDP database [81] was used as a reference with naïve 
Bayesian RDP classifier [82]. The RDP-based taxonomic 
assignments were then compared with NCBI non-redun-
dant nucleotide database using BLAST [83]. The BLAST 
results table was filtered with a defined sequence iden-
tity threshold for each taxonomic level [84], resulting in 
removal of taxonomic assignments that fall below the 
defined threshold; 97.0% (species), 94.5% (genus), 86.5% 
(family), 82.0% (order), 78.5% (class) and 75.0% (phylum).

For prediction of microbial functional profiles, CowPI 
was used [85], which is an improved version of PICRUSt, 
with 16 S rDNA inference for rumen [86]. The functional 
prediction was based on the16S rRNA gene sequence 
reads of the differential microbial genera due to the 
weaning event. Only those level-3 KEGG pathways were 
used for the downstream analysis that had relative abun-
dance > 1% in at least 50% of the animals within each age 
group.

Plasma metabolome analysis
The targeted metabolomic measurements in plasma 
samples were performed using AbsoluteIDQ p180 kit 
(Biocrates Life Science AG, Austria) according to the 
manufacturer’s standard protocol to identify 188 metab-
olites belonging to 5 compound classes: acylcarnitine, 
proteinogenic and modified amino acids, glycerophos-
pho- and sphingolipids and hexose. All metabolites were 
evaluated in absolute concentrations (µmol/l). The assay 
based on phenylisothiocyanate derivatization in the 
presence of internal standards followed by FIA-MS/MS 
(acylcarnitine, hexose, glycerophospho- and sphingolip-
ids) and LC-MS/MS (amino acids, biogenic amines). The 
experimental measurement technique is described in 
detail by patent US 8,265,877 B2 [87].

Statistical analysis
Microbiome data
The microbiome dataset standardization was performed 
with the total sum normalization method, where ASVs 
read counts were divided by the total number of read 
in a sample. Alpha-diversity analysis was performed in 
Calypso v8.84 [88] by rarefying samples to a read depth 
of 4,702 (lowest read counts). Permutational Analysis 
of Variance (PERMANOVA) at feature level (ASV) was 

used to identify the differences between the faecal bac-
terial community structure between groups. The clus-
tering of samples within/between groups (age, weaning 
time) was visualized using principal-coordinates analy-
sis (PCO) plots in Primer-e (PRIMER 6.1.16 and PER-
MANOVA + 1.0.6 [89], that was based on standardized 
ASV count data and Bray–Curtis as dissimilarity matrix. 
The significant differences between groups, separated 
based on PCO analysis, were confirmed using analysis of 
similarities (ANOSIM) test. Age and weaning-dependent 
changes in the bacterial diversity and taxonomic com-
position were tested for statistical significance based 
on Kruskal–Wallis test in R (https:// www.r- proje ct. org; 
[90]). For multiple comparisons, Dunn’s post-hoc test 
was used with Benjamini–Hochberg algorithm as p value 
adjustment method and the FDR adjusted p < 0.05 was 
considered significant [91]. The bacterial species-level 
taxa that were significantly affected by calves age were 
visualized using heatmap. Heatmap was generated based 
on hierarchal clustering method using R “gplots” pack-
age. The relative abundance table was scaled by row and 
pairwise distances between species were calculated based 
on Spearman correlation. These distances were then used 
to create a dendrogram using average linkage method. 
Weaning-dependent changes in the predicted metabolic 
pathways were tested for statistical significance based on 
Kruskal–Wallis test in R.

Metabolome data
Based on targeted metabolomics, a total of 180 meta-
bolic compounds were identified in the plasma samples 
of calves including free carnitine (1), acylcarnitines (39), 
amino acids (21), biogenic amines (21), sphingolipids 
(15), sum of hexoses (1), phosphatidylcholines (76) and 
lysophosphatidylcholines (14). The latter two metabo-
lite groups were removed from the subsequent analy-
sis as functional aspects of them in calves’ gut are not 
yet understood. The multivariate and statistical analysis 
of plasma metabolome data was performed in Metabo-
Analyst 5.0 [92]. The data containing the absolute con-
centrations of 98 compounds was normalized before 
analysis through log-transformation, mean centering 
and unit variance scaling method. The maximum sepa-
ration between groups (age, weaning time, parity of the 
mother) was explained based on supervised partial least 
squares-discriminant analysis (PLS-DA). The quality of 
the PLS-DA models was assessed using Q2 as perfor-
mance measure and tenfold cross-validation method. 
Q2 indicates the predictive ability of the model, with 
high Q2 means good prediction and negative Q2 means 
overfitting of the model [93]. The dataset containing 
normalized concentrations of 98 identified metabolic 
compounds was analysed by one-way ANOVA for age 

https://www.r-project.org
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effect and Tukey’s HSD test as post-hoc analysis method. 
p  values were adjusted using false discovery rate (FDR) 
correction and FDR-adjusted p < 0.05 was considered 
statistically significant. To demonstrate the metabolites 
that were significantly affected by age in calves (VIP > 1, 
FDR-adjusted p < 0.05, ANOVA), a heatmap was gener-
ated. For heatmap, the normalized concentration table 
was scaled by row, pairwise distances between metabolic 
compounds were calculated based on Euclidean distance 
measure and ward clustering algorithm. The differen-
tial metabolites (DMs) due to the weaning event at each 
timepoint were selected based on the variable impor-
tance in the projection (VIP > 1.0, FDR-adjusted p < 0.05 
(t-test) and earlyC/lateC fold change (FC) > 1.0). The vol-
cano plots with DMs at each timepoint were generated 
using “ggplot2” package in R. Metabolic pathway analysis 
(MetPA) was performed based on DMs using Bos taurus 
library as reference [94]. The significantly altered path-
ways due to the weaning event were selected based on 
the pathway impact value > 0.1 and FDR-adjusted p < 0.01, 
obtained from pathway enrichment analysis. The associa-
tions between bacterial genera, plasma metabolites and 
morphometric variables of calves were calculated based 
on Spearman’s rank correlation using cor() function in R 
and the correlation matrix was visualized using corrplot() 
function. The correlations with p < 0.05 were considered 
significant.
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Additional file 1. Fig. S1 Age‑ and weaning‑dependent changes in the 
faecal bacterial compositional profiles of calves. a Changes among alpha‑
diversity index (Shannon index). abcde Groups that share superscript letters 
are not significantly different (p > 0.05; Dunn’s post‑hoc test). Standard 
deviations are indicated by error bars. b Significantly different bacterial 
phyla. ***Phyla with p < 0.001 (age × weaning effect; Kruskal–Wallis test) 
are shown. Fig. S2. Microbial functional predictions using KEGG pathways 
and the CowPI database. EarlyC/lateC log2(FC) shows differences in 
level‑3 KEGG microbial pathways between d42, d70 and d98 earlyC (blue) 
and lateC (red) calves. Only metabolic pathways with relative abundance 
(> 1%) in at least 50% of the animals and FDR adjusted p < 0.05 (Kruskal–
Wallis test) are shown. Fig. S3. Calculation of kynurenine/tryptophan 
ration at d70 and d98 for early weaned calves (E) and late weaned calves 
(L). Fig. S4. Metabolic pathway analysis based on significantly different 
plasma metabolites of weaning groups. Circle size indicates pathway 
impact and colours (yellow to red) show different levels of significance.

Additional file 2. Table S1. Average relative abundances of faecal bacte‑
rial communities in early‑ and late‑weaned calves. Table S2. Average 
relative concentrations (µmol/L) of plasma metabolites in early‑ and 
late‑weaned calves. Table S3. Spearman’s rank correlations between 
morphometric variables of calves, differential faecal microbial genera and 
plasma metabolites of weaning groups.

Acknowledgements
We would like to thank the animal farm in Braunschweig for their tremendous 
support during the animal experiment and samplings. We thank B. Mezger for 
her support with DNA extractions. We thank A. Kenez for his initial guidance 

of the metabolomic analysis. The authors acknowledge support by the High 
Performance and Cloud Computing Group at the Zentrum für Datenverarbei‑
tung of the University of Tübingen, the state of Baden‑Württemberg through 
bwHPC and the German Research Foundation (DFG) through Grant No INST 
37/935‑1 FUGG.

Author contributions
Conceptualization: KH, JF, SD, JS; Project administration and Funding acquisi‑
tion: KH, JF, SD and JS; Supervision: KH, JF, SD, ACS and JS; Writing original draft: 
NA, SS and JS; Methodology: NA, SS, JTM, ACS and JS; Formal analysis and 
software: NA, SS, ACS; Investigation and Visualization: NA, ACS and JS; Review 
and editing: all authors. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Data availability
Sequences were submitted to European Nucleotide Archive under the acces‑
sion number PRJEB48866.

Declarations

Ethics approval and consent to participate
The experiment was carried out at the experimental station of the Institute of 
Animal Nutrition, Friedrich‑Loeffler‑Institut (FLI), in Braunschweig, Germany 
in accordance with the German Animal Welfare Act approved by the LAVES 
(Lower Saxony Office for Consumer Protection and Food Safety, Germany, file 
No.: 33.19‑42502‑04‑15/1858).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 6 December 2021   Accepted: 6 February 2023

References
 1. Davis CL, Drackley JK. The development, nutrition, and management of 

the young calf. 1st ed. Ames: Iowa State University Press; 1998.
 2. Kenéz Á, Koch C, Korst M, Kesser J, Eder K, Sauerwein H, et al. Different 

milk feeding intensities during the first 4 weeks of rearing dairy calves: 
part 3: plasma metabolomics analysis reveals long‑term metabolic 
imprinting in Holstein heifers. J Dairy Sci. 2018;101(9):8446–60. https:// 
doi. org/ 10. 3168/ jds. 2018‑ 14559.

 3. Amin N, Seifert J. Dynamic progression of the calf ’s microbiome and 
its influence on host health. Comput Struct Biotechnol J. 2021;19:989–
1001. https:// doi. org/ 10. 1016/j. csbj. 2021. 01. 035.

 4. Tourneur E, Chassin C. Neonatal immune adaptation of the gut and its 
role during infections. Clin Dev Immunol. 2013;2013:270301. https:// 
doi. org/ 10. 1155/ 2013/ 270301.

 5. Sommer F, Bäckhed F. The gut microbiota—masters of host develop‑
ment and physiology. Nat Rev Microbiol. 2013;11(4):227–38. https:// 
doi. org/ 10. 1038/ nrmic ro2974.

 6. Malmuthuge N, Griebel PJ, Guan L. The gut microbiome and its poten‑
tial role in the development and function of newborn calf gastrointes‑
tinal tract. Front Vet Sci. 2015;2:36. https:// doi. org/ 10. 3389/ fvets. 2015. 
00036.

 7. Alam A, Neish A. Role of gut microbiota in intestinal wound healing and 
barrier function. Tissue Barriers. 2018;6(3):1539595. https:// doi. org/ 10. 
1080/ 21688 370. 2018. 15395 95.

 8. Cheng HY, Ning MX, Chen DK, Ma WT. Interactions between the gut 
microbiota and the host innate immune response against pathogens. 
Front Immunol. 2019;10:607. https:// doi. org/ 10. 3389/ fimmu. 2019. 00607.

https://doi.org/10.1186/s42523-023-00233-z
https://doi.org/10.1186/s42523-023-00233-z
https://doi.org/10.3168/jds.2018-14559
https://doi.org/10.3168/jds.2018-14559
https://doi.org/10.1016/j.csbj.2021.01.035
https://doi.org/10.1155/2013/270301
https://doi.org/10.1155/2013/270301
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.3389/fvets.2015.00036
https://doi.org/10.3389/fvets.2015.00036
https://doi.org/10.1080/21688370.2018.1539595
https://doi.org/10.1080/21688370.2018.1539595
https://doi.org/10.3389/fimmu.2019.00607


Page 17 of 19Amin et al. Animal Microbiome            (2023) 5:12  

 9. Agus A, Clément K, Sokol H. Gut microbiota‑derived metabolites as 
central regulators in metabolic disorders. Gut. 2021;70(6):1174–82. 
https:// doi. org/ 10. 1136/ gutjnl‑ 2020‑ 323071.

 10. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. 
Nat Rev Immunol. 2016;16(6):341–52. https:// doi. org/ 10. 1038/ nri. 2016. 
42.

 11. Visconti A, Le Roy CI, Rosa F, Rossi N, Martin TC, Mohney RP, et al. 
Interplay between the human gut microbiome and host metabo‑
lism. Nat Commun. 2019;10(1):4505. https:// doi. org/ 10. 1038/ 
s41467‑ 019‑ 12476‑z.

 12. Li J, Cao Y, Lu R, Li H, Pang Y, Fu H, et al. Integrated fecal microbiome and 
serum metabolomics analysis reveals abnormal changes in rats with 
immunoglobulin a nephropathy and the intervention effect of Zhen Wu 
Tang. Front Pharmacol. 2020;11:606689. https:// doi. org/ 10. 3389/ fphar. 
2020. 606689.

 13. Hailemariam D, Mandal R, Saleem F, Dunn SM, Wishart DS, Ametaj BN. 
Identification of predictive biomarkers of disease state in transition 
dairy cows. J Dairy Sci. 2014;97(5):2680–93. https:// doi. org/ 10. 3168/ jds. 
2013‑ 6803.

 14. Brosnan JT. Interorgan amino acid transport and its regulation. J Nutr. 
2003;133(6 Suppl 1):2068s–72s. https:// doi. org/ 10. 1093/ jn/ 133.6. 2068S.

 15. Freund H, Atamian S, Holroyde J, Fischer JE. Plasma amino acids as predic‑
tors of the severity and outcome of sepsis. Ann Surg. 1979;190(5):571–6. 
https:// doi. org/ 10. 1097/ 00000 658‑ 19791 1000‑ 00003.

 16. Plaizier JC, Khafipour E, Li S, Gozho GN, Krause DO. Subacute ruminal 
acidosis (SARA), endotoxins and health consequences. Anim Feed Sci 
Technol. 2012;172(1):9–21. https:// doi. org/ 10. 1016/j. anife edsci. 2011. 12. 
004.

 17. Wu G. Important roles of dietary taurine, creatine, carnosine, anserine 
and 4‑hydroxyproline in human nutrition and health. Amino Acids. 
2020;52(3):329–60. https:// doi. org/ 10. 1007/ s00726‑ 020‑ 02823‑6.

 18. Humer E, Khol‑Parisini A, Metzler‑Zebeli BU, Gruber L, Zebeli Q. Alterations 
of the lipid metabolome in dairy cows experiencing excessive lipolysis 
early postpartum. PLoS ONE. 2016;11(7):e0158633. https:// doi. org/ 10. 
1371/ journ al. pone. 01586 33.

 19. Huber K, Dänicke S, Rehage J, Sauerwein H, Otto W, Rolle‑Kampczyk U, 
et al. Metabotypes with properly functioning mitochondria and anti‑
inflammation predict extended productive life span in dairy cows. Sci 
Rep. 2016;6:24642. https:// doi. org/ 10. 1038/ srep2 4642.

 20. Pralhada Rao R, Vaidyanathan N, Rengasamy M, Mammen Oommen A, 
Somaiya N, Jagannath MR. Sphingolipid metabolic pathway: an overview 
of major roles played in human diseases. J Lipids. 2013;2013:178910. 
https:// doi. org/ 10. 1155/ 2013/ 178910.

 21. Long T, Hicks M, Yu HC, Biggs WH, Kirkness EF, Menni C, et al. Whole‑
genome sequencing identifies common‑to‑rare variants associated with 
human blood metabolites. Nat Genet. 2017;49(4):568–78. https:// doi. org/ 
10. 1038/ ng. 3809.

 22. Schwarzkopf S, Kinoshita A, Kluess J, Kersten S, Meyer U, Huber K, et al. 
Weaning holstein calves at 17 weeks of age enables smooth transition 
from liquid to solid feed. Animals. 2019;9(12):1132. https:// doi. org/ 10. 
3390/ ani91 21132.

 23. Oikonomou G, Teixeira AG, Foditsch C, Bicalho ML, Machado VS, Bicalho 
RC. Fecal microbial diversity in pre‑weaned dairy calves as described by 
pyrosequencing of metagenomic 16S rDNA. Associations of Faecalibac-
terium species with health and growth. PLoS ONE. 2013;8(4):e63157. 
https:// doi. org/ 10. 1371/ journ al. pone. 00631 57.

 24. Badman J, Daly K, Kelly J, Moran AW, Cameron J, Watson I, et al. The effect 
of milk replacer composition on the intestinal microbiota of pre‑ruminant 
dairy calves. Front Vet Sci. 2019;6:371. https:// doi. org/ 10. 3389/ fvets. 2019. 
00371.

 25. Virgínio Júnior GF, Coelho MG, de Toledo AF, Montenegro H, Coutinho LL, 
Bittar CMM. The liquid diet composition affects the fecal bacterial com‑
munity in pre‑weaning dairy calves. Front Anim Sci. 2021;2(12):649468. 
https:// doi. org/ 10. 3389/ fanim. 2021. 649468.

 26. Dill‑McFarland KA, Breaker JD, Suen G. Microbial succession in the 
gastrointestinal tract of dairy cows from 2 weeks to first lactation. Sci Rep. 
2017;7:40864. https:// doi. org/ 10. 1038/ srep4 0864.

 27. Kelly WJ, Cookson AL, Altermann E, Lambie SC, Perry R, Teh KH, et al. 
Genomic analysis of three Bifidobacterium species isolated from the calf 
gastrointestinal tract. Sci Rep. 2016;6:30768. https:// doi. org/ 10. 1038/ 
srep3 0768.

 28. Vlková E, Grmanová M, Killer J, Mrázek J, Kopecný J, Bunesová V, et al. 
Survival of bifidobacteria administered to calves. Folia Microbiol (Praha). 
2010;55(4):390–2. https:// doi. org/ 10. 1007/ s12223‑ 010‑ 0066‑x.

 29. Ripamonti B, Agazzi A, Bersani C, De Dea P, Pecorini C, Pirani S, et al. 
Screening of species‑specific lactic acid bacteria for veal calves multi‑
strain probiotic adjuncts. Anaerobe. 2011;17(3):97–105. https:// doi. org/ 
10. 1016/j. anaer obe. 2011. 05. 001.

 30. Kim ET, Lee SJ, Kim TY, Lee HG, Atikur RM, Gu BH, et al. Dynamic changes 
in fecal microbial communities of neonatal dairy calves by aging and 
diarrhea. Anim (Basel). 2021;11(4):1113. https:// doi. org/ 10. 3390/ ani11 
041113.

 31. Foditsch C, Pereira RV, Ganda EK, Gomez MS, Marques EC, Santin T, 
et al. Oral administration of Faecalibacterium prausnitzii decreased the 
incidence of severe diarrhea and related mortality rate and increased 
weight gain in preweaned dairy heifers. PLoS ONE. 2015;10(12):e0145485. 
https:// doi. org/ 10. 1371/ journ al. pone. 01454 85.

 32. Aydın F, Güneş V, Çakır Bayram L, Abay S, Karakaya E, Varol K, et al. Neona‑
tal calf meningitis associated with Streptococcus gallolyticus subsp. gallo-
lyticus. Folia Microbiol (Praha). 2019;64(2):223–39. https:// doi. org/ 10. 1007/ 
s12223‑ 018‑ 0649‑5.

 33. Van Driessche L, Vanneste K, Bogaerts B, De Keersmaecker SCJ, Roosens 
NH, Haesebrouck F, et al. Isolation of drug‑resistant Gallibacterium anatis 
from calves with unresponsive bronchopneumonia, Belgium. Emerg 
Infect Dis. 2020;26(4):721–30. https:// doi. org/ 10. 3201/ eid26 04. 190962.

 34. Castro JJ, Gomez A, White BA, Mangian HJ, Loften JR, Drackley JK. 
Changes in the intestinal bacterial community, short‑chain fatty acid 
profile, and intestinal development of preweaned holstein calves. 1. 
Effects of prebiotic supplementation depend on site and age. J Dairy Sci. 
2016;99(12):9682–702. https:// doi. org/ 10. 3168/ jds. 2016‑ 11006.

 35. Uyeno Y, Sekiguchi Y, Kamagata Y. rRNA‑based analysis to monitor 
succession of faecal bacterial communities in Holstein calves. Lett Appl 
Microbiol. 2010;51(5):570–7. https:// doi. org/ 10. 1111/j. 1472‑ 765X. 2010. 
02937.x.

 36. Kumar S, Khan MA, Beijer E, Liu J, Lowe KK, Young W, et al. Effect of milk 
replacer allowance on calf faecal bacterial community profiles and 
fermentation. Anim Microbiome. 2021;3(1):27. https:// doi. org/ 10. 1186/ 
s42523‑ 021‑ 00088‑2.

 37. Kim YH, Nagata R, Ohtani N, Ichijo T, Ikuta K, Sato S. Effects of dietary 
forage and calf starter diet on ruminal pH and bacteria in Holstein calves 
during weaning transition. Front Microbiol. 2016;7:1575. https:// doi. org/ 
10. 3389/ fmicb. 2016. 01575.

 38. Meale SJ, Li S, Azevedo P, Derakhshani H, Plaizier JC, Khafipour E, et al. 
Development of ruminal and fecal microbiomes are affected by weaning 
but not weaning strategy in dairy calves. Front Microbiol. 2016;7:582. 
https:// doi. org/ 10. 3389/ fmicb. 2016. 00582.

 39. Zeineldin M, Aldridge B, Lowe J. Dysbiosis of the fecal microbiota in feed‑
lot cattle with hemorrhagic diarrhea. Microb Pathog. 2018;115:123–30. 
https:// doi. org/ 10. 1016/j. micpa th. 2017. 12. 059.

 40. Hennessy M, Indugu N, Vecchiarelli B, Redding L, Bender J, Pappalardo C, 
et al. Short communication: comparison of the fecal bacterial communi‑
ties in diarrheic and nondiarrheic dairy calves from multiple farms in 
southeastern Pennsylvania. J Dairy Sci. 2021;104(6):7225–32. https:// doi. 
org/ 10. 3168/ jds. 2020‑ 19108.

 41. Chen J, Wright K, Davis JM, Jeraldo P, Marietta EV, Murray J, et al. An 
expansion of rare lineage intestinal microbes characterizes rheuma‑
toid arthritis. Genome Med. 2016;8(1):43. https:// doi. org/ 10. 1186/ 
s13073‑ 016‑ 0299‑7.

 42. Astbury S, Atallah E, Vijay A, Aithal GP, Grove JI, Valdes AM. Lower gut 
microbiome diversity and higher abundance of proinflammatory genus 
Collinsella are associated with biopsy‑proven nonalcoholic steatohepati‑
tis. Gut Microbes. 2020;11(3):569–80. https:// doi. org/ 10. 1080/ 19490 976. 
2019. 16818 61.

 43. Villot C, Ma T, Renaud DL, Ghaffari MH, Gibson DJ, Skidmore A, et al. Sac-
charomyces cerevisiae boulardii CNCM I‑1079 affects health, growth, and 
fecal microbiota in milk‑fed veal calves. J Dairy Sci. 2019;102(8):7011–25. 
https:// doi. org/ 10. 3168/ jds. 2018‑ 16149.

 44. Candela M, Biagi E, Soverini M, Consolandi C, Quercia S, Severgnini M, 
et al. Modulation of gut microbiota dysbioses in type 2 diabetic patients 
by macrobiotic Ma‑Pi 2 diet. Br J Nutr. 2016;116(1):80–93. https:// doi. org/ 
10. 1017/ s0007 11451 60010 45.

https://doi.org/10.1136/gutjnl-2020-323071
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/s41467-019-12476-z
https://doi.org/10.1038/s41467-019-12476-z
https://doi.org/10.3389/fphar.2020.606689
https://doi.org/10.3389/fphar.2020.606689
https://doi.org/10.3168/jds.2013-6803
https://doi.org/10.3168/jds.2013-6803
https://doi.org/10.1093/jn/133.6.2068S
https://doi.org/10.1097/00000658-197911000-00003
https://doi.org/10.1016/j.anifeedsci.2011.12.004
https://doi.org/10.1016/j.anifeedsci.2011.12.004
https://doi.org/10.1007/s00726-020-02823-6
https://doi.org/10.1371/journal.pone.0158633
https://doi.org/10.1371/journal.pone.0158633
https://doi.org/10.1038/srep24642
https://doi.org/10.1155/2013/178910
https://doi.org/10.1038/ng.3809
https://doi.org/10.1038/ng.3809
https://doi.org/10.3390/ani9121132
https://doi.org/10.3390/ani9121132
https://doi.org/10.1371/journal.pone.0063157
https://doi.org/10.3389/fvets.2019.00371
https://doi.org/10.3389/fvets.2019.00371
https://doi.org/10.3389/fanim.2021.649468
https://doi.org/10.1038/srep40864
https://doi.org/10.1038/srep30768
https://doi.org/10.1038/srep30768
https://doi.org/10.1007/s12223-010-0066-x
https://doi.org/10.1016/j.anaerobe.2011.05.001
https://doi.org/10.1016/j.anaerobe.2011.05.001
https://doi.org/10.3390/ani11041113
https://doi.org/10.3390/ani11041113
https://doi.org/10.1371/journal.pone.0145485
https://doi.org/10.1007/s12223-018-0649-5
https://doi.org/10.1007/s12223-018-0649-5
https://doi.org/10.3201/eid2604.190962
https://doi.org/10.3168/jds.2016-11006
https://doi.org/10.1111/j.1472-765X.2010.02937.x
https://doi.org/10.1111/j.1472-765X.2010.02937.x
https://doi.org/10.1186/s42523-021-00088-2
https://doi.org/10.1186/s42523-021-00088-2
https://doi.org/10.3389/fmicb.2016.01575
https://doi.org/10.3389/fmicb.2016.01575
https://doi.org/10.3389/fmicb.2016.00582
https://doi.org/10.1016/j.micpath.2017.12.059
https://doi.org/10.3168/jds.2020-19108
https://doi.org/10.3168/jds.2020-19108
https://doi.org/10.1186/s13073-016-0299-7
https://doi.org/10.1186/s13073-016-0299-7
https://doi.org/10.1080/19490976.2019.1681861
https://doi.org/10.1080/19490976.2019.1681861
https://doi.org/10.3168/jds.2018-16149
https://doi.org/10.1017/s0007114516001045
https://doi.org/10.1017/s0007114516001045


Page 18 of 19Amin et al. Animal Microbiome            (2023) 5:12 

 45. Maeda Y, Ohtsuka H, Oikawa M. Effect of the periparturient period on 
blood free amino acid concentration in dairy cows/healthy cows. J Vet 
Med Anim Health. 2012;4:124–9. https:// doi. org/ 10. 5897/ JVMAH 11. 042.

 46. Ghaffari MH, MacPherson JAR, Berends H, Steele MA. Diurnal variation of 
NMR based blood metabolites in calves fed a high plane of milk replacer: 
a pilot study. BMC Vet Res. 2017;13(1):271. https:// doi. org/ 10. 1186/ 
s12917‑ 017‑ 1185‑2.

 47. Leal LN, Doelman J, Keppler BR, Steele MA, Martín‑Tereso J. Preweaning 
nutrient supply alters serum metabolomics profiles related to protein and 
energy metabolism and hepatic function in Holstein heifer calves. J Dairy 
Sci. 2021;104(7):7711–24. https:// doi. org/ 10. 3168/ jds. 2020‑ 19867.

 48. Qi Y, Zhao X, Huang D, Pan X, Yang Y, Zhao H, et al. Exploration of the 
relationship between intestinal colostrum or milk, and serum metabo‑
lites in neonatal calves by metabolomics analysis. J Agric Food Chem. 
2018;66(27):7200–8. https:// doi. org/ 10. 1021/ acs. jafc. 8b016 21.

 49. Guilloteau P, Zabielski R, Blum JW. Gastrointestinal tract and digestion 
in the young ruminant: ontogenesis, adaptations, consequences and 
manipulations. J Physiol Pharmacol. 2009;60(Suppl 3):37–46.

 50. Matthews C, Crispie F, Lewis E, Reid M, O’Toole PW, Cotter PD. The rumen 
microbiome: a crucial consideration when optimising milk and meat pro‑
duction and nitrogen utilisation efficiency. Gut Microbes. 2019;10(2):115–
32. https:// doi. org/ 10. 1080/ 19490 976. 2018. 15051 76.

 51. Hungate RE. The rumen and its microbes. Elsevier; 1966.
 52. Dain JA, Neal AL, Dougherty RW. The occurrence of histamine and 

tyramine in rumen ingesta of experimentally over‑fed sheep. J Anim Sci. 
1955;14(4):930–5. https:// doi. org/ 10. 2527/ jas19 55. 14493 0x.

 53. Pacífico C, Stauder A, Reisinger N, Schwartz‑Zimmermann HE, Zebeli Q. 
Distinct serum metabolomic signatures of multiparous and primipa‑
rous dairy cows switched from a moderate to high‑grain diet during 
early lactation. Metabolomics. 2020;16(9):96. https:// doi. org/ 10. 1007/ 
s11306‑ 020‑ 01712‑z.

 54. Kenéz Á, Dänicke S, Rolle‑Kampczyk U, von Bergen M, Huber K. A 
metabolomics approach to characterize phenotypes of metabolic transi‑
tion from late pregnancy to early lactation in dairy cows. Metabolomics. 
2016;12(11):165. https:// doi. org/ 10. 1007/ s11306‑ 016‑ 1112‑8.

 55. Myer PR, Smith TP, Wells JE, Kuehn LA, Freetly HC. Rumen microbiome 
from steers differing in feed efficiency. PLoS ONE. 2015;10(6):e0129174. 
https:// doi. org/ 10. 1371/ journ al. pone. 01291 74.

 56. Lourenco JM, Callaway TR, Kieran TJ, Glenn TC, McCann JC, Stewart RL Jr. 
Analysis of the rumen microbiota of beef calves supplemented during 
the suckling phase. Front Microbiol. 2019;10:1131. https:// doi. org/ 10. 
3389/ fmicb. 2019. 01131.

 57. Krishnan N, Dickman MB, Becker DF. Proline modulates the intracellular 
redox environment and protects mammalian cells against oxidative 
stress. Free Radic Biol Med. 2008;44(4):671–81. https:// doi. org/ 10. 1016/j. 
freer adbio med. 2007. 10. 054.

 58. D’Antona G, Ragni M, Cardile A, Tedesco L, Dossena M, Bruttini F, et al. 
Branched‑chain amino acid supplementation promotes survival and sup‑
ports cardiac and skeletal muscle mitochondrial biogenesis in middle‑
aged mice. Cell Metab. 2010;12(4):362–72. https:// doi. org/ 10. 1016/j. cmet. 
2010. 08. 016.

 59. Wu G, Bazer FW, Burghardt RC, Johnson GA, Kim SW, Li XL, et al. Impacts 
of amino acid nutrition on pregnancy outcome in pigs: mecha‑
nisms and implications for swine production. J Anim Sci. 2010;88(13 
Suppl):E195–204. https:// doi. org/ 10. 2527/ jas. 2009‑ 2446.

 60. Strasser B, Berger K, Fuchs D. Effects of a caloric restriction weight 
loss diet on tryptophan metabolism and inflammatory biomarkers in 
overweight adults. Eur J Nutr. 2015;54(1):101–7. https:// doi. org/ 10. 1007/ 
s00394‑ 014‑ 0690‑3.

 61. Tsukano K, Suzuki K. Plasma amino acid abnormalities in calves with 
diarrhea. J Vet Med Sci. 2019;81(4):517–21. https:// doi. org/ 10. 1292/ jvms. 
18‑ 0645.

 62. Dai ZL, Wu G, Zhu WY. Amino acid metabolism in intestinal bacteria: 
links between gut ecology and host health. Front Biosci (Landmark Ed). 
2011;16:1768–86. https:// doi. org/ 10. 2741/ 3820.

 63. Sakamoto M, Benno Y. Reclassification of Bacteroides distasonis, Bacte-
roides goldsteinii and Bacteroides merdae as Parabacteroides distasonis gen. 
nov., comb. nov., Parabacteroides goldsteinii comb. nov. and Parabacte-
roides merdae comb. nov. Int J Syst Evol Microbiol. 2006;56(Pt 7):1599–
605. https:// doi. org/ 10. 1099/ ijs.0. 64192‑0.

 64. Medlock GL, Carey MA, McDuffie DG, Mundy MB, Giallourou N, Swann 
JR, et al. Inferring metabolic mechanisms of interaction within a defined 
gut microbiota. Cell Syst. 2018;7(3):245–57. https:// doi. org/ 10. 1016/j. cels. 
2018. 08. 003.

 65. Yang J, Zheng P, Li Y, Wu J, Tan X, Zhou J, et al. Landscapes of bacterial and 
metabolic signatures and their interaction in major depressive disorders. 
Sci Adv. 2020;6(49):eaba8555. https:// doi. org/ 10. 1126/ sciadv. aba85 55.

 66. Mudd AT, Berding K, Wang M, Donovan SM, Dilger RN. Serum cortisol 
mediates the relationship between fecal Ruminococcus and brain 
N‑acetylaspartate in the young pig. Gut Microbes. 2017;8(6):589–600. 
https:// doi. org/ 10. 1080/ 19490 976. 2017. 13538 49.

 67. Craig SA. Betaine in human nutrition. Am J Clin Nutr. 2004;80(3):539–49. 
https:// doi. org/ 10. 1093/ ajcn/ 80.3. 539.

 68. Enright EF, Joyce SA, Gahan CG, Griffin BT. Impact of gut microbiota‑
mediated bile acid metabolism on the solubilization capacity of bile salt 
micelles and drug solubility. Mol Pharm. 2017;14(4):1251–63. https:// doi. 
org/ 10. 1021/ acs. molph armac eut. 6b011 55.

 69. Foley MH, O’Flaherty S, Barrangou R, Theriot CM. Bile salt hydrolases: 
gatekeepers of bile acid metabolism and host‑microbiome crosstalk in 
the gastrointestinal tract. PLoS Pathog. 2019;15(3):e1007581. https:// doi. 
org/ 10. 1371/ journ al. ppat. 10075 81.

 70. Ridlon JM, Devendran S, Alves JM, Doden H, Wolf PG, Pereira GV, et al. 
The ‘in vivo lifestyle’ of bile acid 7α‑dehydroxylating bacteria: compara‑
tive genomics, metatranscriptomic, and bile acid metabolomics analysis 
of a defined microbial community in gnotobiotic mice. Gut Microbes. 
2020;11(3):381–404. https:// doi. org/ 10. 1080/ 19490 976. 2019. 16181 73.

 71. Chiang JYL. Bile acid metabolism and signaling in liver disease and 
therapy. Liver Res. 2017;1(1):3–9. https:// doi. org/ 10. 1016/j. livres. 2017. 05. 
001.

 72. Yu H, Guo Z, Shen S, Shan W. Effects of taurine on gut microbiota and 
metabolism in mice. Amino Acids. 2016;48(7):1601–17. https:// doi. org/ 10. 
1007/ s00726‑ 016‑ 2219‑y.

 73. Zhou Z, Trevisi E, Luchini DN, Loor JJ. Differences in liver functionality 
indexes in peripartal dairy cows fed rumen‑protected methionine or cho‑
line are associated with performance, oxidative stress status, and plasma 
amino acid profiles. J Dairy Sci. 2017;100(8):6720–32. https:// doi. org/ 10. 
3168/ jds. 2016‑ 12299.

 74. Heaver SL, Johnson EL, Ley RE. Sphingolipids in host‑microbial interac‑
tions. Curr Opin Microbiol. 2018;43:92–9. https:// doi. org/ 10. 1016/j. mib. 
2017. 12. 011.

 75. An D, Na C, Bielawski J, Hannun YA, Kasper DL. Membrane sphingolipids 
as essential molecular signals for Bacteroides survival in the intestine. Proc 
Natl Acad Sci U S A. 2011;108(Suppl 1):4666–71. https:// doi. org/ 10. 1073/ 
pnas. 10015 01107.

 76. Lynch JB, Alegado RA. Spheres of hope, packets of doom: the good and 
bad of outer membrane vesicles in interspecies and ecological dynamics. 
J Bacteriol. 2017;199(15):e00012–17. https:// doi. org/ 10. 1128/ jb. 00012‑ 17.

 77. Hickey CA, Kuhn KA, Donermeyer DL, Porter NT, Jin C, Cameron EA, et al. 
Colitogenic Bacteroides thetaiotaomicron antigens access host immune 
cells in a sulfatase‑dependent manner via outer membrane vesicles. Cell 
Host Microbe. 2015;17(5):672–80. https:// doi. org/ 10. 1016/j. chom. 2015. 04. 
002.

 78. Johnson EL, Heaver SL, Waters JL, Kim BI, Bretin A, Goodman AL, et al. 
Sphingolipids produced by gut bacteria enter host metabolic pathways 
impacting ceramide levels. Nat Commun. 2020;11(1):2471. https:// doi. 
org/ 10. 1038/ s41467‑ 020‑ 16274‑w.

 79. Amin N, Schwarzkopf S, Kinoshita A, Tröscher‑Mußotter J, Dänicke S, Cam‑
arinha‑Silva A, et al. Evolution of rumen and oral microbiota in calves is 
influenced by age and time of weaning. Anim Microbiome. 2021;3(1):31. 
https:// doi. org/ 10. 1186/ s42523‑ 021‑ 00095‑3.

 80. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al‑Ghalith GA, 
et al. Reproducible, interactive, scalable and extensible microbiome data 
science using QIIME 2. Nat Biotechnol. 2019;37(8):852–7. https:// doi. org/ 
10. 1038/ s41587‑ 019‑ 0209‑9.

 81. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al. Ribosomal 
database project: data and tools for high throughput rRNA analysis. 
Nucleic Acids Res. 2014;42:D633–42. https:// doi. org/ 10. 1093/ nar/ gkt12 44.

 82. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naïve Bayesian classifier for rapid 
assignment of rRNA sequences into the new bacterial taxonomy. Appl 
Environ Microbiol. 2007;73(16):5261–7. https:// doi. org/ 10. 1128/ AEM. 
00062‑ 07.

https://doi.org/10.5897/JVMAH11.042
https://doi.org/10.1186/s12917-017-1185-2
https://doi.org/10.1186/s12917-017-1185-2
https://doi.org/10.3168/jds.2020-19867
https://doi.org/10.1021/acs.jafc.8b01621
https://doi.org/10.1080/19490976.2018.1505176
https://doi.org/10.2527/jas1955.144930x
https://doi.org/10.1007/s11306-020-01712-z
https://doi.org/10.1007/s11306-020-01712-z
https://doi.org/10.1007/s11306-016-1112-8
https://doi.org/10.1371/journal.pone.0129174
https://doi.org/10.3389/fmicb.2019.01131
https://doi.org/10.3389/fmicb.2019.01131
https://doi.org/10.1016/j.freeradbiomed.2007.10.054
https://doi.org/10.1016/j.freeradbiomed.2007.10.054
https://doi.org/10.1016/j.cmet.2010.08.016
https://doi.org/10.1016/j.cmet.2010.08.016
https://doi.org/10.2527/jas.2009-2446
https://doi.org/10.1007/s00394-014-0690-3
https://doi.org/10.1007/s00394-014-0690-3
https://doi.org/10.1292/jvms.18-0645
https://doi.org/10.1292/jvms.18-0645
https://doi.org/10.2741/3820
https://doi.org/10.1099/ijs.0.64192-0
https://doi.org/10.1016/j.cels.2018.08.003
https://doi.org/10.1016/j.cels.2018.08.003
https://doi.org/10.1126/sciadv.aba8555
https://doi.org/10.1080/19490976.2017.1353849
https://doi.org/10.1093/ajcn/80.3.539
https://doi.org/10.1021/acs.molpharmaceut.6b01155
https://doi.org/10.1021/acs.molpharmaceut.6b01155
https://doi.org/10.1371/journal.ppat.1007581
https://doi.org/10.1371/journal.ppat.1007581
https://doi.org/10.1080/19490976.2019.1618173
https://doi.org/10.1016/j.livres.2017.05.001
https://doi.org/10.1016/j.livres.2017.05.001
https://doi.org/10.1007/s00726-016-2219-y
https://doi.org/10.1007/s00726-016-2219-y
https://doi.org/10.3168/jds.2016-12299
https://doi.org/10.3168/jds.2016-12299
https://doi.org/10.1016/j.mib.2017.12.011
https://doi.org/10.1016/j.mib.2017.12.011
https://doi.org/10.1073/pnas.1001501107
https://doi.org/10.1073/pnas.1001501107
https://doi.org/10.1128/jb.00012-17
https://doi.org/10.1016/j.chom.2015.04.002
https://doi.org/10.1016/j.chom.2015.04.002
https://doi.org/10.1038/s41467-020-16274-w
https://doi.org/10.1038/s41467-020-16274-w
https://doi.org/10.1186/s42523-021-00095-3
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/nar/gkt1244
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07


Page 19 of 19Amin et al. Animal Microbiome            (2023) 5:12  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 83. Bazinet AL, Ondov BD, Sommer DD, Ratnayake S. BLAST‑based validation 
of metagenomic sequence assignments. PeerJ. 2018;6:e4892. https:// doi. 
org/ 10. 7717/ peerj. 4892.

 84. Yarza P, Yilmaz P, Pruesse E, Glöckner FO, Ludwig W, Schleifer KH, 
et al. Uniting the classification of cultured and uncultured bacteria 
and archaea using 16S rRNA gene sequences. Nat Rev Microbiol. 
2014;12(9):635–45. https:// doi. org/ 10. 1038/ nrmic ro3330.

 85. Wilkinson TJ, Huws SA, Edwards JE, Kingston‑Smith AH, Siu‑Ting K, 
Hughes M, et al. CowPI: a rumen microbiome focussed version of the PIC‑
RUSt functional inference software. Front Microbiol. 2018;9:1095. https:// 
doi. org/ 10. 3389/ fmicb. 2018. 01095.

 86. Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, 
et al. Predictive functional profiling of microbial communities using 16S 
rRNA marker gene sequences. Nat Biotechnol. 2013;31(9):814–21. https:// 
doi. org/ 10. 1038/ nbt. 2676.

 87. Ramsay SL, Stoeggl WM, Weinberger KM, Graber A, Guggenbichler W, edi‑
tors. inventors. Apparatus and methods for analyzing a metabolite profile. 
Untited States patent US 8,265,877 B2. 2012.

 88. Zakrzewski M, Proietti C, Ellis JJ, Hasan S, Brion M‑J, Berger B, et al. Data 
and text mining Calypso: a user‑friendly web‑server for mining and 
visualizing microbiome‑environment interactions. Bioinformatics. 
2017;33(5):782–3. https:// doi. org/ 10. 1093/ bioin forma tics/ btw725.

 89. Anderson MJ, Gorley RN, Clarke KR. PERMANOVA + for primer. Guide to 
software and statistical methods: PRIMER‑E. Plymouth, UK; 2008.

 90. Gentleman R, Ihaka R. R: a language and environment for statistical 
computing. Computing. 2011;1:12–21. Accessed 20 April 2021.

 91. Benjamini Y, Krieger AM, Yekutieli D. Adaptive linear step‑up procedures 
that control the false discovery rate. Biometrika. 2006;93(3):491–507. 
https:// doi. org/ 10. 1093/ biomet/ 93.3. 491.

 92. Pang Z, Chong J, Zhou G, de Lima Morais DA, Chang L, Barrette M, et al. 
MetaboAnalyst 5.0: narrowing the gap between raw spectra and func‑
tional insights. Nucleic Acids Res. 2021;49(W1):W388–96. https:// doi. org/ 
10. 1093/ nar/ gkab3 82.

 93. Szymańska E, Saccenti E, Smilde AK, Westerhuis JA. Double‑check: 
validation of diagnostic statistics for PLS‑DA models in metabolomics 
studies. Metabolomics. 2012;8(Suppl 1):3–16. https:// doi. org/ 10. 1007/ 
s11306‑ 011‑ 0330‑3.

 94. Xia J, Wishart DS. MetPA: a web‑based metabolomics tool for pathway 
analysis and visualization. Bioinformatics. 2010;26(18):2342–4. https:// doi. 
org/ 10. 1093/ bioin forma tics/ btq418.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.7717/peerj.4892
https://doi.org/10.7717/peerj.4892
https://doi.org/10.1038/nrmicro3330
https://doi.org/10.3389/fmicb.2018.01095
https://doi.org/10.3389/fmicb.2018.01095
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1093/bioinformatics/btw725
https://doi.org/10.1093/biomet/93.3.491
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1007/s11306-011-0330-3
https://doi.org/10.1007/s11306-011-0330-3
https://doi.org/10.1093/bioinformatics/btq418
https://doi.org/10.1093/bioinformatics/btq418

	Host metabolome and faecal microbiome shows potential interactions impacted by age and weaning times in calves
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Age-dependent changes in the compositional profile of calves’ faecal microbiome
	Weaning-dependent modifications in the faecal bacterial composition and their predicted function in calves
	Plasma metabolome and the impact of calves’ age
	Weaning-dependent modifications in the plasma metabolome of calves
	Associations between differential faecal microbial genera and plasma metabolites of weaning groups
	Associations between morphometric variables of calves, differential faecal microbial genera and plasma metabolites of weaning groups

	Discussion
	Conclusion
	Methods
	Animals and experimental procedures
	Sample collection and preparation
	Faecal bacterial community profiling
	Illumina amplicon sequencing and bioinformatic analysis
	Plasma metabolome analysis
	Statistical analysis
	Microbiome data
	Metabolome data


	Acknowledgements
	References


