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Abstract 

Background Subclinical infection with bovine leukemia virus (BLV) in cows can cause economic losses in milk 
and meat production in many countries, as BLV‑related negative effects. The volatile fatty acids (VFAs) and microbiota 
present in the digestive tracts of cows can contribute to cow health. Here, we exploratorily investigated the VFAs 
and microbiota in the rumen and gut with respect to subclinical BLV infection using cows housed at a single farm.

Results We analyzed a herd of 38 cows kept at one farm, which included 15 uninfected and 23 BLV‑infected cows. 
First, the analysis of the VFAs in the rumen, gut, and blood revealed an absence of statistically significant differences 
between the uninfected and BLV‑infected groups. Thus, BLV infection did not cause major changes in VFA levels 
in all tested specimens. Next, we analyzed the rumen and gut microbiota. The analysis of the microbial diversity 
revealed a modest difference between the uninfected and BLV‑infected groups in the gut; by contrast, no differences 
were observed in the rumen. In addition, the investigation of the bacteria that were predominant in the uninfected 
and BLV‑infected groups via a differential abundance analysis showed that no significant bacteria were present 
in either of the microbiota. Thus, BLV infection possibly affected the gut microbiota to a small extent. Moreover, 
bacterial associations were compared between the uninfected and BLV‑infected groups. The results of this analysis 
suggested that BLV infection affected the equilibrium of the bacterial associations in both microbiota, which might 
be related to the BLV‑related negative effects. Thus, BLV infection may negatively affect the equilibrium of bacterial 
associations in both microbiota.

Conclusions Subclinical BLV infection is likely to affect the rumen and gut microbiota, which may partly explain 
the BLV‑related negative effects.
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Background
Bovine leukemia virus (BLV) is a viral agent of the Del-
taretrovirus genus in the Retroviridae family that infects 
cattle. BLV is prevalent globally, with the exception of 
countries in which viral eradication of this agent was 
achieved. Because about 70% of BLV-infected cattle are 
asymptomatic, the control of infection with this virus is 
extremely difficult (LaDronka et al. 2018; Marawan et al. 
2021; Murakami et al. 2011). About 30% of BLV-infected 
cattle develop persistent lymphocytosis, and about 1–5% 
can develop malignant B-cell lymphosarcoma after a pro-
longed latency (1–8  years), which is a malignancy that 
is also known as enzootic bovine leucosis (Aida et  al. 
2013). Cows diagnosed with this condition are elimi-
nated from commercial distribution, which can cause 
significant economic damage. Moreover, subclinical BLV 
infection in cows, which consists of an asymptomatic 
infection over their lifetime without the development of 
enzootic bovine leucosis, also appears to cause economic 
losses, to a greater extent than that expected, as the BLV-
related negative effects caused by subclinical infection 
include increased susceptibility to other infections and 
a decrease in lifetime milk production, meat production, 
and reproductive efficiency in cows (Brenner et al. 1989; 
Nakada et al. 2023; Nekouei et al. 2016; Polat et al. 2017; 
Schwartz and Levy 1994; Yang et al. 2016). However, the 
physiological effects of subclinical BLV infection in cows 
remain unknown, although subclinical BLV infection is 
believed to cause a systemic impairment of the immune 
system of these animals (Konnai et  al. 2017). Thus, the 
effects of subclinical BLV infection on the body of cows 
should be investigated.

The microbiota of digestive tracts, particularly the 
rumen and gut microbiota, play an essential role 
in maintaining health in cattle (Cholewinska et  al. 
2020; Welch et  al. 2022). The fermentation of cellu-
lose and other complex plant carbohydrates by the 
rumen microbiota is essential in cattle because these 
animals do not possess digestive enzymes to break 
down these complex carbohydrates. About 70% of the 
energy requirements of cattle and about 50% of their 
protein requirements necessitate microbial fermen-
tation in the rumen (Bergman 1990; Pitta et  al. 2018). 
In cattle, rumen microbes become a source of protein, 
and microbial metabolites, such as volatile fatty acids 
(VFAs), are a source of energy via gluconeogenesis 
from acetyl-CoA, as well as a source of fats. VFAs are 
alternatively termed short-chain fatty acids. The major 
VFAs produced by rumen fermentation are acetic, 
propionic, butyric, and valeric acids. The amount and 
ratio of these VFAs in the rumen are important for 
maintaining cattle health because, although acetic acid 

is essential for the biosynthesis of body fat and milk 
fat and for providing energy, an excessive amount of 
butyric acid leads to the generation of ketone bodies, 
thus inducing ketosis (Miettinen and Huhtanen 1996). 
Moreover, further down the intestinal tract, the hind-
gut—which is more generally called the gut—is another 
important intestinal locale. VFAs are also produced by 
microbes in the gut (Yao et  al. 2022), where they not 
only function as an energy source for gut epithelial cells 
but also regulate the function of innate immune cells, 
such as macrophages, neutrophils, and dendritic cells, 
and regulate the differentiation of T and B cells (Yao 
et  al. 2022). Thus, the rumen and gut microbiota and 
the VFAs generated by them are important for cattle 
health.

Infections by some viruses are beginning to be shown 
to modulate the microbiota of digestive tracts (Yuan 
et al. 2020). With respect to viruses for which such phe-
nomena have not been examined, exploratory studies, 
which are required in the early stages of research, are 
warranted. One exploratory study alone using cows in 
one farm reported that the gut microbiota of cows can 
be modulated by BLV infection, even at the subclinical 
stage (Uchiyama et al. 2020). However, integrative stud-
ies of the VFAs and microbiota of the digestive tract 
with respect to subclinical BLV infection are scarce, 
to the best of our knowledge. Here, we exploratorily 
investigated the VFAs in the rumen fluid (rumen), feces 
(gut), and serum (blood) of uninfected and asympto-
matic BLV-infected cows housed at a single farm and 
examined the rumen and gut microbiota in the two 
groups using 16S rRNA gene amplicon sequencing.

Results
Enrolled cows
We conducted the study in one commercial farm in 
Japan, which kept 70 cows, including 42 lactating cows. 
These 42 lactating cows were housed in the same tie-
stall barn. We performed the sampling within 1  day 
during the autumn season. The cows were fed the same 
diet. All cows were clinically healthy. We collected the 
samples within 1 day but were unable to collect samples 
from four cows because the sampling period coincided 
with the milking time. Finally, 38 cows were enrolled in 
the present study.

Among these 38 cows (age, 24–101  months 
(mean ± standard deviation, 51.7 ± 19.9  months)), 23 
were diagnosed as having subclinical BLV infection. 
The mean ages of the uninfected and BLV-infected cows 
were not significantly different (46.3 ± 22.9  months 
and 55.3 ± 16.8  months, respectively; Mann–Whitney 
U-test, P > 0.05).
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VFA status in the rumen, gut, and blood in the uninfected 
and BLV‑infected groups
To examine the effect of subclinical BLV infection, 
we first compared the VFAs in the rumen, gut, and 
blood of the uninfected group with those of the BLV-
infected group using a multivariate analysis of variance 
(MANOVA) and a principal component analysis (PCA). 
There were no significant differences in the rumen, gut, 
and blood between the uninfected and BLV-infected 
groups (MANOVA, P ≥ 0.05). In addition, the compari-
son of the levels of each VFA (e.g., acetic acid) between 
the uninfected and BLV-infected groups revealed an 
absence of significant differences in the rumen, gut, and 
blood (Mann–Whitney U-test, P ≥ 0.05; Supplemen-
tary Table S1). A nonsignificant difference in the level of 
isovaleric acid in the gut was observed between the unin-
fected and BLV-infected groups (Mann–Whitney U-test, 
P < 0.1; Supplementary Table  S1). Moreover, there were 
no distinct observational differences in the in rumen, gut, 
and blood PCA score plots between uninfected and BLV-
infected cows (Fig. 1).

Overview of the rumen and gut microbiota of uninfected 
and BLV‑infected cows
The rumen and gut microbiota of the 38 cows were ana-
lyzed using 16S rRNA gene amplicon sequencing. A total 
of 4,915,395 reads (129,353 ± 44,757 reads/sample) and 
5,009,119 reads (131,819 ± 43,641 reads/sample) were 
obtained from rumen and gut samples, respectively. Read 
trimming and exclusion of chimeric reads of the rumen 
and gut samples were performed using the DADA2 

software (Callahan et  al. 2016), which produced a total 
of 1,843,202 reads (48,505 ± 19,152 reads/sample) and 
1,954,142 reads (51,425 ± 17,723 reads/sample), respec-
tively. The relative abundance of the bacterial commu-
nity at the phylum level was calculated using these data. 
In both the rumen and gut microbiota, Bacteroidota and 
Firmicutes were predominantly present, at about 40‒50% 
(Fig.  2). The other major phyla, Proteobacteria, Patesci-
bacteria, Actinobacteriota, Planctomycetota, Spirochae-
tota, and Euryarchaeota (Archaea), were present at a 
relative abundance of less than about 7% in the rumen 
microbiota, whereas Verrucomicrobiota, Spirochaetota, 
and Proteobacteria were present at a relative abundance 
of less than about 6% in the gut microbiota.

Analyses of microbial diversities and differentially 
abundant microbes in the rumen and gut microbiota 
between the uninfected and BLV‑infected groups
Microbial diversity was compared between the unin-
fected and BLV-infected groups using the alpha and 
beta-diversity metrics (Table 1); the alpha-diversity met-
rics were evenness and the Shannon and Chao1 indices, 
whereas the beta-diversity metrics were the weighted and 
unweighted UniFrac metrics. First, in the rumen analy-
sis, no significant differences in alpha or beta diversity 
were observed. Similarly, in the fecal analysis, no signifi-
cant differences were observed for either of the metrics. 
However, nonsignificant differences were observed in 
the gut: a lower evenness value was obtained in the BLV-
infected vs. the uninfected group (P < 0.1); similarly, there 
was a difference in unweighted UniFrac values (P < 0.1). 

Fig. 1 PCA score plots of VFAs in A rumen, B gut, and C blood. The uninfected and BLV‑infected groups are shown as dots of different colors, which 
are coded in the bottom box. The eclipses with 95% reliability are also plotted on each graph, which are represented in the same color as the dot 
color
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Moreover, to gain further insight, we performed a differ-
ential abundance analysis of the rumen and gut microbi-
ota at the genus level using an analysis of the composition 
of microbiome (ANCOM) (Mandal et al. 2015). No bac-
terial taxa exhibited significant differences in abundance 
between the uninfected and BLV-infected groups (Sup-
plementary Fig. S1).

Comparison of microbial co‑occurrence patterns 
in the rumen and gut microbiota between the uninfected 
and BLV‑infected groups
The importance of bacterial associations in microbiota 
has recently been suggested. These associations can be 

inferred from metataxonomic data via a co-occurrence 
network analysis (Dai et al. 2019; Matchado et al. 2021). 
The analysis of the bacterial associations related to BLV 
infection in the rumen and gut using a co-occurrence 
network analysis revealed that the overall patterns of 
the bacterial association networks in the rumen and 
gut microbiota were topologically different between the 
uninfected and BLV-infected groups (Supplementary 
Fig. S2). The comparison of the co-occurrence networks 
of the uninfected group with those of the BLV-infected 
group led to the detection of differential bacterial asso-
ciations. Because of the complexity of the differential 
networks derived from all detected differential bacterial 

Fig. 2 Relative abundance at the phylum level of taxonomy. The average bacterial abundances in all cows are shown in taxa bar plots. A Rumen 
and B gut. The bacterial taxa are indicated using different colors, as shown on the right of the taxa bar plots

Table 1 Comparison of microbial diversity of the uninfected and BLV‑infected groups

a Mean ± standard deviations are shown as evenness, Shannon, or Chao1 indices
a Alpha- and beta-diversity metrics were compared by Kruskal–Wallis test and permutational multivariate analysis of variance (PERMANOVA), respectively

Diversity metrica Uninfected group BLV‑infected group p‑value

Rumen Alpha diversity

Microbiota Evenness 0.89 ± 0.04 0.89 ± 0.03 0.332

Shannon 9.15 ± 0.62 9.25 ± 0.59 0.560

Chao1 1395.64 ± 423.77 1408.81 ± 369.73 0.940

Beta diversity

Unweighted UniFrac 0.903

Weighted UniFrac 0.532

Gut Alpha diversity

Microbiota Evenness 0.89 ± 0.01 0.87 ± 0.04 0.071

Shannon 9.01 ± 0.21 8.69 ± 0.73 0.317

Chao1 1167.94 ± 213.95 1081.47 ± 327.68 0.560

Beta diversity

Unweighted UniFrac 0.094

Weighted UniFrac 0.244
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associations, representative differential networks in the 
rumen and gut microbiota were simply constructed using 
the nine differential bacterial associations with the high-
est weights (Fig. 3).

In the differential network of the rumen micro-
biota, seven and two differential bacterial associa-
tions were detected that were predominant in the 
uninfected and the BLV-infected groups, respec-
tively (Fig.  3A). The seven associations that were 
predominant in the uninfected group included Chris-
tensenellaceae–Rikenellaceae, Lachnospiraceae–Oli-

gosphaeraceae, Bdellovibrionota–Moraxellaceae, 
Ruminococcaceae–Oligosphaeraceae, Rhizobiaceae–Ery-
sipelatoclostridiaceae, Leptotrichiaceae–Weeksellaceae, 
and Brevibacteriaceae–Lachnospiraceae. The two associ-
ations that were predominant in the BLV-infected group 
included Lachnospiraceae–Methanomicrobiaceae and 
Lachnospiraceae–Veillonellaceae.

In the differential network of the gut microbiota, five 
and four differential bacterial associations were pre-
dominant in the uninfected and the BLV-infected 
groups, respectively (Fig.  3B). The five associations that 

Fig. 3 Differential networks between the uninfected and the BLV‑infected groups. A Rumen and B gut. In the networks, each node shows 
a bacterium at genus level. The types of edges are described on the bottom dotted box. The taxonomic units at genus level (bacterial 
classifications at family level) shown in A are as follows: Lachnospiraceae_UCG‑002 (Lachnospiraceae), horsej‑a03 (Oligosphaeraceae), uncultured 
(Bdellovibrionota), Moraxella (Moraxellaceae), Incertae_Sedis (Ruminococcaceae), Z20 (Oligosphaeraceae), Allorhizobium‑Neorhizobium‑Pararhizob
ium‑Rhizobium (Rhizobiaceae), Asteroleplasma (Erysipelatoclostridiaceae), Caviibacter (Leptotrichiaceae), Bergeyella (Weeksellaceae), Rikenellaceae_
RC9_gut_group (Rikenellaceae), Christensenellaceae_R‑7_group (Christensenellaceae), Brevibacterium (Brevibacteriaceae), possible_genus_
Sk018 (Lachnospiraceae), Methanomicrobium (Methanomicrobiaceae), Lachnospiraceae_NC2004_group (Lachnospiraceae), and Megasphaera 
(Veillonellaceae). The taxonomic units (bacterial classifications) shown in Fig. 3B are as follows: Bradymonadales (Bradymonadales), Lysinibacillus 
(Planococcaceae), Methanocorpusculum (Methanocorpusculaceae), Howardella (Lachnospiraceae), Mogibacterium (Anaerovoracaceae), Megasphaera 
(Veillonellaceae), Raoultibacter (Eggerthellaceae), Hydrogenoanaerobacterium (Oscillospiraceae), Catenisphaera (Erysipelotrichaceae), uncultured 
(Verrucomicrobiota), Sanguibacteroides (Marinifilaceae), [Clostridium]_methylpentosum_group (Oscillospirales), [Eubacterium]_xylanophilum_
group (Lachnospiraceae), Anaerofustis (Anaerofustaceae), uncultured (Actinobacteriota), Syntrophococcus (Lachnospiraceae), and Kandleria 
(Erysipelatoclostridiaceae)
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were predominant in the uninfected group included 
Erysipelotrichaceae–Verrucomicrobiota, Bradymo-
nadales–Planococcaceae, Methanocorpusculaceae–
Lachnospiraceae, Anaerovoracaceae–Veillonellaceae, and 
Eggerthellaceae–Oscillospiraceae. Finally, the four associ-
ations that were predominant in the BLV-infected group 
included Verrucomicrobiota–Marinifilaceae, Oscillospi-
rales–Lachnospiraceae, Anaerofustaceae–Actinobacte-
riota, and Lachnospiraceae–Erysipelatoclostridiaceae.

Discussion
This was an exploratory study for the integrative analy-
sis of VFAs in the rumen, gut, and blood, as well as the 
rumen and gut microbiota, with respect to subclinical 
BLV infection, using cows housed at a single farm. No 
estimation of sample size was performed prior to sam-
ple collection in this study. However, we believe that the 
herd yielded the appropriate BLV-related results with two 
reasons. First, the size of the herd used in this study was 
similar to that of a previous exploratory study (i.e., 22 
uninfected and 29 BLV-infected cows) (Uchiyama et  al. 
2020). Second, the confounding factors were considered 
to be minimized as much as possible. As described in 
the previous study (Uchiyama et  al. 2020), because fac-
tors such as diet, host phenotype, genetics, age, environ-
ment, and health status affect the VFAs and microbiota 
of digestive tracts (Gupta et  al. 2020; Kurilshikov et  al. 
2021; Na and Guan 2022; Wang and LeCao 2020), we col-
lected samples from cows housed in the same environ-
ment (i.e., housing style and feeding management) over 
1 day. Of note, because older cows generally have more 
opportunities to be exposed to BLV infection, the age of 
BLV-infected cows is older than that of uninfected cows. 
The age of the animals in the two groups was not signifi-
cantly different, although the average age of the cows in 
the BLV-infected group was 9 months older than that of 
those in the uninfected group.

Using the herd, we first compared the VFAs of the 
rumen, gut, and blood between the uninfected and BLV-
infected groups based on statistics and the observation of 
PCA plots. The uninfected and BLV-infected groups did 
not differ in the VFAs of the rumen, gut, and blood. Thus, 
a drastic change in the VFA status was not likely to be 
triggered by subclinical BLV infection.

We then investigated the rumen and gut microbiota. 
The composition and abundance of the major bacte-
rial taxa in the rumen and gut microbiota in this study 
appeared to be similar to those reported for other cows 
(Li et  al. 2021; Uchiyama et  al. 2020), which suggests 
that these cows had typical rumen and gut microbi-
ota. In our subsequent analysis of microbial diversity, 
the gut microbiota appeared to be minimally altered 
by BLV infection, whereas the rumen microbiota was 

hardly altered by BLV infection. The small change 
observed in the gut microbiota after BLV infection 
was similar to the results of a previous study (Uchiy-
ama et al. 2020). In addition, we performed a differen-
tial abundance analysis with respect to BLV infection 
in the rumen and gut microbiota. No bacteria in asso-
ciation with BLV infection were detected. Thus, the gut 
was very slightly affected by BLV infection, whereas the 
rumen hardly appeared to be affected by it.

Next, the impact of BLV infection on the equilibrium of 
bacterial associations was examined via a differential net-
work analysis of the rumen and gut microbiota. Because 
of the detection of differential bacterial associations in 
both microbiota, subclinical BLV infection was likely to 
trigger a disequilibrium in the bacterial associations in 
the rumen and gut microbiota. We predicted the func-
tions of bacterial associations from the bacteria present 
in the differential networks. First, the differential net-
work of the rumen microbiota was examined. Among the 
associations that were predominant in the BLV-infected 
group, the associations between methanogenic bacteria 
(Methanomicrobiaceae) with cellulose-degrading bacte-
ria (Lachnospiraceae), and between cellulose-degrading 
bacteria (Lachnospiraceae) and VFA-producing bacte-
ria (Veiollonellaceae), were assessed. Among the asso-
ciations that were predominant in the uninfected group, 
cellulose-degrading bacteria and VFA-producing bacte-
ria appeared to form associations. Based on our obser-
vation, the cooperation of methane-producing bacteria 
with cellulose-degrading bacteria may be more likely to 
occur in the rumen microbiota of BLV-infected groups. 
The rumen methanogenic bacteria reduce the feed effi-
ciency by releasing some of the energy in the feed as 
methane (Martinez-Fernandez et  al. 2016). Thus, BLV 
infection may reduce energy production efficiency in 
the rumen microbiota at an undetectable low level over 
a long period. Moreover, the differential network of the 
gut microbiota was examined. Among the associations 
that were predominant in the BLV-infected or uninfected 
group, the functions of most bacteria are hardly deduc-
ible based solely on bacterial classification. However, 
cellulose-degrading bacteria (Lachnospiraceae) and VFA-
producing bacteria (Veiollonellaceae) were detected in 
the associations that were predominant in the uninfected 
group. The VFAs produced by gut microbiota play an 
important role in host physiology by maintaining homeo-
stasis with the host’s immune system (Welch et al. 2022). 
Thus, the fermentation in the uninfected group that 
is required for VFA production may have been imbal-
anced by BLV infection at an undetectable low level over 
a long period. Considering these assumptions of differ-
ential bacterial associations, we may grasp hints that the 
disequilibrium of the rumen and gut microbiota caused 
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by BLV infection is related to the BLV-related negative 
effects associated with subclinical infection.

In this study, we observed that subclinical BLV infec-
tion appeared to slightly affect the gut microbiota while 
having hardly any effect on the rumen microbiota; it 
did not cause a major change in the VFA composition 
of blood and digestive tract. Subclinical BLV infection 
appeared to affect the equilibrium of the bacterial asso-
ciations in both the rumen and gut microbiota for a long 
period, particularly the gut microbiota. Considering the 
importance of the rumen and gut in the health status of 
cows together with the results of this study, the digestive 
tract may become a target for the management of BLV-
related negative effects. Because this was an exploratory 
study with low statistical power, our results warrant rep-
lication across larger samples based on sample size calcu-
lation to confirm the phenomena in the future.

Conclusions
This study investigated not only the VFAs in the rumen, 
gut, and blood but also the rumen and gut microbiota 
with respect to subclinical BLV infection. Subclinical 
BLV infection did not cause major changes in either the 
VFA levels or the microbiota of the digestive tract. How-
ever, the microbiota in the digestive tract, particularly the 
gut, might be in a slight disequilibrium, which implies a 
potential relation to BLV-related negative effects. In con-
clusion, subclinical BLV infection is likely to affect the 
rumen and gut microbiota, which may partly explain the 
BLV-related negative effects.

Methods
Animals
One dairy farm located in Tokyo, Japan, which was main-
tained by one owner, kept 70 cows, including 42 lactating 
cows. These 42 lactating cows were at different lactation 
stages and were kept in the same tie-stall barn. These 
lactating cows were fed a mixture of 39.0% (w/w) rough-
age, 59.8% concentrate feed, and 1.2% supplements. Vet-
erinarians interviewed farm owners about animals with 
changes in milk production or abnormal symptoms. 
After checking the rectal temperature, auscultation was 
used to check the heart rate, rumen, pinging test, respira-
tory rate, adventitious sounds, and abnormal respiratory 
sounds. Other tests were performed to check for exter-
nal abnormalities, to evaluate the locomotor system in 
cases of lameness, and to check for abnormalities in the 
pelvic cavity and female genitalia via rectal examination, 
to ensure that all cows were in good clinical condition. 
Cows that were diagnosed as clinically healthy after suc-
cessful sampling were enrolled in this study.

Samples
Blood samples were collected from the tail veins. In 
this study, the enrolled cows were commercial pro-
duction cows, and rumen fluid was not collected by 
ruminocentesis, to avoid the potential risk of perito-
nitis. Rumen fluids were collected using a pump after 
a hose was placed in the mouth of the animal through 
to the rumen. After 200  mL of the first fluid was dis-
carded, to avoid saliva contamination, 10 mL of rumen 
fluid was collected into sterilized plastic tubes. Fecal 
material near the anus was discarded during the rectal 
palpation, and fecal material in the deep rectum was 
collected. Immediately after collection, the fecal sam-
ples were placed in sterile polypropylene tubes with 
filter caps (CELLSTAR CELLreactor; Greiner Bio-One, 
Rainbach im Mühlkreis, Austria) under anaerobic con-
ditions using the AnaeroPack Kenki system (Mitsubishi 
Gas Chemical Company, Japan). All samplings were 
performed on September 2, 2019.

Immediately after collection, the samples were tem-
porally stored and transported within a day at 4 °C for 
blood samples and − 20  °C for rumen fluid and fecal 
samples. The samples were then stored in the labora-
tory at 4 °C (blood) and − 80 °C (rumen fluid, feces).

Diagnosis of BLV infection
One day after blood sample collection, sera were pre-
pared from the blood by centrifugation. Genomic DNA 
was extracted from blood cells using a Wizard Genomic 
DNA Purification Kit (Promega, Madison, USA). BLV 
infection was diagnosed using the serum as described 
previously via both agar gel immunodiffusion assays 
and detection of BLV proviral genomes (Murakami 
et al. 2016).

Measurement of VFAs
Ruminal VFAs were analyzed by gas chromatogra-
phy (GC). After centrifugation of the rumen fluids, 20 
μL of 85% phosphoric acid was added to about 1 mL of 
the supernatant and incubated overnight at 4  °C. After 
centrifugation (13,000 × g, 10  min, 4 °C) and filtration 
through an 0.45-μm filter, 2 μL of sample was injected 
into a 30  m × 0.25-mm FFAP capillary column with a 
0.25-μm film thickness (Agilent Technologies, Germany) 
fitted to a 7820A GC system (Agilent) with flame ioniza-
tion detection. The GC operation conditions were as fol-
lows. Helium was used as the carrier gas with a constant 
pressure of 57  kPa. Sample injection was carried out in 
split mode (10:1), with an injection volume of 1 μL and 
an injector temperature of 250 °C. The initial oven tem-
perature was set to 60 °C and increased to 240 °C in steps 
of 10 °C/min and then 20 °C/min to 325 °C.
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Fecal and serum VFAs were analyzed by gas chro-
matography–mass spectrometry (GC–MS) after deri-
vatization (tert-butyldimethylsilylation). Fecal samples 
(50 mg) and serum samples (450 μL) were made to 500 
μL with Milli-Q water. To these samples, 5 μL of inter-
nal standard (crotonic acid, 200 μg/mL) was added fol-
lowed by vortexing with 10-μL 50% sulfosalicylic acid 
to precipitate protein. After centrifugation at 13,000 × g 
for 10  min, the deproteinized samples were extracted 
with diethyl ether/hydrochloric acid (1:0.003, v/v) by 
shaking for 30 min. Subsequently, 8 μL of 1-tert-butyl-
dimethylsilylimidazole was added and allowed to react 
at 60  °C for 30  min. Two microliters of the mixture 
were analyzed by GC–MS on a 7890A chromatograph 
equipped with automated sample injection (MPS from 
GERSTEL, Germany), a 30 m × 0.25 mm DB-5 ms cap-
illary column with a 0.25-μm film thickness (Agilent), 
and a 5975B mass spectral detector (Agilent). The mass 
spectrometer was used in the electrospray ioniza-
tion mode with an ion source temperature of 250  °C; 
the temperature of the quadrupole and mass spectral 
interface was 150 °C and 290 °C, respectively. The mass 
spectral detector was used in the selected ion moni-
toring mode, to search for acetic, propionic, butyric, 
valeric, and crotonic acids, which have m/z values of 
159.0, 131.0, 145.0, 159.0, and 143.0, respectively.

Statistical analysis
The JMP Pro 16.2.0 software (SAS Institute, USA) was 
used for the statistical analysis of cattle age and VFA 
levels.

DNA extraction and sequencing
DNA was extracted from rumen and fecal samples using 
an ISOSPIN Fecal DNA Kit (Nippon Gene, Japan). The 
extracts were subjected to 16S rRNA gene amplicon 
sequencing, in which the V3–V4 region of the 16S rRNA 
gene, amplified by polymerase chain reaction, was ana-
lyzed using an MiSeq Reagent Kit v3 in 600 cycles in an 
Illumina MiSeq instrument (Illumina, USA), as described 
elsewhere (Uchiyama et al. 2022).

Microbiota data analysis
The sequence data were processed using the Quantitative 
Insights into Microbial Ecology 2 (QIIME2) pipeline v. 
2022.2.0 (Bolyen et al. 2019). The DADA2 software pack-
age v2021.8.0 incorporated in QIIME 2 was used to cor-
rect the amplicon sequence errors and to construct an 
amplicon sequence variant table (Callahan et  al. 2016). 
The amplicon sequence variant table was rarefied. Micro-
bial taxonomy was assigned using a Naïve-Bayes classifier 
trained on the SILVA 138 99% database.

Metrics of alpha diversity, including Pielou’s even-
ness (Evenness) index, Shannon’s (Shannon) index, and 
the Chao1 index, and those of beta diversity, including 
unweighted UniFrac and weighted UniFrac, were calcu-
lated and statistically analyzed using the QIIME 2 pipe-
line. A differential abundance analysis was performed 
using ANCOM implemented in the QIIME 2 pipeline.

Networks were analyzed with the NetCoMi package 
in the R software version 1.0.2 and in the R software 
version 4.0.2 using the SPIEC-EASI metric for network 
construction (Peschel et  al. 2021). Associations were 
estimated via the SPRING approach. The associations 
in the networks were then compared using the discord-
ant method.
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