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Introduction: In the dairy industry, calves are typically fed diets rich in highly fermentable carbohydrates and low in fibrous feeds to maximize ruminal papillae and tissue development. Calves on such diets are vulnerable at developing ruminal acidosis. Prevalent in cattle, liver abscess (LA) is considered a sequela to ruminal acidosis. LAs can cause significant liver function condemnation and decreased growth and production. Currently, we know little about the liver microbiome in calves with feed-induced acidosis.

Methods: Using our established model of ruminal acidosis, where young calves were fed an acidosis-inducing (AC) or -blunting (control) diet starting at birth until 17-week of age, we investigated microbial community changes in the liver resultant from ruminal acidosis. Eight calves were randomly assigned to each diet, with four animals per treatment. Rumen epithelium and liver tissues were collected at 17 weeks of age right after euthanasia. Total RNAs were extracted and followed by whole transcriptome sequencing. Microbial RNA reads were enriched bioinformatically and used for microbial taxonomy classification using Kraken2.

Results: AC Calves showed significantly less weight gain over the course of the experiment, in addition to significantly lower ruminal pH, and rumen degradation comparison to the control group (p < 0.05). In the liver, a total of 29 genera showed a significant (p < 0.05) abundance change (> 2-fold) between the treatments at 17-week of age. Among these, Fibrobacter, Treponema, Lactobacillus, and Olsenella have been reported in abscessed liver in cattle. Concurrent abundance changes in 9 of the genera were observed in both the liver and rumen tissues collected at 17-week of age, indicating potential crosstalk between the liver and rumen epithelial microbial communities. Significant association was identified between host liver gene and its embedded microbial taxa. Aside from identifying previously reported microbial taxa in cattle abscessed liver, new repertoire of actively transcribed microbial taxa was identified in this study.

Discussion: By employing metatranscriptome sequencing, our study painted a picture of liver microbiome in young calves with or without feed induced acidosis. Our study suggested that liver microbiome may have a critical impact on host liver physiology. Novel findings of this study emphasize the need for further in-depth analysis to uncover the functional roles of liver resident microbiome in liver metabolic acidosis resultant from feed-related ruminal acidosis.
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1. Introduction

One of the most dramatic gastrointestinal tract (GIT) transformations in young calves occurs during the weaning period. This period is frequently associated with impaired GIT health and extreme GIT changes due to drastic diet shifts (1, 2). Dairy calves are born with a rumen environment that is devoid of gut microbes and must be inoculated from their environment, which begins ~within 20 min of birth (3). The developing rumen microbial community and anaerobic environment begins in the first days after birth (4) and is further influenced by multiple early environmental factors including delivery mode (5), early life inoculation (6–8) and early life dietary intervention (9–11).

In the dairy industry, calves are typically managed to maximize ruminal papillae and tissue development by feeding diets that are rich in highly fermentable carbohydrates and low in fibrous feeds (12), due in part, to the enhanced rate and extent of ruminal development that can be achieved from these concentrated diets (13). An unintended consequence of these diets is the damage to the rumen wall due to the excessive production of short chain fatty acids (14). Additionally, increasing rumen acidotic conditions can have detrimental effects on whole animal physiology and growth rate (14, 15). Rumen mucosal damage is one prominent GIT ailment young calves suffer during the calf weaning period (16), which is coupled with sudden gut permeability (17). Increased GIT permeability caused by disruption in tight junction proteins (TJs), including occludin, claudins, junctional adhesion molecules (JAMs), and zonula occludins (ZO) (18) can lead to bacterial translocation from the GIT into the bloodstream (19). The basis for disrupted GIT barrier function involves a number of cytokines, including TNF-α and IFN-γ (20). On the other hand, gut microbes have been shown to direct TJ protein expression and localization in both in vitro and in vivo models (21) via the release of peptides, toxins (22, 23), or metabolites (24–26).

Prevalent in cattle, liver abscesses (LAs) are considered ancillary to ruminal acidosis. LAs can cause significant economic loss as the result of liver function condemnation and decreased growth and production (27, 28). The detrimental impact of LA on animal growth was first reported by 29, who discussed the incidence of LA and its contribution to reduced viscera yields. Of cattle slaughtered in 1940, the liver abscess rate was 5.5%. Since then, the reported incidence rate has tripled to 17.8% (30). This might be attributed to the modern cattle management and feed treatment since the development of LAs are generally attributed to the transition to diets high in rapidly fermentable starch (28). Consumption of diets high in starch can lead to excessive production of SCFAs, lowering the ruminal pH, which can lead to ruminal acidosis. In turn, compromised rumen epithelial wall or any breach of the epithelial layer in the alimentary tract can allow causal microbes to enter the liver through the hepatic portal vein (31). It’s not clear if the diversity of liver microbial community is associated with the severity of liver abscess. And there are no early diagnostic tools available for the detection or prevention of LAs.

The study of microbial communities in the abscessed liver traditionally relied on culture-based methods, with which Fusobacterium necrophorum was reported as the primary causal agent for liver abscess (32). More recently, 16 s rRNA sequencing method has been used to profile the microbial community with the aim to assess the effectiveness of in-feed therapeutics in reducing liver abscess (33). Though LA and its associated microbial communities are typically perceived as a condition seen in diseased cattle, a recent study performed by Stotz and coauthors (34) reported the presence of an inherent microbial communities in the normal, non-abscessed bovine liver parenchyma, directly challenging the common assumption that liver, as an immunological organ, will not tolerant bacterial colonization within itself.

Calves fed a highly fermentable diet during the weaning period are the most vulnerable at developing ruminal acidosis. The increasing ruminal acidotic conditions resultant from the highly fermentable diet and induction of rumen wall damage at a critical window that coincides with substantial microbial ecological development could result in gut barrier dysfunction in the calf. This could drive microbial translocation and subsequent liver microbial colonization that leads to inflammation later in life. Using our established model of feed induced ruminal acidosis in young calves, we have observed significant changes in both rumen epithelial and liver transcriptomes (35, 36). Additionally, in the rumen epithelium and liver, we identified significant association between the host gene expression and the abundance of the microbial communities attached to the rumen epithelial. In this study, we dived into the microbial communities embedded in the liver tissue, which is a novel angel of the study and has not been reported before in young calves fed an acidosis-inducing or -blunting diet. Using a whole transcriptome sequencing technology, our experiment is designed to capture the active microbes in the liver. In turn, we investigated the abundance correlation between the microbial taxa in the liver and previously generated transcriptomic profiles in the host liver.



2. Materials and methods


2.1. Feed induced acidosis in young calves

Calves included in this study were part of a larger study that has been published (14, 35, 36). Animal protocol (A005848) is approved by the Animal Care and Use Committee at the University of Wisconsin-Madison. All the procedures relating to animal care and use in this study were implemented in accordance with the guidelines and regulations by the US Dairy Forage Research Center Farm.

The procedure for feed induced acidosis was described in our previous studies. In brief, 8 Holstein bull calves were enrolled for this experiment. For the first 8 weeks after birth, calves were housed in individual calf hutches (4.8 m2/calf), then they were moved to divided super hutches (5.0 m2/calf) through 16 weeks of age. Two diets were administered to the calves. One was a starch-rich, low-fiber diet. This diet was designed to cause ruminal acidosis (Aci; pelleted, 42.7% starch, 15.1% neutral detergent fiber (NDF), and 5.56% sugar). Texturized starter was fed as a control, which was designed to blunt ruminal acidosis (Con, 35.3% starch, 25.3% NDF, and 6.17% sugar). Complete nutrient composition of each diet was listed in companion manuscript (37). Four calves were randomly assigned to each diet treatment. The trial started at 1 week of age and lasted until 17 weeks. At 3 weeks of age, soft rubber cannulas (28 mm i.d.) were fitted to each calf following the method by Kristensen and coauthors (38). Between 7 and 9 weeks of age, larger soft rubber cannulas (51 mm i.d.; Bar-Diamond Inc., Parma, ID, United States) were used to replace the original cannulas due to accommodate the increase in the size of the fistula. A calibrated pH electrode was inserted into the rumen through the canula before each collection to measure rumen pH. A measured amount of starter was offered daily at 0800 h with refusals determined daily. Ruminal pH was tested at seven time-points (−8, −4, 0, 2, 4, 8, and 12 h relative to starter feeding) in a single day every other week from 6 wk to 16 wk. At 8 weeks, rumen epithelial biopsy was performed at the cranial sac using a uterine biopsy tool. At 17 weeks of age, all the calves were euthanized. Liver and rumen tissues were harvested. To ensure aseptic collection of the liver tissues, one leaf of liver was removed and rinsed with sterile 1X PBS. The surface of the liver prior to incision was further wiped with a sterile alcohol wipe. Then a surgery-grade scalpel was used to make an incision in the size of 5 cm and the liver tissue inside, beneath the incision was removed with a new set of sterile forceps and scalpel. On a sterile surface, the liver tissue was cut 4–5 mm2 pieces and placed into Eppendorf safe-lock tubes (Eppendorf North America, Hauppauge, NY, United States). Collected tissues were immediately frozen in liquid nitrogen and stored at −80°C for further RNA extraction.



2.2. RNA extraction and sequencing library preparation for liver tissues

For host liver RNA extraction, 50 mg of liver tissue was homogenized with Precellus Evolution instrument (Bertin Instrument, France) at 6800 rmp for 30 s per cycle and repeated 4 times. The tissue homogenate was put in ice between cycles for 1 min. After tissue homogenization, total RNA extraction was done using RNeasy mini Kit (Qiagen, Germany) following manufacturer’s instructions. Rumen papillae issues were homogenized on the Precyllus homogenizer (Bertin Instrument, France) at 7,500 RPM for 30 s per cycle, with 4 repeats. The tissue homogenate was place in ice for 1 min between cycles. After homogenization, total RNAs were extracted from both tissue types following the miRNeasy protocol with a QIAcube instrument (Qiagen, Germany). The quality of extracted RNAs was assessed using Bioanalyzer RNA 6000 nano kit (Agilent Technologies, United States). RNA samples with RNA integrity number (RIN) value ≥8 were pursued for RNA quantification using Qubit (ThermoFisher Scientific, United States). A total of eight, RNA samples (4 samples per treatment and they all passed the RIN threshold) were prepared into RNA-sequencing libraries using Illumina TruSeq ribo-zero Gold kit following manufacturer’s instructions. For each sample, 1 μg of total RNA was used for sequencing library preparation. Quantification of prepared libraries was performed using a Kapa quantification kit (KK4873, Kapa systems, Roche, Switzerland) with a QuantStudio 5 RT-qPCR instrument (Thermo Fisher, United States). Library concentration was calculated using a Kapa quantification kit (KK4873, Roche, Switzerland), following manufacturer’s instruction. Using the concentration generated by Kapa kit, sequencing pooling was prepared according to the calculation offered by the pooling calculator.1 Pooled libraries were initially sequenced using an Illumina nano 300-cycle kit. The pooling was normalized further to ensure equal depth of sequencing of all the libraries, according to the index ratios generated by the nano kit run. The finally normalized, pooled libraries were sequenced on the Illumina NextSeq 500 instrument, using a high-output 300-cycle cartridge to generate paired-end, 2 × 150 bp reads.



2.3. Bioinformatics analysis and taxa classification of microbial reads for the liver tissues

Sequencing data analysis followed the procedure described in our previously published work (35, 36). RNA sequencing raw reads were mapped to the cattle reference genome (ARS-UCD 1.2) using STAR (2.5.2b) (39). Differential gene expression analysis between AC and Control treatment was performed by the cuffdiff package in cufflinks2 (40). Cattle genome unmapped reads were considered of microbial origin. To further enrich microbial reads, SortMeRNA (version, 2.1b) (41) was used to map host genome unmapped reads to the reference rRNA databases provided by Silva (release 119) (42) and Rfam 11.0 (43). The enriched rRNA reads were used for bacterial taxonomic classification, using Kraken2 (v.2.0.8-beta) (44). Raw-read counts at phylum and genus levels as identified by Kraken2 were normalized by sequencing depth following the method previously published. Briefly, the total number of reads mapped to the given taxonomic level was divided by 1,000,000 to obtain the “per million factor”; (2) the total number of reads mapped to each specific given taxonomic level was divided by the “per million factor” to yield the normalized read count.



2.4. Liver microbial community analysis

The multivariate method mixMC implemented in the mixOmics R package (45) was used to identify associations between the liver microbiome and the groups AC x Control. For this analysis, only taxa with relative abundance >0.01% were considered (Supplementary Table S1). Then, was used the sparse partial least square discriminant analysis (sPLS-DA) (46) to identify the microbial signatures related to the AC and control groups. We selected the optimal number of components based on the averaged balanced classification error rate using the maximum distance over 10 repeats of an sPLS-DA model with 2 components. The lowest average balanced classification error rate after tuning the sPLS-DA model was used to choose the optimal number of variables. The top 10 discriminant genera contributing to component 1 in sPLS-DA were plotted.



2.5. Association analysis between host gene expression and microbial taxa abundance in the liver

For the host gene expression data, gene-level, raw read counts for the host liver, were previously published by our group (36). For the association analysis done here, we used normalized read count (Supplementary Table S1). Normalized read counts at genus level was used as the measurement for microbial abundance analysis (Supplementary Table S2). Pearson’s r correlation analysis between the host liver gene expression and its microbial genus level abundance was performed by using the cor function in R. The cutoff values of |r| > 0.7 and p < 0.001 were used to determine significant correlations. The normalized read count of 2 was used to determine the presence/expression of taxa. For the genes with significant association with microbial taxa, gene ontology (GO) and pathway analysis were performed by using DAVID (v2022q4) (47).



2.6. Microbial community comparison between the liver and rumen epithelium at 17 weeks of age

For this analysis, we included the rRNA raw reads of the microbial community data of rumen epithelium tissues collected at 17 weeks of age. The raw reads for rumen epithelium were published by our group previously with an NCBI SRA accession number of PRJNA948013 (35). For both tissue types, genus-level, raw read counts calculated by Kraken2 (v.2.0.8-beta) (44) were used to perform differential abundance analysis between treatment groups, AC vs. Control using DEseq2 (v 1.41.5) (48). Microbial genera showed significant differential abundance (p < 0.05 and fold-change >2) between the treatment groups were compared between liver and rumen epithelium tissues.



2.7. Proof-of-concept analysis of previously identified microbial taxa in cattle abscessed liver

For proof-of-concept study, we assess the presence of previously reported microbial taxa significantly associated with liver abscess. Among these, several microbial taxa have been considered as the causal agent of liver abscess in cattle. They include Fusobacterium necrophorum (31, 49), Trueperella pyogenes, and Salmonella enterica (50, 51). F. necrophorum gained significant attention due to its ubiquitous presence in culture-based studies (50, 52, 53). In a recently comprehensive study, Whitlow and coauthors (54) reported significant abundance of Fusobacterium, Bacteroides, and Porphyromonas. And the discriminant genera for Fusobacteria-dominated abscess communities as Acinetobacter, Lactobacillus, Psdudomonas, and Psychrobacter. For Bacteroidetes-dominated abscesses, the discriminant genera included Atopobium, Campylobacter, Filifactor, Helocococcus, Parvimonas, and Trueperella. We examined the presence and abundance of these taxa in our samples. Stotz and coauthors (34) investigated the liver microbial communities in 6 months old. The genera for the top 10 most abundant OTUs reported by Stotz and coauthors were also included in the proof-of-concept analysis. To account for the variation in sequencing depth, normalized read count for each taxon was used for this analysis. For each taxon, its presence is accessed for the 4 samples in each treatment group and the average read count (Mean ± S.E.) was calculated for each treatment group.




3. Results


3.1. Enrichment of microbial reads from the total RNA sequencing reads

For each liver sample, an average of 44.7 M ± 1.7 M raw reads were obtained. An average of 74% ± 2% of these reads were mapped to the cattle genome. Using our bioinformatics filtering strategy, an average of 1.7 M ± 0.17 M raw reads per sample were of microbial rRNA origin. Accounting for an average of 15% ± 1% of the non-cattle reads. Enriched microbial, rRNA reads were used for microbial taxa classification using Kraken. Majority of the reads were successfully classified, with an average classification rate of 97 ± 0.34% with high confidence. Microbial taxa at both genus and phylum levels were followed for comparison analysis between liver and rumen tissues.



3.2. Liver microbial community and its changes between treatment groups at 17 weeks of age

Using a cutoff of average genus level read count (RC) of 5, 92 genera were determined as present in the liver in this study. A consistent microbial community profile was observed in the liver in treated group. In this group, more than 98% of the reads belong to 8 phyla, with Proteobacteria, Firmicutes, and Actinobacteria as the top 3 most abundant phyla (Figure 1A). And more than 95% of the reads belong to 18 genera (Figure 1B). At the phylum level, 5 phyla showed significant increase in transcript abundance in the treated group (Figure 2A). At the genus level, a total of 29 genera showed significant (p < 0.05) abundance changes (>2-fold) between the treatments (Figure 2B). Among these, 19 showed increases in the treated group, and 10 of them showed decrease in the treated group. Fibrobacter, Treponema, Lactobacillus, and Olsenella have been previously reported in abscessed liver in cattle.
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FIGURE 1
 Most abundant microbial taxa identified in the treated group. (A) Most abundant microbial phyla in the treated group. (B) Most abundant microbial genera in the treated group.
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FIGURE 2
 Microbial taxa with significant abundance changes between treated and control groups. (A) Significance increase in abundance in 5 phyla. (B) Significant abundance changes at the genus level. Dark purple bars represent the genera with significant decrease in abundance in the treated group. Yellow bars represent the genera with significant increase in abundance in the treated group. The genera with a red circle are the ones previously reported in abscessed liver in cattle.


The sPLS-DA analysis revealed a clear separation in the microbial community structure for the control vs. AC group (Figure 3). To identify the discriminant taxa for the AC and control group, sPLS-DA analysis estimated that 60% of the microbial signature selected in component 1 of the sPLS-DA characterized the liver microbiome of animals from the control group, which included Buchnera, Enterococcus, Lactobacillus, Candidatus Carsonella, Plantactinospora, and Sphingomonas. On the other hand, the microbial signature characterized the liver microbiome of the treated group comprised of Xanthomonas, Ruminococcus, Bifidobacterium, and Paracoccus (Figure 4).

[image: Figure 3]

FIGURE 3
 Results of sPLS-DA for microbial community profile at genus level in the liver of control and treated groups. Score plot of the first two components, with 95% confidence level.
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FIGURE 4
 Microbial taxa contribution ranked from bottom (most important) to top. The colors indicate the treatment group in which the feature was most relevant.




3.3. The association analysis between host genes and microbial taxa

This association analysis was done using previously published, normalized, gene-level read count of host liver genes, and genus-level, normalized read count of the liver microbial community, which was obtained for this report. Using a cutoff of values of |r| > 0.7 and p < 0.001, 139 liver genes were identified with significant association with 38 microbial genera identified in the liver. The average normalized read counts of these genes were 159.97 ± 34.02 (Mean ± S.E.). The top 4 most highly expressed genes are ITIH4, C4A, SPP2, and TMBIM6. Their associated microbial genera are listed in Table 1. The genes with 4 or more associated microbial genera included ARRDC3, TTC7A, MOSPD1, FAM105B, CTNNAL1, CRELD2, GMPPA, NUCB2, and CSAD (Table 2). The microbial genera associated with 15 or more genes included Megasphaera, Ruminococcus, Dialister, Treponema, Fibrobacter, and Prevotella. GO analysis using the identified genes determined the enrichment in the following pathways: GO:006090 (pyruvate metabolic process); GO:004736 (pyruvate carboxylase activity). bta04918 (thyroid hormone synthesis). bta00510 (N-Glycan biosynthesis). GO:0003756 (protein disulfide isomerase activity); GO:0005788 (endoplasmic reticulum lumen); GO:0042470 (melanosome); GO:0005788 (endoplasmic reticulum lumen) and bta04141(Protein processing in endoplasmic reticulum); bta00510(N-Glycan biosynthesis); GO:0016021 (integral component of membrane) (Table 3).



TABLE 1 Most highly expressed genes and their associated microbial genera on treated and control samples.
[image: Table1]



TABLE 2 Host liver genes identified with significant association with its embedded microbes.
[image: Table2]



TABLE 3 Liver microbial taxa identified with significant association with host liver genes.
[image: Table3]



3.4. Microbial community comparison between the liver and rumen epithelium at 17 weeks of age

The rumen epithelium tissues collected at 17 weeks of age were included in this comparison. In the rumen epithelium collected at 17 weeks of age, 57 genera showed significant changes in rRNA transcript abundance (p < 0.05 and fold-change >2). Nine of the genera were also identified with a significant increase (p < 0.05 and fold-change >2) in abundance in the AC group in liver tissues (Figure 5).

[image: Figure 5]

FIGURE 5
 Abundance changes of microbial taxa identified in both rumen epithelial (teal blue bars) and liver (purple bars) at 17 weeks of age.




3.5. Identification of microbial genera previously identified as discriminant or highly abundant in abscessed liver

For the proof-of-concept analysis, 17 microbial genera previously reported either as discriminant taxa for abscessed liver in cattle or as highly abundant in the abscessed liver were included in the analysis. A predominant majority (15 out 17) of them is detected in our study (Table 4). Several of these taxa showed differential abundance between control and treated groups. Across all the samples included in this study, the average RC of these genera ranged from 4.75 to 2,128. In both groups, the most abundant genera (RC > 200) include Prevotella, Acinetobacter, Bacteroides, Campylobacter, Acinetobacter, Pseudomonas, Lactobacillus, and Campylobacter. The genera with lower abundance (RC < 100) include Fusobacterium, Salmonella, and Porphyromonas. The rest of the genera have no detectable read counts, or they were only detected in one of the samples in either treatment group.



TABLE 4 Average normalized read-counts for the genera previously reported as highly abundant in liver abscesses, comparing treated and control samples.
[image: Table4]




4. Discussions


4.1. Host liver genes with significant association with its microbial taxa

Through the association analysis of host gene expression level and microbial taxa abundance in the liver, several valuable insights surfaced. Four highly expressed genes were identified with significant association (Pearson’s r > 0.9 and p < 0.0001). Two of them (ITIH4 and C4A) are involved in inflammatory response as previously reported. ITIH4 was reported as an inflammatory biomarker in bacterial bloodstream infection (55), in addition. To its association with inflammatory bowel disease (56). This gene encodes an acute phase protein and is primarily expressed in liver. Its significant increase in the serum during acute phases have been reported in human patients (57). In bovine, several acute phase proteins are routinely used as inflammatory markers. They include serum amyloid A, haptoglobin, alpha-1-acid glycoprotein, and alpha-1-proteinase inhibitor (58–60). And as a newly established acute phase protein, the serum concentration of ITIH4 protein positively correlated with the disease severity of mastitis and its increased concentration was also confirmed in bovine with bovine respiratory syncytial virus infection (61). Interestingly, the microbial taxa associated with this gene is Dialister, which was reported as the causal pathogen in human liver abscesses (62). Though the causal relationship between Dialister and liver abscess in cattle has not been established, ITIH4 stands as a high potential biomarker to be developed for the early detection of bacterial induced liver or blood inflammation in cattle.

For the association analysis between the expression of liver genes and the microbial taxa abundance in the liver, interesting insights were revealed by the function of the genes and the GO pathways they were involved with. For the genes associated with the highest number of microbial taxa, they had previously reported roles in energy and lipid metabolism, and regulation of inflammation in the intestine and liver. These findings suggest that at the host physiology level, significant responses driven by microbial community changes are already underway before the overt expression of clinical signs of ruminal acidosis. For the identified GO terms, our analysis indicated that liver microbial community may contribute significantly to liver physiology changes resultant from feed induced acidosis. This is reflected by the enrichment of cellular component (GO:0005788, endoplasmic reticulum lumen; GO:0016021, integral component of membrane), pyruvate metabolism (GO:006090, pyruvate metabolic process; GO:004736, pyruvate carboxylase activity). Both enrichments were previously identified for the differentially expressed genes in the liver between the treatment groups (36). Specifically, pyruvate was reported as a correction buffer to intracellular acidosis (63). Furthermore, an enrichment of thyroid hormone synthesis pathway was identified for the genes associated with the tissue-embedded microbes. Low thyroid hormone, T3, was reported as a predictor of poor prognosis in patients with pyogenic liver abscess (64). Liver is important for the excretion, transport, metabolism and storage of thyroid hormones (65), thought currently studies of the abundance of thyroid hormone in cattle primarily primarily focused on pregnancy and lactation (66, 67). Our data suggested that liver microbial community may impact thyroid hormone profile in the liver in the event of liver metabolic acidosis caused by feed induced ruminal acidosis.



4.2. Concurrent changes in both the rumen epithelial and liver microbial community changes

We observed concurrent changes in the microbial communities in both the liver and rumen epithelial at 17 weeks of age, evidenced by the 10 genera with significant abundance changes between the AC and control groups. Nine of these genera showed the same trend of expression changes in both tissue types. In previous report by our group, significant lesions were identified in the rumen epithelial tissues at 17 weeks of age (14). Combined with our observation, it is possible that compromised tight junction and gut barrier function may take place earlier than 17 weeks of age. Once compromised, the damaged gut barrier opens the door for the translocation of microbes from the rumen to the liver via the circulatory system. Our findings provided insight into host rumen transcriptome and associated microbial community changes in both the rumen and liver resultant from prolonged acidosis in post weaning calves. The concurrent shifts in microbial genus abundance in both the liver and rumen at 17 weeks of age indicated the potential translocation of microbes from the rumen epithelial to the liver. Given the important role of the liver as a metabolic organ, our findings warrant future investigation into the role of liver microbiome in the development and host response to ruminal acidosis.



4.3. Significant presence of previously identified microbial taxa and new taxa in the liver of calves with feed-induced acidosis

As a proof-of-concept investigation, we checked the rRNA transcript abundance of 17 microbial genera previously reported as discriminant or highly abundant taxa for abscessed liver. Majority of them were detected in our study. Fusobacteria has long been considered the primary causal pathogen to liver abscess in cattle since this microbial taxon has been consistently identified using culture-based methods (50, 52, 53, 68) or 16 s rRNA amplicon-based DNA sequencing-based method (33). However, the limitation of each of these methods may lead to biased assessment. In our study, the transcript presence is substantial for this taxon as identified by our RNA sequencing-based method, though it does not appear to be the most abundant as measured by the read count of rRNA transcripts. To be successfully identified by culture-based methods, the culture media must be compatible to the targeted microbes. Additionally, anaerobic microbes require an environment void of oxygen, making it difficult to grow anaerobic microbes in a lab setting. DNA based sequencing cannot differentiate dead or lysed cells from the live cells. Despite its predominant abundance identified in the 16 s rRNA amplicon-based studies, it does not directly indicate that this genus is actively transcribed. And because of this limitation, many microbial genera determined as highly abundant by DNA-based sequencing may suffer the noise coming from the DNA extracted from dead cells.

In addition to the successful identification of many previously identified microbial genera in abscessed liver, many new microbial genera were detected in our study with significant rRNA transcript abundance by our transcriptome sequencing approach. Interestingly, several of the new genera identified in our study have already been reported as potential causal pathogens in human liver abscess and other high impact diseases in livestock. For example, the genera Pasteurella and Clostridium presented a high abundance in the liver samples in our study (Supplementary Table S2). Pasteurella sp. was previously reported in liver, lung and spinal epidural abscess in human (69, 70). Clostridium sp. (71, 72), and Pasteurella sp. (69) were reported in human and domestic animal liver abscess. Clostridium is an anaerobic spore-forming bacteria. Its presence is often found in the soil, feedstuff or manurer (73). Once ingested, the Clostridium can proliferate in the intestinal mucosa, reach the liver via the circulatory system, and persist in the phagocytic cells (74). When the animal’s diet change or experiences tissue injury, it creates a favorable condition for the bacteria to proliferate and become pathogenic causing infection in the liver and other organs (74). Pasteurella sp. is highly prevalent in domestic and wild animal populations (75). The symptomatic infection with Pasteurella was considered a high-impact disease in livestock, according to World Animal Health Organization.2 Though not all the new microbial taxa identified in our study showed significant changes between the treatment groups, this new repertoire of actively transcribed microbial taxa identified in our study paves the way for future in depth analysis of the liver microbiome and its connection with feed induced acidosis. Of note, the timing of the sample collection is worth additional efforts since microbial transcripts might not be produced at a constant rate and a more expansive study that covers multiple time points might help uncover novel causal microbes to liver abscess in cattle.

Our study and others indicate that the pathogenesis of liver abscess is polymicrobial. The pathobiology of many of the newly identified taxa in our study remains to be elucidated. Additionally, majority of previously published work focus on adult cattle. Our study is one of the few that focuses on young calves. Most importantly, our study suggested that, to capture meaningful changes in the liver microbial community, transcriptome-based sequencing may offer a new layer of insights by its discriminating power of capturing actively transcribed transcripts from liver embedded microbial cells.




5. Conclusion

This study investigated the tissue-embedded microbial community in the liver in calves with or without feed induced acidosis. Many of the previously reported microbial taxa in cattle abscessed were identified in this study. Most importantly, by employing metatranscriptome sequencing, our study provided a glimpse of many new microbes that showed significant abundance changes between treatment groups. The association analysis between host liver gene expression and its microbial community abundance suggested that liver microbiome may play a critical role in host liver physiology. Specifically, genes involved in thyroid hormone related pathway were identified with significant association with the microbial taxa in the liver, though thyroid hormone responses were previously only investigated in cattle during pregnancy or lactation. These novel findings emphasize the need for further in-depth analysis, which will help paint a full picture of the diversity and assembly of tissue embedded microbes in the liver, and their physiological roles in metabolic acidosis in the liver resultant from feed-related ruminal acidosis.
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Associated host genes
PC, SSR2TMED9, HNRNPM, SEC16A, COPG1, DNAJA3, CLPTMIL, SLC25A47, SHC1,
PLBD2, SLC39A7, ALKBHS, FKBP11, GALE, CNPY2, VARS, CNPY3, UBL7, FBXL14,
KLHL25, MAP2K2, SEC13, TRABD, CAD, DGKZ, ATXN7L3, TRAP1, NF2, RUVBLI
'HSP90B1, SERPINA3-3, HSPAS5, PDIA4, SEL1L, UGGT1, DNAJC3, SPCS2, EDEM1,
HYOU1, ERP44, ANKH, HM13, SERP1, MANF, CKAP4, SEC23B, SDS, MOGS, SLC35EL,
'CRELD2, DNAJB11, NUCB2, ALG5, UNC13B, RCN2, GMPPA

ITIH4, MST1, HDLBP, TMEM66, RPN1, SND1, SEC61A1, SEC16A, HM13, MAN1BI,
MOGS, TOLLIP, PRDX4, CRELD2, NUCB2, GPRC5C, TRABD, TXNDCS5, GMPPA
HSP90B1, CALR, PDIA4, PDIA3, PDIAG, SELIL, UGGTI1, DNAJC3, SPCS2, HYOU1,
ERP44, TMEM214, GOLPH3L, CRELD2, DNAJB11, NUCB2, RCN2, GMPPA

HSP90B1, CALR, PDIA4, PDIA3, PDIA6, SELIL, SPCS2, HYOU 1, ERP44, TMEM214,
‘GOLPH3L, CRELD2, DNAJB11, NUCB2, RCN2, GMPPA

HDLBP, RPN1, SND1, SEC61A1, ERP29, ANKH, HM13, MAN1BI1, TOLLIP, FKBP2,
PRDX4, VARS, OSBP, TRABD, CAD

GO terms of associated genes

GO:006090 (pyruvate metabolic process); GO:004736

(pyruvate carboxylase activity)

bta04918 (thyroid hormone synth

bta00510 (N-Glycan biosynthesis)

GO:0003756 (protein disulfide isomerase activity);
GO:0005788 (endoplasmic reticulum lumen)
GO:0042470 (melanosome); GO:0005788 (endoplasmic
reticulum lumen)

bta04141(Protein processing in endoplasmic reticulum);
bta00510(N-Glycan biosynthesis); GO:0016021 (integral

component of membrane)
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