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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Differences between six functional clustersinthesame  transportand metabolism. (C) Dunn post hoc test performed on the FGPs of

species analyzed by the Kruskal-Wallis test with Dunn post hoc tests. (A) The lipid transport and metabolism. (D) Dunn post hoc test performed on the FGPs
P values of inter-cluster comparison for FGPs in eight species. The UMAP plot of amino acid transport and metabolism. FGP: functional gene proportion (the
presented the functional clusters involved in the analysis. The heat map showed number of functional genes in a certain pathway/the number of allannotated
the P values. (B) Dunn post hoc test performed on the FGPs of carbohydrate genes insingle cell); UMAP, Uniform Manifold Approximation and Projection.
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Extended Data Fig. 6 | SPIEC-EASI analysis. The interaction networks of 213 cell units and the interactions between the HSP90* HMACs—Basfia succiniciproducens
and other associated cell units. SPIEC-EASI, Sparse Inverse Covariance Estimation for Ecological Association Inference.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Resource https://doi.org/10.1038/s41564-024-01723-9

Average classic carbohydrate metabolic FGPs of 10 sub-functional clusters generated from HMACs
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Extended Data Fig. 7| Carbohydrate metabolic activity analysis. Average classic carbohydrate metabolic FGPs of 10 sub-functional clusters generated from HMACs.
FGPs, functional gene proportions, the number of functional genes in a certain pathway/the number of all annotated genes; HMACs, high metabolic activity cells.
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Active cell proportion of 10 sub-functional clusters generated from HMACs in each classic carbohydrate metabolic pathway
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Extended Data Fig. 8| Active cell proportion analysis. Active cell proportion of 10 sub-functional clusters generated from HMACs in each classic carbohydrate
metabolic pathway. HMACs, high metabolic activity cells.
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Extended Data Fig. 9 | Marker genes and biofilm formation pathway activity between clusters “Multi signal cells”, “Integrase+ cells”, and “Transposase+
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dataanalysis. UMAP, Uniform Manifold Approximation and Projection.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | All the public genomic data collected in this study are available in public databases (PRINA656389, PRIEB21624, PRIEB39057, PRINA526070,
PRINA597489, PRINAG57455, PRINA657473, PRIEB31266, PRIEB21624, https://db.cngb.org/qtp).

Data analysis Metagenomic sequencing and binning:
The raw data was trimmed using Trimmomatic v.0.36 to remove adaptors and bases;
The retained reads were mapped to the bovine genome from RefSeq (NCBI RefSeq assembly GCF_002263795.2) by BWA mem algorithm
(parameters: -M -k 32 -t 16, http://bio-bwa.sourceforge.net/bwa.shtml) and the matched ones were removed;
Clean reads were generated a set of contigs of each sample using MegaHit v.1.1.1-2-g02102e1;
MetaBAT2 v.2.11.1 was applied to do binning;
The completeness and contamination of all bins were obtained by CheckM v.1.1.3, with the completeness >= 50% and contamination < 10%
ones being marked as “filtered bins”;
The bin abundance in each sample was quanted by “quant_bins” module of metaWRAP v.1.3;
Bovine Gastro Microbial Genome Map:
Completeness and contamination of the public genomes were re-estimated using CheckM v1.1.3;
For comparison, genome quality was estimated using CheckM2 v1.0.1;
The taxonomy of genomes was classified using GTDB-Tk with the database version of R214_v2.3.2;
Phylogenomic trees of near complete genomes were reconstructed by PhyloPhlAn 3.0;
The phylogenomic tree was rooted according to the GTDB database and visualized using iTOL;
Protein-coding genes were predicted with the Prodigal v2.6.3;
Nonredundant microbial gene catalogs were clustered by cd-hit-est;
Protein sequences of nonredundant microbial gene catalogs were annotated using diamond v2.0.4;
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Single-cell RNA sequencing of rumen microbiome:

The raw reverse reads were trimmed with Trimmomatic v0.36;

The clean reads from cells with taxonomic information were mapped to the nonredundant microbial gene catalogs from BGMGM by BWA
v0.7.17-r1188;

The number of reads successfully matched were extracted from the alignment results using bedtools v2.28.0;

For the taxonomic identification for each single cell, customized kraken2-based gOTUs databases were constructed by kraken2;

rRNA genes were predicted by barrnap (https://github.com/tseemann/barrnap) and masked in gOTU genomes using bedtools (https://
bedtools.readthedocs.io/);

The normalized read number of taxonomies were calculated by Bracken (https://ccb.jhu.edu/software/bracken/);

The single-cell gene expression matrix was imported into Seurat (version 4.3.0);

The DoubletFinder package (version 2.0.3) was used to remove doublets;

Batch effects between samples were removed by Harmony (version 0.1.0);

The clusters were identified by the “FindClusters” function (resolution = 0.2) of Seurat;

The marker genes were determined by the “FindAllMarkers” function (|‘avg_logFC’'| > 0.25, ‘p_val_adj’ < 0.05 and pct > 0.1) of Seurat;
Monocle 2 package (version 2.28.0) was used to discover the cell functional state transformations;

The cds data was constructed from Seurat data by function “newCellDataSet”;

The differential expression genes (DEGs) were calculated by function “differentialGeneTest”;

The DEGs were Sorted and imported into cds data by function “SetOderingFilter”;

The pseudotime trajectory was constructed by “DDRTree” algorithm with default parameters;

The dynamical expression changes of the determined DEGs were visualized by “plot_pseudotime_heatmap” function

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All the raw sequencing data of the MscT has been deposited to Genome Sequence Archive (GSA) database with accession number CRA012211. The genome files of
MAGs in BGMGM, gene annotation files, and intermediate files resulting from QC, benchmarking, and other processes have been submitted to the figshare
database (https://figshare.com/s/5148ea8f39ca6733e051).The above data will be public along with the manuscript published. The main codes and scripts in this
study were uploaded to Github (https://github.com/J-MimgHui/MscT_codes).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The study did not involve human participants, their data, or biological material.

Reporting on race, ethnicity, or  The study did not involve human participants, their data, or biological material.
other socially relevant

groupings

Population characteristics The study did not involve human participants, their data, or biological material.
Recruitment The study did not involve human participants, their data, or biological material.
Ethics oversight The study did not involve human participants, their data, or biological material.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size A total of 30 Holstein dairy cows with similar body weight and days in milk were selected from commercial dairy farms. Fourteen rumen fluid
samples collected from these cows were used for microbial single-cell transcriptome sequencing. We collected 174,531 high-quality cells in
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the rumen fluid, which is a large sample size and cell number for microbial single-cell RNA sequencing. Sufficiently representative in rumen
microbial ecosystem studies.

Data exclusions  No data were excluded from the analyses.
Replication All attempts at replication were successful.

Randomization  For the 30 cows in this study, we did not treat them additionally before and during the experiment. There was no need to divide the sample
into different groups for this study, so the randomization is not relevant to this study.

Blinding In this experiment, rumen fluid was collected from 30 Holstein dairy cows, which were not treated. Meanwhile, the animals included in the
study were not grouped among this study. Therefore, the blinding was not relevant to our study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals The study did not involve laboratory animals.
Wild animals The study did not involve wild animals.
Reporting on sex The 30 Holstein dairy cows in this study are all female. In the dairy farming industry, only female cows produce milk, so we select only

females to ensure that our results are biologically significant enough to guide the industry.

Field-collected samples A total of 30 Holstein dairy cows with similar body weight and days in milk were selected from commercial dairy farms in the same
area in Hangzhou under the same diet. Rumen fluid of each cow was collected using oral stomach tubes, followed with centrifugation
at 3,000 x g for 2 min at 4 °C. The supernatant was removed, and the remaining biomass was collected. Then the tubs were
deposited in the liquid nitrogen tank transporting back to the laboratory where it got stored at -80 °C.

Ethics oversight The experimental protocol (protocol number: 12410) was approved by the Animal Use and Care Committee of Zhejiang University
(Hangzhou, China) and the procedures were conducted based on the university’s guidelines for animal research.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied-

Authentication Describe-any-atthentication-procedtres foreach seed stock-tised-ornovel-genotype generated—Describe-any-experiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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