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[bookmark: OLE_LINK94]Fig. S1. Experimental design and environmental monitoring of heat stress induction in dairy cows. (A) Schematic overview of the experimental design. Thirty cows were divided into two groups based on temperature–humidity index (THI): a thermoneutral group (CON, THI < 68) and a heat stress group (HS, THI ≥ 68), with 15 cows per group. (B) Daily average ambient temperature (T) and relative humidity (RH) recorded throughout the experimental period. Solid lines represent the mean values, and shaded areas represent the minimum-to-maximum range. (C) Changes in daily THI and THI values on the specific sampling days (April 20 for CON; July 26 for HS). The solid line indicates the median value, and the shaded area represents the range. CON: the control group; HS: the heat-stressed group; RTs: rectal temperatures; RRs: respiratory rates.


[image: ]
[bookmark: OLE_LINK120]Fig. S2. Rumen microbiome composition and differential taxa. (A) Comparison of domain-level taxonomic composition of the rumen microbiome between the CON and HS groups, including Bacteria, Archaea, Viruses, and Eukaryota. Statistical analysis was performed using the Wilcoxon rank-sum test, and significance was defined by a false discovery rate (FDR) adjusted P-value < 0.05. No significant differences were observed between groups (adjusted P > 0.05). The left section shows the average relative abundance of microbial domains in the two groups of samples, the middle section shows the error bars 95% confidence interval, and the right section is the P value. (B-D) Taxonomic composition of the rumen microbiome at the top 10 phylum (B), top 20 genus (C), and top 20 species (D) levels. (E-F) Linear discriminant analysis effect size (LEfSe) identifying differential microbial taxa between the CON and HS groups at the phylum (E) and genus (F) levels (LDA > 2, P < 0.05). CON: the control group; HS: the heat-stressed group.
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[bookmark: OLE_LINK10][bookmark: OLE_LINK9]Fig. S3. Beta diversity analysis of microbial communities across domains in the CON and HS groups. Principal component analysis (PCA), principal coordinates analysis (PCoA), and non-metric multidimensional scaling (NMDS) plots based on (A) bacterial community composition, (B) archaeal communities composition, (C) eukaryotic communities, (D) viral communities. All analyses were performed based on Bray-Curtis dissimilarity matrices. CON: the control group; HS: the heat-stressed group.
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Fig. S4. Correlations between rumen microbial species and host physiological parameters. Heatmaps showing Spearman correlation coefficients between differentially abundant rumen microbial species and key physiological parameters, including (A) inflammatory cytokines, (B) heat stress-related markers, (C) rumen fermentation indicators, and (D) epithelial barrier function indicators. Color intensity represents the strength and direction of the correlation (red: positive; blue: negative). Asterisks indicate statistical significance: * P < 0.05, ** P < 0.01, *** P < 0.001.
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[bookmark: OLE_LINK12]Fig. S5. Functional profiling of the rumen microbiome based on the KEGG database. (A) Relative abundance of KEGG functional categories at level 1 in the rumen microbiome. (B) Principal component analysis (PCA) of KEGG level-3 pathways between the CON and HS groups. (C) Differentially enriched KEGG functional categories at level 2 identified by Linear discriminant analysis effect size (LEfSe) analysis (LDA > 2, P < 0.05). CON: the control group; HS: the heat-stressed group.
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[bookmark: OLE_LINK11]Fig. S6. Functional profiling of the rumen microbiome based on the carbohydrate-active enzyme (CAZyme). (A) Relative abundance of CAZyme classes in the rumen microbiome. (B) Principal component analysis (PCA) of CAZyme family profiles between the CON and HS groups. (C) Differentially abundant CAZyme families identified by Linear discriminant analysis effect size (LEfSe) analysis (LDA > 2, P < 0.05). CON: the control group; HS: the heat-stressed group.


[image: ]
[bookmark: OLE_LINK107]Fig. S7. Functional profiling of the rumen microbiome based on Cluster of Orthologous Groups (COG). (A) COG functions classification. (B) Relative abundance of COG functional at the categories level. (C) Principal component analysis (PCA) of class-level COG profiles. (D) Differentially abundant COG functions identified by Linear discriminant analysis effect size (LEfSe) analysis (LDA > 2, P < 0.05). (E) Differentially abundant COGs identified by LEfSe analysis (LDA > 2, P < 0.05). The left section shows the average relative abundance of different pathways in the two groups of samples, the middle section shows the error bars 95% confidence interval, and the right section is the P value. CON: the control group; HS: the heat-stressed group.
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Fig. S8. Associations between rumen microbial species, metabolic pathways, and lactation performance under heat stress. (A) Heatmap showing Spearman’s rank correlations between significantly altered metabolic pathways and key lactation performance indicators (milk fat yield, milk protein yield, and ECM yield). (B) Heatmap showing correlations between rumen microbial species and major metabolic pathways. Red indicates positive correlation and blue indicates negative correlation. Color intensity reflects correlation strength (|R|), and asterisks denote statistical significance (* P < 0.05, ** P < 0.01, *** P < 0.001).
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Fig. S9. Untargeted metabolomic profiling of rumen fluid in the CON and HS groups. (A) Upset diagram showing the number of total and group-specific rumen metabolites identified in the CON and HS groups. (B–D) Principal component analysis (PCA) (B), partial least squares discriminant analysis (PLS-DA) (C), and orthogonal PLS-DA (OPLS-DA) (D) score plots showing separation between CON and HS groups based on rumen metabolite profiles. (E) OPLS-DA model validation plot. The x-axis represents the permutation retention ratio (i.e., the proportion of Y variable order retained), with 1 indicating the original model. The y-axis shows the R2 (red circles) and Q2 (blue triangles) values from each permutation. Dotted lines represent regression lines for R2 and Q2. (F) Permutation test results confirming the robustness and low risk of overfitting in the OPLS-DA model. Permutation test results presented as a bar plot. The x-axis indicates the accuracy values of permuted models; the y-axis shows the frequency of models. Red bars represent the distribution of permuted Q2 values, and blue bars represent the R2 values. The permutation P value was calculated as the proportion of random models outperforming the original model across all permutations. CON: the control group; HS: the heat-stressed group; QC: quality control.
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Fig. S10. Source tracing of differential metabolites and pathway enrichment analysis using MetOrigin. (A) The identification of rumen metabolites from different sources. (B) Venn diagram showing the overlap between host-derived and microbially-derived metabolites. (C) Venn diagram illustrating the overlap of enriched metabolic pathways among host-derived, microbially-derived, and host-microbiome co-metabolized metabolites. (D) Metabolic pathway enrichment analysis according to different categories of metabolites belonging to the different sources.
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Fig. S11. Associations between the top 100 metabolites with the highest VIP scores, rumen microbial species, and lactation performance under heat stress. (A) Heatmap showing Spearman’s rank correlations between the top 100 metabolites with the highest VIP scores and key lactation performance indicators (milk fat yield, milk protein yield, and ECM yield). (B) Heatmap showing correlations between these metabolites and rumen microbial species. Red indicates positive correlation and blue indicates negative correlation. Color intensity reflects correlation strength (|R|), and asterisks denote statistical significance (* P < 0.05, ** P < 0.01, *** P < 0.001).
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[bookmark: OLE_LINK121]Fig. S12. OPLS-DA model and validation of EV-derived miRNA expression profiles. OPLS-DA model validation plot of (A) plasma EV miRNAs expression profiles and (B) milk EV miRNAs expression profiles between the CON and HS groups. The x-axis represents the permutation retention ratio (i.e., the proportion of Y variable order retained), with 1 indicating the original model. The y-axis shows the R2 (red circles) and Q2 (blue triangles) values from each permutation. Dotted lines represent regression lines for R2 and Q2.
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Fig. S13. Validation of differentially expressed EV-derived miRNAs in plasma- and milk-derived extracellular vesicles using qRT-PCR. (A–D) Quantitative real-time PCR validation of four differentially expressed miRNAs identified from small RNA sequencing. (A) unconservative_19_351914 and (B) unconservative_2_25802 were quantified in plasma-derived EVs, while (C) unconservative_28_471730 and (D) unconservative_3_49980 were quantified in milk-derived EVs. Expression levels were normalized to U6 snRNA and calculated using the 2–ΔΔCt method. Data are presented as mean ± SEM. Statistical differences were determined using independent-sample t-tests. * P < 0.05, ** P < 0.01, *** P < 0.001. P-CON: plasma-derived extracellular vesicles of the control group; P-HS: plasma-derived extracellular vesicles of the heat-stressed group. M-CON: milk-derived extracellular vesicles of the control group; M-HS: milk-derived extracellular vesicles of the heat-stressed group.
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[bookmark: OLE_LINK105]Fig. S14. Associations between rumen microbial species and plasma-derived EV miRNAs. Heatmap showing Spearman’s rank correlations between rumen microbial species and the expression levels of 95 differentially expressed miRNAs in plasma-derived EVs. These miRNAs were selected based on their consistent differential expression in both plasma- and milk-derived EVs under heat stress compared with the CON group. Red indicates positive correlation and blue indicates negative correlation. Color intensity reflects correlation strength (|R|). Asterisks denote statistical significance (* P < 0.05, ** P < 0.01, *** P < 0.001). Only miRNA-microbial species pairs with significant associations are displayed (|R| > 0.50, P < 0.05).
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[bookmark: OLE_LINK1][bookmark: _Hlk199502843]Fig. S15. Associations between rumen microbial species and milk-derived EV miRNAs. Heatmap showing Spearman’s rank correlations between rumen microbial species and the expression levels of 95 differentially expressed miRNAs in milk-derived EVs. These miRNAs were selected based on their consistent differential expression in both plasma- and milk-derived EVs under heat stress compared with the CON group. Red indicates positive correlation and blue indicates negative correlation. Color intensity reflects correlation strength (|R|). Asterisks denote statistical significance (* P < 0.05, ** P < 0.01, *** P < 0.001). Only miRNA-microbial species pairs with significant associations are displayed (|R| > 0.50, P < 0.05).
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Fig. S16. The PPI network construction and hub gene screening. (A) Protein–protein interaction (PPI) network of predicted target genes of differentially expressed EV-derived miRNAs, constructed using the STRING database. The network includes 716 nodes and 2833 edges. (B) Subnetworks and hub gene modules identified by MCODE within the PPI network. (C) Visualization of the top 30 hub genes ranked by the CytoHubba (MCC method).
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