Supplementary Methods
Automated selection of the PLSDA-batch correction mode in CoMeDA
CoMeDA automatically selects a PLSDA-batch correction mode according to the structure of each dataset (Fig. S1). The rule uses the CLR matrix together with the primary comparison variable and the batch labels. By default, CoMeDA takes the first comparison column in the metadata table as the primary comparison variable, so users with multiple comparison variables should place the intended one first. In the batch-correction model this comparison variable plays the role of the treatment factor of the underlying PLSDA-batch method. Three diagnostic measures are calculated. The nesting degree is the proportion of batches containing samples from only one level of the comparison variable. Partial redundancy analysis (pRDA) partitions the adjusted multivariate variance into comparison-only, batch-only, and shared intersection components, with negative adjusted R2 estimates set to zero, and the intersection component represents variation that cannot be attributed uniquely to either the comparison or the batch. The sample-to-feature ratio describes the dimensionality of the dataset relative to its sample size.
The rule proceeds in three stages. Stage 1 assigns weighted correction to a strongly nested design, defined as a nesting degree of at least 0.5, to reduce the risk of removing comparison-associated structure. For designs not classified as strongly nested, Stage 2 assigns weighted correction when the pRDA intersection variance exceeds 0.030 or the nesting degree exceeds 0.3, and unweighted correction otherwise. The intersection-variance threshold of 0.030 was selected through simulation to maximize realized differential-feature recovery, with agreement with the better-performing weighting strategy used as a secondary criterion (Table S6). Stage 3 enables sparse variable selection when the sample-to-feature ratio is below 0.5 or when the batch-only adjusted variance exceeds 0.3 in a dataset with fewer than 100 samples. When sparse correction is selected, the number of retained features per comparison component is tuned using tune.splsda with four-fold cross-validation, 30 repeats, and a fixed random seed. Sparse selection is disabled and non-sparse correction is used when the smallest comparison group contains fewer than 10 samples or fewer than 20 features are available. If cross-validation fails when these requirements are met, a conservative fallback number of retained features is used. Batch correction is skipped when the smallest comparison group contains fewer than five samples or no more than ten features remain. The numbers of comparison and batch components are selected separately to reach 0.95 cumulative explained variance, subject to the maximum number of available components. Combining the weighting and sparsity decisions yields one of four modes, namely uw_plsda, uw_splsda, w_plsda, or w_splsda.
The rule was calibrated and evaluated on simulated design archetypes with contrasting batch structures. Replicates in which no differential features were recovered were assigned a recall and F1 of zero and retained in the evaluation, and precision was treated as undefined because no positive features were called.

Multi-cohort gout case study
Dataset processing and taxonomic concordance
The gout case study comprised 368 fecal 16S rRNA samples from four independent cohorts, including 159 healthy controls (HC), 73 patients with gout, and 136 individuals with asymptomatic hyperuricemia (HUA). Qie et al. originally processed the sequencing data using DADA2, applied ConQuR for batch-effect correction, and used LEfSe for differential-abundance analysis. For the CoMeDA reanalysis, sequencing reads were classified using Kraken2 and Bracken against Greengenes2, and genus-level count tables were generated before compositional transformation. To isolate differences attributable to the downstream analytical strategies, the no-correction, PLSDA-batch, and ConQuR analyses were applied to the same CoMeDA-generated genus table and sample metadata.
Taxonomic concordance between the Kraken2/Bracken and DADA2 workflows was assessed separately using the 368 samples shared by both classifications. Genus counts were converted to relative abundances, and absent genera were assigned zero values over the union of genera identified by the two workflows. Agreement was quantified for each sample using Spearman correlation across genus-abundance profiles, the Jaccard index of detected genera, and the proportion of shared genera among the 20 most abundant genera. Overall genus-set overlap was additionally calculated across the complete dataset. Recovery of five genera highlighted by Qie et al. (Christensenella, Anaerostipes, Collinsella, Fusobacterium, and Bilophila) was assessed using classifier-specific prevalence, defined as the proportion of samples with a nonzero count. A genus was considered recovered when its prevalence was at least 10%. The prevalence estimates shown in Fig. S2B were calculated across all 368 samples separately for each classifier and therefore differ from the contrast-specific prevalence values reported in Table 1.
Automated batch-correction selection
The cohort accession was treated as the batch variable, and comparison.Group was supplied as the primary treatment variable, with HC designated as the reference group. CoMeDA calculated the batch-nesting degree, partial-RDA treatment, batch, and intersection variance components, and the sample-to-feature ratio from the genus-level CLR matrix. These diagnostics were evaluated using the automated decision rule described in the main Methods and were used to select the PLSDA-batch correction mode. ALDEx2 CLR values were generated using 128 Monte Carlo instances and an IQLR denominator; when IQLR estimation was not feasible, the median denominator was used. Median CLR values across Monte Carlo instances were used for batch correction and subsequent analyses.
Controlled comparison of batch-correction strategies
No correction, PLSDA-batch, and ConQuR were compared using a common set of 173 genera. Because ConQuR requires at least one nonzero observation for each feature within every batch, genera with zero total counts in any cohort were excluded, and the resulting feature set was applied identically to all three strategies. The uncorrected and PLSDA-batch analyses used median CLR values generated by ALDEx2 with 128 Monte Carlo instances and an IQLR denominator. PLSDA-batch was applied using the correction mode selected by the automated rule. ConQuR was applied to the count table with study group included as a biological covariate and PRJNA1131142, the largest cohort, designated as the reference batch. The ConQuR-corrected counts were subsequently subjected to the same ALDEx2 CLR transformation. Multivariate differences were evaluated using Aitchison distance, calculated as Euclidean distance between CLR profiles. Two factor-specific PERMANOVA models were fitted with the focal factor entered second. Batch-associated R² was estimated using distance ~ group + batch, with permutations constrained within study group, whereas group-associated R² was estimated using distance ~ batch + group, with permutations constrained within batch. Each model used 999 permutations. ANOSIM was additionally performed separately for study group and batch as a complementary rank-based measure. All three strategies were evaluated using the same samples and 173-genus feature set; the resulting statistics are reported in Table S8. These controlled values differ slightly from those displayed in Fig. 4A because the latter were generated by the standard CoMeDA workflow using the complete 225-genus table.
Diversity and differential-abundance analyses
The principal CoMeDA case-study outputs were generated from the complete 225-genus table. Alpha diversity was estimated using the Shannon index calculated from the median ALDEx2 proportions. Overall differences among HC, gout, and HUA were evaluated using the Kruskal-Wallis test, followed by pairwise Wilcoxon rank-sum tests. Beta diversity was evaluated using Aitchison distance and visualized by principal coordinates analysis. Group and batch effects were evaluated by PERMANOVA, and group-specific multivariate dispersion was assessed using PERMDISP, each with 999 permutations. Differential-abundance analysis was performed separately for gout versus HC and HUA versus HC using Wilcoxon rank-sum tests on PLSDA-batch-corrected median CLR values. Cliff’s delta and its 95% confidence interval were reported as measures of effect size and direction. Benjamini–Hochberg adjustment was applied across all 225 genera separately within each contrast. Raw p-values were used for the default platform display, while BH-adjusted values were retained in the exported results and reported alongside raw values in Table 1. Genus prevalence was calculated from the untransformed count table as the proportion of samples with a nonzero count, separately for the case and HC groups within each contrast. For the community heatmap, genera were initially required to reach a relative abundance of at least 0.1% in at least 30% of samples in one or more study groups. Among the genera passing this filter, the 50 genera with the highest median CLR abundance in the reference group (HC) were displayed. Because these visualization filters were applied independently of CLR-based differential-abundance testing, a low-abundance genus could be retained in the differential-abundance results but omitted from the default heatmap.
Comparison of differential-abundance strategies
To separate the effects of data representation and statistical testing, three differential-abundance strategies were compared using the same 173-genus table and the same pairwise contrasts. The CoMeDA strategy applied PLSDA-batch correction to median CLR values, followed by the Wilcoxon rank-sum test and calculation of Cliff’s delta. For the relative-abundance strategy, ConQuR-corrected counts were converted to proportions and tested directly using the Wilcoxon rank-sum test. The third strategy applied LEfSe to the same ConQuR-corrected count table after counts-per-million scaling; genera were retained when the Kruskal–Wallis p-value was below 0.05 and the absolute LDA score exceeded 2. Raw p < 0.05 was used as the common nominal threshold for the two Wilcoxon analyses, and BH-adjusted values were calculated separately within each contrast and reported in parentheses. Table S9 presents a focused set of genera selected to represent findings highlighted by Qie et al., genera included in Table 1, and relevant concordant, discordant, or method-dependent results; it is not an exhaustive list of genera identified by the three strategies.
Microbial association-network analysis
Microbial association networks were inferred from CLR values using the adapted implementation of fastCCLasso. A common genus mask was derived from the corresponding proportional-abundance table by retaining genera that reached at least 0.01% relative abundance in at least 30% of samples. The resulting mask was applied identically to the uncorrected, PLSDA-batch-corrected, and ConQuR-corrected CLR matrices. fastCCLasso used three-fold cross-validation to select the regularization parameter and 100 bootstrap resamples to estimate edge p-values. For the exploratory case-study analyses, edges were retained when |r| ≥ 0.3 and raw p ≤ 0.05. BH-adjusted p-values were also calculated across all unique genus pairs within each network. Network topology was summarized by the number of retained edges, network density, numbers of positive and negative edges, the positive-to-negative edge ratio, and edge-set Jaccard similarity relative to the uncorrected network (Table S10). To assess whether group-specific network density was driven primarily by unequal sample sizes, the PLSDA-batch-corrected gout network was estimated using all 73 gout samples. The HC and HUA groups were each randomly subsampled to 73 samples without replacement over 50 replicates, and network statistics were recalculated using the same taxon mask, fastCCLasso settings, and edge-selection criteria. Median and interquartile-range estimates across these replicates were used for comparison with the gout network.
Functional prediction and pathway comparison
KEGG pathway abundances predicted by PICRUSt2 were analyzed for gout versus HC. Pathway values were converted to an integer scale and processed using 128 ALDEx2 Monte Carlo instances with the denominator set to all pathways. Median compositional proportions were obtained across Monte Carlo instances and CLR-transformed before differential testing. Pathway differences were evaluated using the Wilcoxon rank-sum test, with Cliff’s delta representing the direction and magnitude of the effect. BH-adjusted p-values were calculated across pathways, although the default visualizations used raw Wilcoxon p < 0.05. Pathways were additionally required to have a median relative abundance of at least 0.1% in either group. The bubble plot displays all pathways meeting these criteria, whereas the bar plot displays up to 30 pathways ranked by absolute effect size (Fig. 6B-C). For empirical workflow validation, pathway profiles generated using the CoMeDA representative-sequence workflow were compared with those from a conventional DADA2 ASV-based PICRUSt2 workflow across the 368 samples shared by both analyses. The CoMeDA and ASV-based workflows generated 202 and 276 pathways, respectively, with 202 pathways shared between them. For sample-level concordance, unfiltered pathway abundances were converted to within-sample proportions by total-sum normalization, and per-sample Spearman correlations were calculated across pathways shared by the two workflows. Differential-abundance concordance was evaluated separately for gout versus HC. Both pathway tables were restricted to the shared pathway set before preprocessing to ensure a common CLR reference. Each table was processed using 128 ALDEx2 Monte Carlo instances, and median compositional proportions were CLR-transformed before differential testing. Pathways were retained when their median proportional abundance was at least 0.1% in either group. Differences were evaluated using the Wilcoxon rank-sum test and Cliff’s delta, and directional agreement was assessed among pathways meeting an absolute effect-size threshold of 0.147 and a raw p-value threshold of 0.05 in both workflows. Reference placement was summarized using NSTI.

Cross-kingdom correlation analysis (pediatric Crohn's disease)
Dataset and sample pairing
We reanalyzed the paired 16S rRNA and ITS amplicon dataset of pediatric Crohn's disease reported by Kim et al., covering three sampling sites (stool, colon biopsy, and terminal ileum biopsy) from the same patients (PRJNA1156939 and PRJNA1156940). Bacterial and fungal genus tables were analyzed per site. For each site, cross-kingdom correlations were computed only for samples in which both the bacterial and fungal profiles were available for the same individual, so that every retained sample contributed a matched bacterial–fungal pair.
Split-CLR transformation
Bacterial and fungal abundances originate from two independent amplicon assays and do not share a common compositional constraint. CoMeDA therefore applied the centered log-ratio transformation separately within each domain, so that each genus was expressed relative to the geometric mean of its own kingdom rather than of the combined table. The two domain-specific CLR matrices were then concatenated across the matched samples to form the input for cross-kingdom correlation. This split-CLR strategy preserves the internal compositional reference of each domain and avoids imposing an artificial shared closure on bacterial and fungal features.
Taxon filtering
Before network inference, genera were retained within each domain when their proportional abundance reached at least 0.01% at that site, at a prevalence of at least 30% for bacterial taxa and 20% for fungal taxa. This filter removes very rare genera that yield unstable correlation estimates.
Network inference
Cross-kingdom associations were estimated from the concatenated split-CLR matrix using the adapted implementation of fastCCLasso. The regularization parameter was selected by three-fold cross-validation, and edge p-values were estimated from 100 bootstrap resamples. Only bacterial-fungal edges were retained, and within-domain associations were discarded. For this exploratory case study, edges were retained when |r| ≥ 0.3 and raw p ≤ 0.05. Positive and negative correlations were estimated directly by fastCCLasso, and no additional sign-specific correction was applied beyond the method itself.
Multiple-testing strategy
Benjamini-Hochberg-adjusted p-values were computed across bacterial-fungal pairs within each site network and evaluated in the sensitivity analysis (Table S11). The differential-abundance and functional-prediction modules applied their own Benjamini-Hochberg adjustment across taxa and pathways, so that multiple testing was handled separately within each module.
Network robustness
For each site, network sensitivity was assessed by varying one parameter at a time around the case-study baseline settings, including the correlation cutoff, the p-value threshold, and the choice of raw or adjusted p-values. In addition, 80% of the matched samples were resampled without replacement over 50 replicates, and the recurrence of each baseline edge across replicates was recorded. These analyses quantified the dependence of the cross-kingdom networks on the analytical thresholds and on the limited paired sample sizes.
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Fig. S1 Automated selection of the PLSDA-batch correction mode in CoMeDA. The decision rule selects weighted or unweighted correction using nesting and pRDA diagnostics and then determines whether sparse variable selection is applied, yielding one of four modes: w_splsda, w_plsda, uw_splsda, or uw_plsda. Detailed thresholds and fallback procedures are provided in the Supplementary Methods. pRDA, partial redundancy analysis; PLSDA, partial least squares discriminant analysis.

[image: ]Fig. S2 Genus-level classification concordance between Kraken2/Bracken and DADA2 in the multi-cohort gout dataset. A Per-sample Spearman correlation, top-20 genus overlap, and genus Jaccard index across 368 samples. B Prevalence of five genera highlighted by Qie et al.; the dashed line indicates the 10% recovery threshold.



Supplementary Tables

Table S1 Genus-level classification accuracy and between-workflow agreement on the ZymoBIOMICS D6331 mock community
	Abundance threshold
	Method
	Precision
	Recall
	F1
	Jaccard
	Bray-Curtis
	Jaccard between methods

	No filter
	Kraken2/Bracken
	0.01
	1.00
	0.03
	0.01
	0.42
	0.37

	
	DADA2
	0.03
	0.87
	0.06
	0.03
	0.32
	

	≥0.1%
	Kraken2/Bracken
	0.13
	1.00
	0.22
	0.13
	0.38
	0.61

	
	DADA2
	0.17
	1.00
	0.28
	0.17
	0.29
	

	≥1%
	Kraken2/Bracken
	0.80
	0.87
	0.82
	0.70
	0.32
	0.69

	
	DADA2
	0.75
	1.00
	0.86
	0.75
	0.24
	


Kraken2 confidence was set to 0. DADA2 ASVs were classified in QIIME 2 (2024.10) using the Greengenes2 (2024.09) V4 naive Bayes classifier. Accuracy metrics are means of replicate-wise values, whereas between-workflow Jaccard was calculated from thresholded mean relative-abundance profiles. Observed abundances were normalized to genus-assigned reads. Unfiltered detection required abundance > 0. At each filtered threshold, observed and expected genus sets were defined separately before scoring. Bray-Curtis dissimilarity was calculated after independently renormalizing the filtered profiles to sum to one.

Table S2 CoDA component ablation contrasts
	Contrast
	Isolated effect
	Paired median F1 difference

	ALDEx2 CLR vs pseudocount CLR
	zero handling
	+0.024

	IQLR-CLR vs ALDEx2 CLR
	reference/denominator
	+0.021

	CoMeDA transform, batch correction on vs off
	batch correction
	+0.056

	CoMeDA transform vs relative abundance
	full compositional workflow
	+0.155


The first three contrasts isolate the effects of zero handling, reference/denominator selection, and batch correction, respectively, whereas the final contrast summarizes the overall compositional workflow relative to relative-abundance analysis.
Values are medians of paired replicate-wise F1 differences.
CLR, centered log-ratio; IQLR, interquartile log-ratio.

Table S3 Component ablation on the multi-cohort gout dataset
	Configuration
	Batch R2
	Group R2
	DA genera
(Gout vs HC / 
HUA vs HC)
	Net edges (density)

	Pseudocount CLR, no batch
	0.190
	0.030
	139 / 44
	519 (0.021)

	+ ALDEx2 zero handling
	0.184
	0.030
	122 / 47
	581 (0.023)

	+ IQLR denominator
	0.185
	0.030
	143 / 56
	573 (0.023)

	+ PLSDA-batch
	0.067
	0.039
	122 / 84
	436 (0.017)


Each row cumulatively adds one workflow component to the configuration above it, and all configurations were evaluated from the same 225-genus CoMeDA table.
PERMANOVA R² values computed on Aitchison distances.
DA genera are counted at raw p < 0.05 for Gout vs HC / HUA vs HC, and network edges and density summarize the corresponding genus-level fastCCLasso networks.
HC, healthy control; HUA, hyperuricemia; CLR, centered log-ratio; IQLR, interquartile log-ratio.

Table S4 Batch-correction simulation across balanced and unbalanced designs in a unified CLR space
	Design
	Overlap (features)
	Arm
	F1
	Precision
	Recall
	R2(batch)

	Balanced
	0
	No correction
	0.462
	1.000
	0.302
	0.140

	Balanced
	0
	PLSDA-batch
	0.523
	1.000
	0.360
	0.003

	Balanced
	0
	ConQuR
	0.394
	0.727
	0.275
	0.006

	Balanced
	18
	No correction
	0.475
	0.946
	0.323
	0.135

	Balanced
	18
	PLSDA-batch
	0.525
	0.948
	0.378
	0.002

	Balanced
	18
	ConQuR
	0.583
	0.758
	0.480
	0.006

	Balanced
	30
	No correction
	0.450
	1.000
	0.292
	0.140

	Balanced
	30
	PLSDA-batch
	0.531
	0.941
	0.383
	0.002

	Balanced
	30
	ConQuR
	0.552
	0.841
	0.426
	0.006

	Balanced
	42
	No correction
	0.467
	1.000
	0.311
	0.137

	Balanced
	42
	PLSDA-batch
	0.537
	0.935
	0.375
	0.002

	Balanced
	42
	ConQuR
	0.587
	0.771
	0.476
	0.006

	Balanced
	60
	No correction
	0.423
	1.000
	0.268
	0.145

	Balanced
	60
	PLSDA-batch
	0.536
	0.935
	0.372
	0.003

	Balanced
	60
	ConQuR
	0.639
	0.822
	0.539
	0.006

	Unbalanced
	0
	No correction
	0.573
	0.524
	0.686
	0.095

	Unbalanced
	0
	PLSDA-batch
	0.520
	0.630
	0.462
	0.011

	Unbalanced
	0
	ConQuR
	0.492
	0.543
	0.413
	0.006

	Unbalanced
	18
	No correction
	0.503
	0.521
	0.521
	0.091

	Unbalanced
	18
	PLSDA-batch
	0.565
	0.652
	0.505
	0.008

	Unbalanced
	18
	ConQuR
	0.522
	0.613
	0.484
	0.006

	Unbalanced
	30
	No correction
	0.457
	0.513
	0.418
	0.097

	Unbalanced
	30
	PLSDA-batch
	0.517
	0.678
	0.425
	0.009

	Unbalanced
	30
	ConQuR
	0.522
	0.584
	0.466
	0.007

	Unbalanced
	42
	No correction
	0.372
	0.507
	0.276
	0.099

	Unbalanced
	42
	PLSDA-batch
	0.411
	0.693
	0.324
	0.009

	Unbalanced
	42
	ConQuR
	0.500
	0.667
	0.409
	0.006

	Unbalanced
	60
	No correction
	0.230
	0.400
	0.166
	0.100

	Unbalanced
	60
	PLSDA-batch
	0.320
	0.509
	0.245
	0.011

	Unbalanced
	60
	ConQuR
	0.536
	0.594
	0.436
	0.006


Overlap indicates the number of predefined treatment-associated features that were also batch-associated.
Values are medians across simulation replicates; 20 replicates were generated for each condition, except for the balanced design with an overlap of 30, for which 50 replicates were generated.
R²(batch) is the residual batch-associated PERMANOVA R² calculated on Aitchison distance.
CLR, centered log-ratio.

Table S5 Batch-structure diagnostics of the calibration designs
	Design
	N
	Intersection var.
	Batch var.
	Nesting degree
	Sample/feature ratio

	balanced
	40
	0.000
	0.107
	0.00
	0.175

	confounded
	40
	0.085
	0.038
	0.00
	0.170

	nested
	40
	0.069
	0.076
	1.00
	0.180

	partial-nested
	40
	0.014
	0.105
	0.25
	0.174

	unbalanced
	40
	0.039
	0.066
	0.00
	0.176

	balanced
	200
	0.000
	0.103
	0.00
	0.881

	confounded
	200
	0.085
	0.039
	0.00
	0.857

	nested
	200
	0.069
	0.078
	1.00
	0.905

	partial-nested
	200
	0.019
	0.107
	0.25
	0.883

	unbalanced
	200
	0.041
	0.066
	0.00
	0.907


N indicates the sample size.
Intersection var. and Batch var. are the shared and batch-only adjusted R² components, respectively, obtained from partial redundancy analysis (pRDA), with negative adjusted R² values set to zero.
Nesting degree is the proportion of batches containing samples from only one level of the comparison variable, and the sample/feature ratio is the number of samples divided by the number of retained features.

Table S6 Calibration of the pRDA intersection-variance threshold for weighting-strategy selection
	Intersection-variance threshold
	Mean realized F1
	Weighting-strategy agreement

	> 0.000
	0.571
	0.599

	> 0.010
	0.572
	0.636

	> 0.020
	0.581
	0.759

	> 0.025
	0.583
	0.802

	> 0.030
	0.585
	0.809

	> 0.035
	0.585
	0.809

	> 0.040
	0.580
	0.728

	> 0.050
	0.578
	0.679

	> 0.075
	0.575
	0.611


Mean realized F1 is the arithmetic mean, across the available design–sample-size–replicate combinations, of the best F1 within the weighting class selected by each threshold.
Weighting-strategy agreement is the proportion of replicates with an absolute F1 difference greater than 0.02 between the best weighted and unweighted strategies for which the threshold selected the higher-F1 weighting class.

Table S7 Agreement of the automated rule with the best-performing correction
	Design
	N
	Is-best
	Within-tolerance
	Median F1 gap

	balanced
	40
	0.633
	0.833
	0.000

	confounded
	40
	0.233
	0.233
	0.064

	partial-nested
	40
	0.276
	0.517
	0.014

	unbalanced
	40
	0.433
	0.733
	0.008

	balanced
	200
	0.800
	0.933
	0.000

	confounded
	200
	0.667
	0.733
	0.000

	partial-nested
	200
	0.233
	0.333
	0.044

	unbalanced
	200
	0.400
	0.467
	0.023


The best-performing mode is the candidate correction mode with the highest F1 for recovery of the predefined differential features.
Is-best and Within-tolerance are the proportions of replicates in which the automatically selected mode was the best-performing mode, or within 0.02 F1 of it, respectively.
Median F1 gap is the median F1 difference between the best-performing and the automatically selected mode.
Fully nested designs are not shown because perfect batch-group confounding makes correction-mode performance non-evaluable.

Table S8 Multivariate comparison of batch-correction strategies using a common genus set
	Correction arm
	Group PERMANOVA R2 (p)
	Batch PERMANOVA R2 (p)
	Group PERMDISP F (p)
	Batch PERMDISP F (p)
	Group ANOSIM R (p)
	Batch ANOSIM R (p)

	No correction
	0.0305 (0.001)
	0.1760 (0.001)
	29.811 (0.001)
	84.126 (0.001)
	0.003 (0.389)
	0.367 (0.001)

	PLSDA-batch (uw_plsda)
	0.0383 (0.001)
	0.0719 (0.001)
	22.710 (0.001)
	67.112 (0.001)
	0.046 (0.001)
	0.040 (0.015)

	ConQuR
	0.0365 (0.001)
	0.0584 (0.001)
	4.965 (0.010)
	72.453 (0.001)
	0.086 (0.001)
	0.080 (0.001)


All three correction arms were evaluated using the same 173 genera retained to satisfy the input requirements of ConQuR.
Conditional PERMANOVA was performed on Aitchison distances with group and batch included in the same model and the focal factor entered second.
ANOSIM is a complementary rank-based assessment, and its R statistic should not be compared directly with PERMANOVA R2.
PERMANOVA, permutational multivariate analysis of variance; PERMDISP, permutational analysis of multivariate dispersions; ANOSIM, analysis of similarities.

Table S9 Controlled comparison of genus-level differential-abundance results obtained using three downstream analytical strategies
	Contrast
	Genus
	CoMeDA 
Cliff’s δ; raw p (BH)
	ConQuR + Relative-abundance Wilcoxon raw p (BH)
	ConQuR + LEfSe

	Gout vs HC
	Christensenella
	0.238; 0.0036 (0.0087)
	0.383 (0.564)
	—

	Gout vs HC
	Anaerostipes
	−0.010; 0.899 (0.926)
	0.376 (0.564)
	—

	Gout vs HC
	Collinsella
	−0.222; 0.0066 (0.0143)
	0.198 (0.334)
	—

	Gout vs HC
	Fusobacterium_A
	0.441; 6.87 × 10⁻⁸ (9.88 × 10⁻⁷)
	0.0041 (0.0145)
	Gout;
LDA = 2.24

	Gout vs HC
	Lactococcus_A_346120
	0.341; 3.04 × 10⁻⁵ (1.38 × 10⁻⁴)
	0.134 (0.236)
	—

	Gout vs HC
	Bacteroides_H_857956
	0.152; 0.0641 (0.0999)
	0.931 (0.953)
	—

	Gout vs HC
	Akkermansia
	−0.240; 0.0033 (0.0081)
	0.706 (0.841)
	—

	Gout vs HC
	Faecalibacterium
	−0.187; 0.0224 (0.0412)
	0.786 (0.906)
	—

	Gout vs HC
	Holdemanella
	−0.085; 0.299 (0.372)
	0.0051 (0.0173)
	—

	Gout vs HC
	Coprococcus_A_187866
	−0.166; 0.0432* (0.0739)
	0.680 (0.836)
	—

	HUA vs HC
	Christensenella
	0.093; 0.169 (0.244)
	0.630 (0.764)
	—

	HUA vs HC
	Anaerostipes
	0.103; 0.128 (0.212)
	0.114 (0.214)
	—

	HUA vs HC
	Collinsella
	−0.038; 0.580 (0.650)
	0.0430* (0.0953)
	HC;
LDA = −2.55

	HUA vs HC
	Fusobacterium_A
	0.094; 0.165 (0.240)
	0.159 (0.271)
	—

	HUA vs HC
	Lactococcus_A_346120
	−0.074; 0.275 (0.357)
	0.728 (0.829)
	—

	HUA vs HC
	Bacteroides_H_857956
	0.329; 1.09 × 10⁻⁶ (2.10 × 10⁻⁵)
	0.881 (0.924)
	—

	HUA vs HC
	Akkermansia
	−0.139; 0.0391* (0.0797)
	3.16 × 10⁻⁸ (5.93 × 10⁻⁷)
	HC;
LDA = −2.63

	HUA vs HC
	Faecalibacterium
	0.262; 1.08 × 10⁻⁴ (8.86 × 10⁻⁴)
	0.821 (0.893)
	—

	HUA vs HC
	Holdemanella
	−0.171; 0.0114 (0.0295)
	5.37 × 10⁻⁵ (2.58 × 10⁻⁴)
	HC;
LDA = −2.43

	HUA vs HC
	Coprococcus_A_187866
	−0.106; 0.116 (0.198)
	1.60 × 10⁻⁵ (1.11 × 10⁻⁴)
	HC;
LDA = −2.84


* Raw p < 0.05, but BH-adjusted p ≥ 0.05.
All three analytical strategies used the same 173-genus Greengenes2 table, with BH adjustment performed separately within each contrast.
For CoMeDA, positive Cliff’s δ indicates higher abundance in gout or HUA relative to HC.
A dash indicates that the genus did not meet the LEfSe selection criteria.
Results differ slightly from Table 1, which used the full 225-genus CoMeDA output; only selected genera are shown.

Table S10 Effect of batch-correction strategy on microbial association-network topology
	Correction arm
	Edges
	Density
	Positive edges
	Negative edges
	Positive/negative ratio
	Edge Jaccard versus 
no correction

	No correction
	236
	0.1479
	117
	119
	0.98
	1.000

	PLSDA-batch
	176
	0.1103
	90
	86
	1.05
	0.487

	ConQuR
	56
	0.0351
	46
	10
	4.60
	0.163


All three correction arms used the same samples, taxon mask, filtering thresholds, and network parameters.
Edge Jaccard values quantify edge-set overlap with the uncorrected network.

Table S11 Robustness of the cross-kingdom networks
	Site
	Baseline edges
	|r| ≥ 0.2
	|r| ≥ 0.4
	Raw p
≤ 0.01
	Raw p
≤ 0.10
	BH p
≤ 0.05
	Median edge recurrence

	Stool
	27
	27 (1.00)
	16 (0.59)
	4 (0.15)
	50 (0.54)
	0
	0.50

	Colon
	41
	41 (1.00)
	37 (0.90)
	6 (0.15)
	80 (0.51)
	0
	0.52

	Terminal ileum
	80
	80 (1.00)
	59 (0.74)
	15 (0.19)
	156 (0.51)
	1
	0.54


Values are numbers of retained cross-kingdom edges; values in parentheses indicate edge-set Jaccard similarity to the baseline network.
Baseline settings were |r| ≥ 0.3, raw p ≤ 0.05, prevalence ≥ 30% for bacterial taxa and prevalence ≥ 20% for fungal taxa, and proportional abundance ≥ 0.01%.
Each sensitivity analysis varied one criterion while holding the others fixed; the BH column used BH-adjusted p ≤ 0.05 instead of the raw p-value threshold.
Median edge recurrence is the median proportion of 50 subsampling replicates, each using 80% of the matched samples, in which a baseline edge was recovered.
The baseline networks included 29, 26, and 28 matched sample pairs for stool, colon, and terminal ileum, respectively.
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