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Supplementary Fig. 1. Summary of cell number in batches and cell types of scRNA and scATAC multimodal
datasets used in the SCMMIB study. The y axis of boxplot shows the name of batch or cell type, and the x
axis represented the number of cells.
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Supplementary Fig. 2. Summary of cell number in batches and cell types of scRNA and ADT datasets as well
as spatial scRNA and ADT datasets used in the SCMMIB study. The y axis of boxplot shows the name of batch
or cell type, and the x axis represented the number of cells.



328

2524

319

1043

649

1157

366

119

1188

542

332

67

231

283

189

807

1136

516

519

72

176

442

ID2−hi myeloid prog

Plasma cell

cDC2

Proerythroblast

MK/E prog

ILC

Lymph prog

CD16+ Mono

B1 B

HSC

CD8+ T naive

Transitional B

Normoblast

pDC

G/M prog

CD4+ T naive

Naive CD20+ B

CD4+ T activated

NK

CD8+ T

Erythroblast

CD14+ Mono

0 1000 2000
Number of cells

BMMC Multiome
s1d1_s3d10

cell types

116

175

5885

519

1234

233

1232

290

487

158

332

373
469

244

323

562

1726

508

33

545

48

106

326

94

211

480

690
697
711

353

669

110

96

43

113

351

514

196

248

gdT TCRVD2+

Plasmablast IGKC−

ILC

MAIT

Plasma cell IGKC+

ILC1

Plasma cell IGKC−

Plasmablast IGKC+

B1 B IGKC−

CD8+ T CD57+ CD45RO+

B1 B IGKC+

T reg

MK/E prog

CD4+ T activated integrinB7+

CD8+ T TIGIT+ CD45RA+

Transitional B

CD8+ T CD49f+

CD8+ T TIGIT+ CD45RO+

Lymph prog

CD8+ T CD69+ CD45RA+

Proerythroblast

Normoblast

CD8+ T CD69+ CD45RO+

CD8+ T naive

Naive CD20+ B IGKC−

CD8+ T CD57+ CD45RA+

G/M prog

Reticulocyte

CD16+ Mono

HSC

cDC2

pDC

Naive CD20+ B IGKC+

NK

NK CD158e1+

CD4+ T naive

CD4+ T activated

Erythroblast

CD14+ Mono

0 2000 4000 6000
Number of cells

BMMC CITE-seq
s2d1_s3d6
cell types

485
540

2250

312

207

110

283

86

330

1195

179
193

152

78

317

53

676

287

46
51

915
971

284

Schwann Cell

Sebaceous Gland

Melanocyte

Macrophage DC

Granular

Dermal Sheath

K6+ Bulge Companion Layer

IRS

Isthmus

Dermal Papilla

Endothelial

TAC−2

ORS

Dermal Fibroblast

Medulla

Hair Shaft−cuticle.cortex

ahighCD34+ bulge

alowCD34+ bulge

Mix

Spinous

TAC−1

Infundibulum

Basal

0 500 1000 1500 2000
Number of cells

SHARE-seq skin
c5k_c5k
cell types

Supplementary Fig. 3. Summary of cell number in cell types of mosaic integration simulation datasets used 
in the SCMMIB study. The y axis of boxplot shows the name of cell type, and the x axis represented the
number of cells.
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Supplementary Fig. 4. Boxplot of accuracy metrics for paired scRNA and scATAC integration algorithms in
BMMC Multiome p10 dataset, corresponding to Fig. 2b and Extended Data Fig. 4b, Box plots show the 
median (centre line), the 25th and 75th percentiles (bounds of the box), and whiskers extend to 1.5 × IQR 
(interquartile range).
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Supplementary Fig. 5. Boxplot of accuracy metrics for paired scRNA and scATAC integration algorithms in
other datasets except for BMMC Multiome p10, corresponding to Fig. 2b and Extended Data Fig. 4b. The
dataset names are labelled at the top of each boxplot. Box plots show the median (centre line), the 25th 
and 75th percentiles (bounds of the box), and whiskers extend to 1.5 × IQR (interquartile range).
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Supplementary Fig. 6. Boxplot of the biological conservation and batch removal metric values for all paired
scRNA and scATAC integration methods at all downsampling levels. This figure shows the metric scores
distribution for simulations of (a) scRNA modality downsampling, (b) scATAC modality downsampling and
(c) both modalities downsampling. Box plots show the median (centre line), the 25th and 75th percentiles 
(bounds of the box), and whiskers extend to 1.5 × IQR (interquartile range).
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Supplementary Fig. 7. Details of the paired scRNA and scATAC integration robustness metrics in Fig. 2c and
Extended Data Fig. 4d. (a-b). Correlations between metric values and downsample gradients. The color and
number in heatmaps shows Pearson’s r correlation between (a) metric values or (b) average metric values with
the downsampling gradients. (c) Detail metric values for all paired scRNA and scATAC integration algorithms
for BMMC p10 dataset at the 10% sequencing depth. (d) Detail downsample AUC values for all paired scRNA
and scATAC integration algorithms.
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Supplementary Fig. 8. Boxplot of accuracy metrics for paired scRNA and ADT integration algorithms in BMMC
CITE-seq p10 and s2d1 datasets, corresponding to Fig. 3b and Extended Data Fig. 5b. The dataset names are
labelled at the top of each boxplot. Box plots show the median (centre line), the 25th and 75th percentiles (bounds 
of the box), and whiskers extend to 1.5 × IQR (interquartile range).
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Supplementary Fig. 9 Boxplot of accuracy metrics for paired scRNA and ADT integration algorithms in other
datasets except for BMMC CITE-seq datasets, corresponding to Fig. 3b and Extended Data Fig. 5b. The
dataset names are labelled at the top of each boxplot. Box plots show the median (centre line), the 25th 
and 75th percentiles (bounds of the box), and whiskers extend to 1.5 × IQR (interquartile range).

CiteFuse

Seurat v4 WNN

MaxFuse

totalVI

bindSC

SCALEX

scMDC

sciPENN

MOFA+

Multigrate

0.5 0.6 0.7 0.8 0.9
Graph iLISI

HSPC p10

CiteFuse

SCALEX

totalVI

Seurat v4 WNN

sciPENN

MOFA+

MaxFuse

bindSC

scMDC

Multigrate

0.5 0.6 0.7 0.8 0.9
Graph iLISI

Spatial lymph node

sciPENN

totalVI

SCALEX

MOFA+

bindSC

MaxFuse

scMDC

0.1 0.2 0.3
Graph iLISI

White blood cell

CiteFuse

MaxFuse

bindSC

totalVI

SCALEX

scMDC

Multigrate

sciPENN

MOFA+

Seurat v4 WNN

0.80 0.85 0.90 0.95
Graph iLISI

10X Kidney Cancer

CiteFuse

totalVI

scMDC

Multigrate

Seurat v4 WNN

SCALEX

MOFA+

MaxFuse

bindSC

sciPENN

0.20 0.25 0.30 0.35 0.40 0.45
Graph iLISI

10X NSCLC

MaxFuse

scMDC

bindSC

SCALEX

MOFA+

sciPENN

Seurat v4 WNN

totalVI

Multigrate

CiteFuse

0.825 0.850 0.875 0.900 0.925
graph cLISI

Spatial lymph node



a.

b.

c.

Supplementary Fig. 10. Boxplot of the biological conservation and batch removal metric values for all paired
scRNA and ADT integration methods at all downsampling levels. This figure shows the metric scores
distribution for simulations of (a) scRNA modality downsampling, (b) ADT modality downsampling and (c)
both modalities downsampling. Box plots show the median (centre line), the 25th and 75th percentiles 
(bounds of the box), and whiskers extend to 1.5 × IQR (interquartile range).
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Supplementary Fig. 11. Details of the paired scRNA and ADT integration robustness metrics in Fig. 3d and
Extended Data Fig. 5c. (a-b). Correlations between metric values and downsample gradients. The color and
number in heatmaps shows Pearson’s r correlation between (a) metric values or (b) average metric values with
the downsampling gradients. (c) Detail metric values for all paired scRNA and ADT integration algorithms for
BMMC p10 dataset at the 10% sequencing depth. (d) Detail downsample AUC values for all paired scRNA and
ADT integration algorithms.
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Supplementary Fig.12. Boxplot of accuracy metrics for unpaired scRNA and scATAC diagonal integration algorithms
in BMMC Multiome p10 dataset, corresponding to Fig. 4c and Extended Data Fig. 6b. Box plots show the median 
(centre line), the 25th and 75th percentiles (bounds of the box), and whiskers extend to 1.5 × IQR (interquartile 
range).
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Supplementary Fig. 13. Boxplot of accuracy metrics for unpaired scRNA and scATAC diagonal integration
algorithms in other datasets except for BMMC Multiome p10 dataset, corresponding to Fig. 4c and
Extended Data Fig. 6b. The dataset names are labelled at the top of each boxplot. Box plots show the 
median (centre line), the 25th and 75th percentiles (bounds of the box), and whiskers extend to 1.5 × IQR 
(interquartile range).
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Supplementary Fig. 14. Boxplot of the embedding accuracy and cell alignment accuracy metric values for all
unpaired scRNA and scATAC diagonal integration methods at all downsampling levels. This figure shows
the metric scores distribution for simulations of (a) scRNA modality downsampling, (b) scATAC modality 
downsampling and (c) both modalities downsampling. Box plots show the median (centre line), the 25th 
and 75th percentiles (bounds of the box), and whiskers extend to 1.5 × IQR (interquartile range).
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a.

b.

Supplementary Fig. 15. Details of the unpaired scRNA and scATAC diagonal robustness metrics in Fig. 4f and
Extended Data Fig. 6c. (a) Detail metric values for all unpaired scRNA and scATAC diagonal integration
algorithms for BMMC p10 dataset at the 10% sequencing depth. (b) Detail downsample AUC values for all
unpaired scRNA and scATAC diagonal integration algorithms.
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Supplementary Fig.16. Boxplot of the embedding accuracy and cell alignment accuracy metrics for unpaired scRNA 
and scATAC mosaic integration algorithms in BMMC Multiome s1d1_s3d10 dataset, corresponding to Fig. 5b and
Extended Data Fig. 7b. Box plots show the median (centre line), the 25th and 75th percentiles (bounds of the box), 
and whiskers extend to 1.5 × IQR (interquartile range).
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Supplementary Fig.17. Boxplot of the embedding accuracy and cell alignment accuracy metrics for unpaired scRNA 
and scATAC mosaic integration algorithms in SHARE-seq skin c5k_c5k dataset, corresponding to Fig. 5b and
Extended Data Fig. 7b. Box plots show the median (centre line), the 25th and 75th percentiles (bounds of the box), 
and whiskers extend to 1.5 × IQR (interquartile range).
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a. b.

c. d.

e. f.

Supplementary Fig. 18. Boxplot of the embedding accuracy and cell alignment accuracy metric values for all
unpaired scRNA and scATAC mosaic integration methods at (a-b) paired dataset downsampling levels, (c-d)
unpaired dataset downsampling levels and (e-f) paired dataset sizes. The embedding accuracy and cell
alignment accuracy metrics of different paired dataset sizes in (e) and (f) were calculated with unpaired
cells only. Box plots show the median (centre line), the 25th and 75th percentiles (bounds of the box), and 
whiskers extend to 1.5 × IQR (interquartile range).
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a. b.

c. d.

e.

Supplementary Fig. 19. Details of the unpaired scRNA and scATAC mosaic integration robustness metrics in 
Fig. 5e. (a-b). Detail robustness scores of (a) embedding accuracy metrics and (b) cell alignment accuracy
metrics for unpaired scRNA and scATAC mosaic integration algorithms in downsampling paired and unpaired
multi-omic cells of BMMC Multiome s1d1_s3d10 dataset. (c-d). Detail robustness scores of embedding
accuracy metrics and cell alignment accuracy metrics for all unpaired scRNA and scATAC mosaic integration
algorithms in downsampling paired and unpaired multi-omic cells for SHARE-seq skin c5k_c5k dataset. (e)
Detail AUCs of unpaired dataset cell alignment metrics in gradient paired dataset sizes for both BMMC and
SHARE-seq datasets.
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Supplementary Fig. 20. Boxplot of the embedding accuracy and cell alignment accuracy metrics for unpaired scRNA 
and ADT mosaic integration algorithms in BMMC CITE-seq s2d1_s3d6 dataset, corresponding to Fig. 6b and
Extended Data Fig. 8b. Box plots show the median (centre line), the 25th and 75th percentiles (bounds of the box), 
and whiskers extend to 1.5 × IQR (interquartile range).
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Supplementary Fig. 21. Boxplot of the embedding accuracy and cell alignment accuracy metric values for all
unpaired scRNA and ADT mosaic integration methods at (a-b) paired dataset downsampling levels, (c-d)
unpaired dataset downsampling levels and (e-f) paired dataset sizes. The embedding accuracy and cell
alignment accuracy metrics of different paired dataset size in (e) and (f) were calculated with unpaired cells
only, Box plots show the median (centre line), the 25th and 75th percentiles (bounds of the box), and whiskers 
extend to 1.5 × IQR (interquartile range).
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Supplementary Fig. 22. Details of the unpaired scRNA and ADT mosaic integration robustness metrics in Fig. 
6c. (a-b). Detail robustness scores of embedding accuracy metrics of (a) full data and (b) CITE-seq and
scRNA-seq cells in downsampling paired and unpaired multi-omic cells of BMMC CITE-seq dataset. (c) Detail
robustness scores of cell alignment accuracy metrics cells in downsampling paired and unpaired multi-omic
cells of BMMC s2d1_s3d6 dataset. (d) Detail AUCs of unpaired dataset cell alignment metrics in gradient
paired dataset sizes of BMMC CITE-seq dataset.
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Supplementary Notes：  
 
Supplementary Note 1: Details of all benchmark methods  
 
Here we outlined all details specific data preprocessing and parameter used in 
each Benchmarking single-cell multi-modal data integrations benchmark (SCMM
IB) method. Other details of all benchmark methods are listed in Supplementa
ry Table 1. The scripts of all benchmark integration methods are deposited in 
SCMMIB pipeline GitHub folder (https://github.com/bm2-lab/SCMMIB_pipeline/t
ree/main/benchmark_methods).  
 
1. bindSC1 
We evaluated bindSC for paired scRNA and ADT integration and unpaired scR
NA and scATAC diagonal intergration tasks. For paired scRNA and ADT inte
gration, we used default parameters in bindSC tutorial (https://htmlpreview.githu
b.io/?https://github.com/KChen-lab/bindSC/blob/master/vignettes/CITE-seq/CITE_se
q.html), and set the parameter K in BiCCA function as the smaller one in 15 
and dimension of ADT data, as some datasets with too few ADT detected wo
uld run into error in dimension reduction step. We concatenated the output em
bedding of scRNA and ADT as joint embedding for bindSC. For unpaired scR
NA and scATAC diagonal intergration, we took pre-computed gene activity ma
trix (Methods) and scRNA data as input, and used the recommended parameter
s from bindSC tutorial (https://htmlpreview.github.io/?https://github.com/KChen-la
b/bindSC/blob/master/vignettes/A549/A549.html).  
 
 
2. CiteFuse2 
CiteFuse was evaluated for paired scRNA and ADT integration task. We used 
the default parameter in its’ official tutorial (https://sydneybiox.github.io/CiteFus
e/articles/CiteFuse.html) and generated the similarity network fusion (SNF) matrix
 as method graph output. 
 
 
3. cobolt3 
Cobolt was evaluated for both paired scRNA and scATAC integration task and
 unpaired scRNA and scATAC mosaic integration task. For both tasks, we use
d same parameters in the official tutorial (https://github.com/epurdom/cobolt/blob
/master/docs/tutorial.ipynb).  
 
 
4. DCCA4 
DCCA was evaluated for paired scRNA and scATAC integration task. We foll
owed all parameters and code used in the official tutorial (https://github.com/c



mzuo11/DCCA/wiki/Analysis-of-PBMC_3K-dataset-from-10X-Genomics-by-DCCA
-model) and debugged the core functions “MVAE_cycleVAE.py” and “Cycle_m
odel_missing.py”, which forced to use two GPU device of certain names and r
aise error for device without exactly matched GPU hardware. We revised the s
cript of GPU device as variable option in the revised version of source code a
nd then reinstall the DCCA package.  
 
 
5. DeepMAPS5 
As reported in Methods section, we contacted with the author of DeepMAPS f
or GPU incompatibility in the GitHub issue (https://github.com/OSU-BMBL/dee
pmaps/issues/5). Due to its’ incompatibility with our benchmark platform (NVI
DIA 3090 and 1080Ti only), we did not test this method in our benchmark. 
 
 
6. GCN-SC6 
This method only provided some python files without any tutorial or introducti
on in GitHub (https://github.com/YuBinLab-QUST/GCN-SC). For this reason, w
e were not able to evaluate this method in accuracy and robustness sections. 
 
 
7. GLUE7 
GLUE was evaluated in unpaired scRNA and scATAC diagonal integration tas
k. We ran this method following the official tutorial for version 0.2.0 (https://s
cglue.readthedocs.io/en/v0.2.1/), and took original scRNA and scATAC profiles 
as input. 
 
 
8. Liger iNMF8, Liger UiNMF9, Liger online iNMF10 
We evaluated three Liger functions in Liger package for unpaired scRNA and 
scATAC diagonal integration tasks. We followed the official tutorials of Liger 
iNMF (https://welch-lab.github.io/liger/articles/Integrating_scRNA_and_scATAC_d
ata.html), Liger UiNMF (https://welch-lab.github.io/liger/articles/SNAREseq_walkt
hrough.html) and Liger online iNMF (https://welch-lab.github.io/liger/articles/onli
ne_iNMF_tutorial.html), and used same parameters in our benchmark. 
 
 
9. MaxFuse11 
MaxFuse was evaluated for both paired scRNA and ADT integration task and 
unpaired scRNA and scATAC diagonal integration task. We used the source co
de of MaxFuse in manuscript (https://github.com/shuxiaoc/maxfuse/tree/main/Arc
hive) for both tasks.  We followed parameters in the reproducibility code (http
s://github.com/shuxiaoc/maxfuse/blob/main/Archive/strong-link/10xpbmc/prep_pbm
c.Rmd) for unpaired scRNA and scATAC diagonal integration task, and followi



ng the official tutorial (https://maxfuse.readthedocs.io/en/latest/citeseq_pbmc_evalu
ate.html) for paired scRNA and ADT integration task.  
 
 
10. MOFA+12, MEFISTO13 
We evaluated two tools, MOFA+ and MEFISTO, in the MOFA package. MOF
A+ was evaluated for paired scRNA and scATAC integration task and paired s
cRNA and ADT integration task. MEFISTO was evaluated for spatial CITE-seq
 integration task. We followed tutorials in muon package14 (https://muon-tutorial
s.readthedocs.io/en/latest/) for both methods. 
 
 
11. MIDAS15 
MIDAS was evaluated for unpaired scRNA and scATAC mosaic integration tas
k and unpaired scRNA and ADT mosaic integration task. As MIDAS uploaded
 the user executable code and official tutorial after AIP of our stage 1 manusc
ript (July 4th, 2024), we appended this algorithm after our stage 1 proposal wi
th the permission from the editor. We followed the MIDAS official tutorial (ht
tps://scmidas.readthedocs.io/en/latest/) for both tasks. 
 
 
12. Multigrate16 
Multigrate was tested for paired scRNA and scATAC integration task, paired s
cRNA and ADT integration task, unpaired scRNA and scATAC mosaic integrat
ion task and unpaired scRNA and ADT mosaic integration task. We followed t
he official tutorials (https://multigrate.readthedocs.io/en/latest/tutorials.html) for al
l these tasks. We also evaluated the batch parameter by setting “categorical_co
variate_keys=['batch']” in setup_anndata function. 
 
 
13. MultiMAP17 
MultiMAP was tested for unpaired scRNA and scATAC diagonal integration ta
sk and spatial CITE-seq integration task. For unpaired scRNA and scATAC dia
gonal integration task, we followed the official tutorial (https://nbviewer.org/gith
ub/Teichlab/MultiMAP/blob/master/examples/tutorial.ipynb). For spatial CITE-seq 
integration task, we followed the GitHub documentations for manifold alignmen
t (https://github.com/Teichlab/MultiMAP) and aligned the spatial coordinates to 
CITE-seq manifold to generate joint reduction. 
 
 
14. MultiVI18, totalVI19 
MultiVI and totalVI were two integration functions in scvi-tools20. We evaluate
d MultiVI for paired scRNA and scATAC integration task and unpaired scRN
A and scATAC mosaic integration task. And we tested totalVI for paired scR



NA and ADT integration task and unpaired scRNA and ADT mosaic integratio
n task. We ran the two methods following the tutorials of scvi-tools (https://do
cs.scvi-tools.org/en/stable/index.html).  
 
 
15. Pamona21 
Pamona was evaluated for unpaired scRNA and scATAC diagonal integration t
ask. We ran this method following the official tutorial (https://github.com/caokai
1073/Pamona/blob/master/example/Simulation1.ipynb) with default parameters.  
 
 
16. SAILERX22 
SAILERX was evaluated for paired scRNA and scATAC integration task. How
ever, the input data format or demo was not available, and the author did not 
response to the unavailability of input data (https://github.com/uci-cbcl/SAILER
X/issues/1). For this reason, we did not evaluate this method for accuracy and 
robustness metrics.  
 
 
17. scAI23 
scAI was evaluated for paired scRNA and scATAC integration task. We follow
ed the parameter in official tutorial (https://htmlpreview.github.io/?https://github.c
om/sqjin/scAI/blob/master/examples/walkthrough_A549dataset.html) for this metho
d. 
 
 
18. SCALEX24 
SCALEX was evaluated for paired scRNA and ADT integration task and unpai
red scRNA and scATAC diagonal integration task. We followed the official tut
orial (https://scalex.readthedocs.io/en/latest/index.html) for both tasks. 
 
 
19. scDEC25 
scDEC was evaluated for paired scRNA and scATAC integration task. We foll
owed the parameters in official tutorial for 10X PBMC dataset (https://github.c
om/kimmo1019/scDEC/wiki/PBMC10k) for this method. 
 
20. sciPENN26 
sciPENN was evaluated for paired scRNA and ADT integration task and unpai
red scRNA and ADT mosaic integration task. We followed the official tutorial 
in google drive (https://drive.google.com/drive/folders/1iY4s76UYNMFvF6v3XN4
JxD9gM77NIxoH) for both tasks. 
 
21. scMCs27 



scMCs was selected for paired scRNA and scATAC integration task. However, 
this method only provided the source code, and was not available for any tuto
rial or demo for user (https://www.sdu-idea.cn/codes.php?name=ScMCs).  
 
22. scMDC28 
scMDC was evaluated for paired scRNA and scATAC integration task and eva
luated for paired scRNA and ADT integration task. We ran scMDC for both t
asks with the default parameter introduced in the official GitHub folder (https:/
/github.com/xianglin226/scMDC).  
 
23. scMM29 
scMM was evaluated for paired scRNA and scATAC integration task and eval
uated for paired scRNA and ADT integration task. However, we encountered a
n error for exploding gradient in both tasks, which was also reported by other 
users (https://github.com/kodaim1115/scMM/issues/2), however, not responded by
 the author. For this reason, we did not evaluate this method for accuracy and
 robustness of both tasks. 
 
24. scMoMaT30 
scMoMaT was evaluated for unpaired scRNA and scATAC mosaic integration t
ask and unpaired scRNA and ADT mosaic integration task. For both tasks, we 
followed the recommended parameter in demo of official GitHub (https://github.
com/PeterZZQ/scMoMaT). 
 
25. scMVAE31 
scMVAE was evaluated for paired scRNA and scATAC integration task. The s
cMVAE should be appended with “__init__.py” for proper import in python sc
ript. Following a test code as demo (https://github.com/cmzuo11/scMVAE/blob/
master/MVAE_test_Adbrain.py), we used same parameters and took GAM and 
scRNA as input of this method. 
 
26. scMVP32 
scMVP was evaluated for paired scRNA and scATAC integration task. We foll
owed the parameters used in official tutorial (https://github.com/bm2-lab/scMVP/
blob/master/demos/scMVP_tutorial.ipynb) for this method. 
 
27. scVAEIT33 
scVAEIT was evaluated for unpaired scRNA and scATAC mosaic integration t
ask and unpaired scRNA and ADT mosaic integration task. For both tasks, we 
followed the tutorial provided by the author on Feb 22, 2024 in GitHub issue 
(https://github.com/jaydu1/scVAEIT/issues/6) for both tasks. 
 
28. Seurat v3 CCA34, Seurat v4 RPCA34, Seurat v4 WNN35, Seurat v5 bridge36 



We evaluated four Seurat functions in Seurat package for our benchmark. Seur
at v3 CCA and Seurat v4 RPCA were first released in version 3, and were ev
aluated for unpaired scRNA and scATAC diagonal integration task. However, 
we could only find RPCA integration function in Seurat version 4, and marked
 this method as Seurat v4 RPCA in our manuscript. Seurat v4 WNN was eval
uated for paired scRNA and scATAC integration task and paired scRNA and 
ADT integration task. Seurat v5 bridge was evaluated for unpaired scRNA and 
scATAC mosaic integration task and unpaired scRNA and ADT mosaic integrat
ion task. We used same parameters as official tutorials for Seurat v3 CCA (htt
ps://satijalab.org/seurat/articles/integration_introduction.html), Seurat v4 RPCA (ht
tps://satijalab.org/seurat/articles/integration_rpca.html) and Seurat v4 WNN (https:
//satijalab.org/seurat/articles/weighted_nearest_neighbor_analysis). For Seurat v5 b
ridge, we used “FindBridgeIntegrationAnchors” function to replace “FindBridge
TransferAnchors” in official function document (https://satijalab.org/seurat/referen
ce/findbridgeintegrationanchors), as we evaluated the integration accuracy rather 
than query accuracy in two mosaic integration benchmark tasks. 
 
29. SIMBA37 
SIMBA was evaluated for unpaired scRNA and scATAC diagonal integration t
ask. We ran SIMBA for this task following the official tutorial (https://simba-b
io.readthedocs.io/en/latest/multiome_10xpmbc10k_integration.html).  
 
30. SpatialGlue38 
SpatialGlue was evaluated of spatial CITE-seq integration task. As we used the datasets 
in SpatialGlue paper as our benchmark datasets, we ran this method with same scripts 
for same dataset in official tutorial (https://spatialglue-
tutorials.readthedocs.io/en/latest/).  

 
31. StabMap39 
StabMap was evaluated for unpaired scRNA and scATAC mosaic integration ta
sk and unpaired scRNA and ADT mosaic integration task. We ran this method
 in unpaired scRNA and ADT mosaic integration task with recommended para
meter in official tutorial (https://marionilab.github.io/StabMap/articles/stabMap_PB
MC_Multiome.html). For unpaired scRNA and scATAC mosaic integration task,
 the filtering threshold in tutorial would lead to 0 features left for downsampli
ng dataset, and the maximum features in StabMap is 1000 for all modalities, 
we set a fixed feature number of 600 for both scRNA and scATAC modalities. 
 
32. unionCom40 
unionCom was evaluated for unpaired scRNA and scATAC diagonal integration
 task. We followed parameters used in official tutorial (https://github.com/caokai
1073/UnionCom/blob/master/Examples/Simulation1.ipynb) for this method. 
 
33. uniPort41 



uniPort was evaluated for paired scRNA and scATAC integration task and unp
aired scRNA and scATAC diagonal integration task. We revised the parameter 
“chunk_size” in “batch_scale” function from default value of 20000 to 20001, 
as this method would raise a bug when the cell number in our scalability data
set was divisible by the default “chunk_size” parameter. We also used lower le
arning rate than the official tutorial (https://uniport.readthedocs.io/en/latest/), as t
his method would encounter gradient explosion for datasets larger than 50,000 
cells with default learning rate. 
 
 

Supplementary Note 2: Summary of benchmark algorithms  

For a comprehensive benchmarking analysis of multi-modal integration tools using 
different infrastructures, we collected a total of 40 multi-modal integration software 
packages encompassing 65 integration tasks. This collection included 17 paired scRNA 
and scATAC integration methods, 13 paired scRNA and ADT integration methods, 3 
spatial multi-modal integration methods, 14 unpaired scRNA and scATAC diagonal 
integration methods, 8 CITE-seq mosaic integration methods and 8 multiome mosaic 
integration methods, whereas some of these tools were applicable for multiple multi-
modal integrations. We executed using their default parameters as specified in public 
tutorials and methods detailed in their respective publications (details in Supplementary 
Note).  

 

Among these benchmark algorithms, several algorithms were not executed for 
performance evaluations. Firstly, some tools were not available for our benchmark 
analysis due to the limited usability and a lack of source code maintenance. We were 
unable to execute scMCs27 and GCN-SC6 as we were unable to find any script or tutorial 
to guide us in using the algorithm or assist us with the source code. And SAILERX22 
did not provide the format of input data in the tutorial, and the hyperlink of example 
input data was not accessible. Additionally, We encountered an error when using 
scMM29, an issue that had also been reported by us as well as other users on their 
GitHub page. However, ultimately, we received no response from the author. Secondly, 
some tools were restricted or not supported by our benchmark GPU platforms. 
DeepMAPS5 was developed and tested on the NVIDIA A100 GPU, which, out of the 
box, does not support GeForce Ampere cards, like NVIDIA 3090 GPU or NVIDIA 
1080Ti GPU used in our benchmark. 

 

 

Supplementary Note 3: Details of all benchmark datasets 

The characteristics of these datasets in the proposed benchmark study as follows: 

 



BMMC datasets 

The BMMC Multiome and CITE-seq datasets42 contain nested batches of donors and 
experimental sites. The cell annotations were first generated for each modality and 
batch separately, and then manually annotated the cell subclusters inconsistent between 
the two modalities by evaluating which modality marker features more clearly 
described the specific cellular subpopulation42. The cell type annotations of BMMC 
datasets do not rely on joint embedding clustering or scRNA modality clustering, which 
largely ensures the independence of clustering results of all benchmark algorithms. For 
both Multiome and CITE-seq datasets, we grouped similar cell types and refine the 
annotations as broader cell types (Supplementary Table 3). 

HSPC datasets 

The HSPC Multiome and CITE-seq datasets43 contain nested batches of HSPC cells 
collected from 4 samples and then cultured with 5 time points, which would be suitable 
for batch effect removal evaluation. The HSPC datasets annotated cells by scRNA cell 
clusters and their marker genes' gene expression using information from a previous 
study44, which were not apply for evaluation with biological conservation metrics. 

SHARE-seq dataset 

The SHARE-seq mouse skin dataset45 was annotated for scRNA and scATAC 
modalities separately, and then marked cell labels inconsistent between the two 
modalities as “mixed”. We used cells with consistent cell labels in two modalities as 
the ground truth for cell clustering, as these annotated cell labels would not favor the 
clustering results from joint embedding or scRNA embedding. 

COVID-19 dataset 

The COVID-19 PBMC CITE-seq dataset46 is a large-scale dataset with 781,123 cells 
from 143 donors, which was available for batch removal and scalability evaluation. The 
COVID-19 dataset annotates cells by manually matching marker genes and surface 
protein expression to Leiden clustering results from the scRNA modality. For potential 
bias towards scRNA clustering-based results, we did not use the COVID-19 dataset for 
evaluation requiring ground truth cell labels. 

10X PBMC dataset 

The 10X PBMC dataset is merged from 10k PBMC Multiome RNA + ATAC dataset 
(https://www.10xgenomics.com/datasets/pbmc-from-a-healthy-donor-no-cell-sorting-
10-k-1-standard-2-0-0) and 3k PBMC Multiome RNA + ATAC dataset 
(https://www.10xgenomics.com/datasets/pbmc-from-a-healthy-donor-no-cell-sorting-
3-k-1-standard-2-0-0), including 15,021 cells in total. This dataset is available for 
evaluating batch removal between two datasets, as well as cell alignment accuracy 
evaluation.  

10X mouse brain dataset 

10X mouse brain dataset is a single cell Multiome RNA + ATAC dataset for brain 
coronal sections from one hemisphere of Alzheimer's disease mouse and wild type 



mouse from 10X genomics website 
(https://www.10xgenomics.com/datasets/multiomic-integration-neuroscience-
application-note-single-cell-multiome-rna-atac-alzheimers-disease-mouse-model-
brain-coronal-sections-from-one-hemisphere-over-a-time-course-1-standard). We 
used two replicates for both wild type mouse and Alzheimer’s disease mouse at time 
point of 2.5 months as our benchmark dataset. This dataset is available for batch 
removal evaluation and cell alignment accuracy evaluation. 

Human WBC dataset 

Human WBC dataset34 is a human white blood cell (WBC) CITE-seq dataset with 24 
samples from 8 donors and 3 time points, which was available for batch effect removal 
evaluation. This dataset was annotated by Seurat v4 package34, which was not apply for 
evaluation with biological conservation metrics. 

10X NSCLC dataset 

10X NSCLC dataset is a CITE-seq dataset of non-small cell lung cancer (NSCLC) 
dissociated tumor cells from 10X Genomics website 
(https://www.10xgenomics.com/datasets/20k-mixture-of-nsclc-dtcs-from-7-donors-3-
v3-1-with-intronic-reads-3-1-standard). This dataset includes 7 donors, and was 
available for batch removal evaluation. 

10X kidney cancer dataset 

10X kidney cancer dataset is a subset of dissociate tumor cells mixture dataset from 
10X Genomics website (https://www.10xgenomics.com/datasets/40k-mixture-of-
dissociated-tumor-cells-from-3-donors-stained-with-totalseqc-antibodies). We used 
two replicates of kidney cancer samples for batch removal evaluation. 

 

Spatial multiomics datasets 

We used three spatial CITE-seq datasets47 for spatial multi-modal integration methods 
evaluation. Among the three spatial multi-omics datasets, we used the human lymph 
node dataset for biological conservation evaluation, as this dataset contains cell 
annotations by manually annotated tissue structures from histological images, which 
are irrelevant to joint embedding or scRNA embedding. 

 

Scalability datasets 

For scalability evaluation, we generated new simulation datasets (Supplementary Table 
2) with a specific number of cells by either downsampling or upsampling from the 
BMMC Multiome and COVID-19 CITE-seq benchmark dataset. Since this is a 
scalability evaluation, the study would not be influenced by the proportion of cell type 
labels or cell batch information. Specifically, for simulation datasets smaller than the 
size of the original dataset, we randomly selected a specific number of cells from the 
original benchmark data as downsampling simulation data. For simulation datasets 
larger than the size of original data, we randomly sampled from the original datasets 



for several times and merge these datasets as upsampling simulation datasets. To assess 
the robustness of the algorithms confronting data sparsity, we downsampled the total 
counts for each modality of each cell to 75%, 50%, 25% and 10% of the original counts, 
using the downsampleMatrix function in the scuttle package48. Further details regarding 
the benchmark datasets and associated tasks were listed in Supplementary Table 2. 
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