Supplemental Material for

Cross-species cell-type assignment of single-cell RNA-seq
by a heterogeneous graph neural network

Xingyan Liu"%', Qunlun Shen'?" and Shihua Zhang'234’

INCMIS, CEMS, RCSDS, Academy of Mathematics and Systems Science,
Chinese Academy of Sciences, Beijing 100190, China;

2School of Mathematical Sciences, University of Chinese Academy of Sciences,
Beijing 100049, China;

3Center for Excellence in Animal Evolution and Genetics, Chinese Academy of
Sciences, Kunming 650223, China;

4Key Laboratory of Systems Health Science of Zhejiang Province, School of
Life Science, Hangzhou Institute for Advanced Study, University of Chinese
Academy of Sciences, Chinese Academy of Sciences, Hangzhou 310024,
China.

"These authors contributed equally to this work.

*To whom correspondence should be addressed. Tel/Fax: +86 01 82541360;
Email: zsh@amss.ac.cn.



Supplemental Figures

A 10/
081 e WWWM«M
0.6 -
0.6 |
0.4 1
0.4 1
0.2 === Training accuracy 0.2 == Test accuracy
=== Test accuracy w— AMI
0.0 %971
0 100 200 300 0 100 200 300

Dot-attention
(66.81%)

No attention
(63.51%)

No Lay'erNorm
(52.33%)

Default (68.96%)

0.0 05

No recurrent
(66.87%)

1.0 0.0 05
Self-loop on classifier No cell-cell edge
(61.56%) (67.67%)

10 00 05 10

Figure S1. Performance evaluation during the training process and ablation
experiments about six key factors of CAME. (A) (Left) Classification accuracy of
training and test during the training process of CAME. (Right) The changes of test
classification accuracy and the adjusted mutual information (AMI) between the
predicted labels and pre-clustered ones of query cells during the training process of
CAME. (B) Ablation experiments showing the importance of each part or key hyper-
parameters adopted by CAME, where the values in parentheses represent the average
accuracy across all the reference-query pairs.
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Figure S2. Multi-label cell-type prediction analysis. (A, C) Distribution of predicted
probabilities of mouse brain cells (A) and turtle brain cells (C) with the human reference
respectively, where each column shows a query cell type. The probabilities are
calculated in a multi-label manner. (B, D) Reference type-removal experiments. Upper,
both inhibitory and excitatory neurons were removed from the reference for two cases,
and the neurons in the query data were predicted with much more uncertainty. Lower,
predictions with the removal of oligodendrocytes from the reference for two cases,
where most of the oligodendrocytes were assigned higher probability to its precursor

type.
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Figure S3. Performance of CAME for cross-species cell-type assignment. (A)
Overview of datasets. (B) Proportion (lower triangular) and number (upper triangular)
of homologous genes between each pair of species. (C) Density plot of the proportions
of the non-one-to-one homologous genes in HIGs (Methods) for two groups of dataset
pairs. (D) Box plots showing the cell-type assignment performance of CAME and
CAME* (using only one-to-one homologous genes) based on zebrafish-excluded and

zebrafish-associated dataset pairs.



CAME

CAME

® Brain o Kidney @ Pancreas o Retina @ Testis
Accuracy Macro-F1 Weighted-F1
1.0 . 4 . .
o 5 ’J
- o : o Ul
L] {}. "h { '.
, L] ... & 8 (] . r ]
051 e e A
: v sld &
¢ i " ] s
£ . L] #
l. /’
0ol p=068 |, p=089 | " p=0.14
0.0 05 10 00 05 10 00 05 1.0
CAME*
oHZ eM7Z @#C7Z @#7ZM ©7Z-H ® 7ZC
Accuracy Macro-F1 Weighted-F1
1.0 ] 7 Py
. 2 "'.r"" I’M‘ . . O 3 "'(,,
. :-Thﬂ AJ, . . {'-h'.:.:-_": ‘:"?.
t oy 3P ’ v f" Rl
05 -..:.‘. :j:‘:‘\. L :-': ‘:: '; : t.::%: i.- .":
B R X7 b 5 s
".-.);A e ; ./*/ ‘
x .. JEE S AN
00l p=78x1023 ||, p=9.3x102 |7 p=4.2x102
0.0 05 10 00 05 10 00 05 1.0
CAME*

Figure S4. Statistics of gene homologies and comparison between CAME and
CAME*. (A) Performance comparison between CAME and CAME* in terms of cross-
species cell-type assignment for zebrafish-excluded dataset pairs. (B) Performance
comparison between CAME and CAME* in terms of cross-species cell-type
assignment for zebrafish-associated dataset pairs, where “X-Y” indicates the label
transfer from species X to Y. C: chick, H: human, M: mouse, Z: zebrafish.
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SAM mean 0.0595 0.2212 0.1377 0.0644 0.0944
a
P median 0.0299 0.1455 0.1485 0.0182 0.0561
S mean 0.6884 0.4705 0.7278 0.6101 0.7457
cma
P median 0.7139 0.489 0.7739 0.7003 0.758
[tClust mean 0.5742 0.3036 0.397 0.6437 0.6181
us
median 0.6338 0.2243 0.0693 0.7158 0.6852
SCN mean 0.6466 0.44 0.5611 0.6138 0.7028
median 06714 0.5262 0.5962 0.5974 0.7029
Cell BLAST mean 0.6638 0.307 0.8059 0.6423 0.6434
e
median 0.6808 0.288 0.848 0.6381 0.6894
SciBet mean 0.8275 0.5173 0.618 0.7258 0.749
B median | 0.8486 048 0.6139 0.7251 0.7345
S ¢ mean 0.72 0.4891 0.7321 0.8211 0.7505
eura
median 0.7391 0.471 0.7396 0.8454 0.7457
CAME* mean 0.8352 0.5767 0.8544 0.8719 0.7984
median 0.8176 0.5972 0.8636 0.9099 0.7978
CAME mean 0.8413 0.593 0.8846 0.8936 0.8022
median 0.8401 0.6549 0.8749 0.915 0.7821
B Method Reference | Chick Human Mouse Zebrafish
Query Zebrafish Chick Human Mouse
SAMa mean 0.2373 0.0874 0.0898 0.0513 0.0608 0.075
P median 0.1588 0.0679 0.0762 0.0185 0.0015 0.0069
S mean 0.2105 0.1631 0.3542 0.1496 0.2971 0.1924
cma
P median 0.2086 0.1605 0.3512 0.0977 0.2739 0.1387
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ScN mean 0.2687 0.1862 0.2791 0.3217 0.3357 0.3374

median 0.2653 0.1808 0.2827 0.34 0.3877 0.3477

Cell mean 0.5496 0.3457 0.3691 0.5731 0.3622 0.465
BLAST  median 0.5438 0.3495 0.3807 0.5479 0.3524 0.4663
mean 0.428 0.4137 0.4799 0.5234 0.3847 0.4329

SciBet .
median 0.4163 0.425 0.4807 0.5262 0.3882 0.4286
Seurat mean 0.3234 0.3736 0.5533 0.492 0.5167 0.5511
median 0.2848 0.3688 0.5657 0.5024 0.5376 0.548
CAME* mean 0.5525 0.4726 0.5937 0.6201 0.5605 0.5935
median 0.5326 0.48 0.6049 0.6621 0.6293 0.6268
CAME mean 0.5679 0.5044 0.6385 0.6685 0.6466 0.6808

median 0.5918 0.5153 0.6405 0.6767 0.6872 0.7307

Figure S5. Performance comparison of classification accuracy between CAME
and other benchmarking methods. (A) Mean and median classification accuracies
of CAME and other benchmarking methods on 139 pairs of cross-species scRNA-seq
datasets (zebrafish excluded). Each column corresponds to a specific tissue. (B) Mean
and median classification accuracies of CAME and baseline methods on the cross-
species scRNA-seq data associated with zebrafish. Each column corresponds to
different species pairing with each other respectively.
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Figure S6. Performance comparison of cell-type classification of CAME and six
benchmarking methods. (A) Pairwise comparison of the cell-typing performance of
CAME and other six benchmarking methods on 139 pairs of cross-species scRNA-seq
datasets in terms of macro-F1 and weighted-F1 (zebrafish-excluded). (B) Pairwise
comparison of the cell-typing performance of CAME and other six benchmarking
methods on 510 pairs of cross-species scRNA-seq datasets in terms of macro-F1 and
weighted-F1 (zebrafish-associated). The notation “X-Y” indicates that X is the
reference and Y is the query. H: Human, M: Mouse, C: Chick, Z: Zebrafish.
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Figure S7. Robustness to inconsistent and insufficient sequencing depths
(zebrafish-excluded). (A) Violin plots of classification accuracies of CAME and six
benchmarking methods with different down-sampling rates (0.75, 0.5, 0.25, 0.1) for
read counts on the reference data. (B) Violin plots of classification accuracies of CAME
and six benchmarking methods with different down-sampling rates (0.75, 0.5, 0.25, 0.1)
on both reference and query data.
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Figure S8. Robustness to inconsistent and insufficient sequencing depths
(zebrafish-associated). Violin plots of classification accuracies of CAME and six
benchmarking methods with different down-sampling rates (0.75, 0.5, 0.25, 0.1) for
read counts on reference, query, and both datasets respectively.
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Figure S9. Performance comparison of classification accuracy of CAME under
different gene selection strategies and hyperparameters. (A) Mean and median
classification accuracies of CAME of CAME under different gene selection strategies
and hyperparameters on 139 pairs of cross-species scRNA-seq datasets (zebrafish
excluded). Each column corresponds to a specific tissue. (B) Mean and median
classification accuracies of CAME under different gene selection strategies and
hyperparameters on the cross-species scRNA-seq data associated with zebrafish.
Each column corresponds to different species pairing with each other respectively.
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Figure S10. Cross-species alignment of homologous cell types by CAME and
other five methods. UMAP plots of cell embeddings based on CAME and five typical
data integration methods including FastMNN, Harmony, LIGER, Cell BLAST, and
Seurat on four pairs of datasets, including human and mouse pancreas data, ("panc8”
and “FACS”), human and lizard brains (“Lake_2018” and “Tosches_lizard”), human and
mouse brains (“Lake_2018” and “Tasic18”), human and mouse retinal cells
(“Menon_microfluidics” and “Macosko”). Cells are colored by their dataset identities
(the first row) or cell types (the second row) respectively.
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Figure S11. Robustness to multi-reference batch effects with given batch labels.
UMAP plots of cell embeddings based on the output of CAME and five typical data
integration methods including FastMNN, Harmony, LIGER, Cell BLAST, and Seurat.
The reference datasets are the human pancreatic scRNA-seq data from eight batches
by five different platforms and the query is from mouse pancreas cells. Cells are
colored by their cell types (the first column) and dataset identities (the second column)
respectively. The UMAP plots on the third column show the reference datasets, colored
by batch identities.
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Figure S12. Genes of top attentions and gene embeddings of human and mouse
brains. (A) Dot plots showing the expressions of genes with top attentions in the
corresponding cell types. (B) UMAP plots of genes showing the average expression
patterns (z-scored across cell-types for each gene) of the major types for human and
mouse brain, where each point represents a gene and the color of each scatter is
scaled by the expression level of that cell type in each gene. SMC is short for “smooth
muscle cell’, and VLMC is short for “vascular and leptomeningeal cell”.
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Figure S13. Comparisons of the four interneuron subtypes between human and
mouse brains. (A) The predicted cell-type probabilities for each cell (each column) in
the scRNA-seq data of the mouse brain, taking the gene expressions of the human
brain as the reference (each row shows a cell type in human data). (B) The UMAP
plots of cell embeddings by CAME, colored by datasets (left) or cell type (right). (C)
The gene expression profiles of each inhibitory neural subtype in humans (upper, blue
dots) or mice (lower, red dots), where the genes were detected as the top DEGs of
each human interneuron subtype. (D) Similar to (C), the top DEGs of each mouse
interneuron subtype are shown.



A B Species

ces- JANN LT[0

MEIS2+ 1 l

PVALB+| ‘ | ’ 00
SST+ ! y

vie- S [

Cell type pmmr SR

LAMPS+ PVALB+ SST+ ViP+
C Cell types Gene modules Cell types
LAMPS+ 0 NN O -~ _LAMPS+
\l :‘/“/,»'
5 NN 5 ® mouse ® human
O IS /ARE O Cell type
MEI%
W 8 eawsm—— RVALB g
- 1 e 1 - a
PVALB+ s b o
4 NN 4 MEIS2+
% 3

7 7/

AR e T —

P
B e N

SST+

UMAP2

VIP+ 6 I 6 VIP+

| G0:0030540: Female genitalia development
G0:0046649: Lymphocyte activation

] G0:0030900: Forebrain development

] G0:0035036: Sperm-egg recognition

| G0:0003206: Cardiac chamber morphogenesis
] mmu04640: Hematopoietic cell lineage

-log10(P)

Figure S14. Explorations of the Meis2 inhibitory cell which is mouse-specific in
cell-type transferring. (A) The predicted cell-type probabilities for each cell (each
column) in the scRNA-seq data of the human cortex, taking the gene expressions of
the human brain as the reference (each row shows a cell type in human data). (B) The
UMARP plots of cell embeddings by CAME, colored by datasets (left) or cell type (right).
(C) Abstracted graph of the heterogeneous cell-gene graph. Each node represents a
cell type (pink) or a gene module (light blue). The size of a node is scaled by the
number of single cells in that type or the number of genes in that gene module. The
width of an edge is scaled by either the normalized mean expression levels of a cell
type in the connected gene module or the conservancy of inter-species gene modules
based on the gene embeddings learned by CAME. (D) Enrichment analysis of gene
module 8 which is related to mouse-specific Meis2 cells.
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Figure S15. Separate module extraction based on gene embeddings by CAME
on human and macaque testicular data respectively. (A) The abstracted
heterogeneous cell-gene graph. (B) Gene modules detected by separate module
extraction of genes from humans (above) and macaques (below). Non-one-to-one
homologous gene pairs and species-specific genes were included.
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Figure S16. Statistics of

common and private DEGs and gene expression
comparison between zebrafish and chick. (A) Table of the number of cross-species
overlapped DEGs in homologous cell types. The blank means that the cell type was
not detected or annotated in either dataset. “common1v1”: commonly DEGs that are
one-to-one homologous in the species pair. “common1”, “common2”: common DEGs
that are homologous in the species pair. “private1”, “private2”: DEGs that are only
occurred in species1 or species2, respectively. (B) Dot plot showing the common
DEGs or canonical markers of amacrine cells and microglial cells in zebrafish and chick
retinas respectively. Note that the significant marker CSF1R and CD74 of chick

microglial cells have more than one homology in zebrafish.
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Figure S17. Performance comparison of CAME with homologous gene
relationships inferred by Ensembl_Compara and Domainoid. (A) Venn plot
showing the intersection and difference set of the homologous genes inferred by
Ensembl_Compara and Domainoid. (B) Mean and median classification accuracies of
CAME with homologous gene relationships inferred by Ensembl_Compara and
Domainoid on cross-species sScRNA-seq datasets. The notation “X-Y” indicates that X
is the reference and Y is the query. H: Human, M: Mouse, C: Chick, T: Turtle, L: Lizard,
E: Macaque. (C) Performance comparison of CAME in terms of cell-typing accuracy
where each point represents a pair of cross-species datasets and is colored by
different tissues. (D) Performance comparison of CAME in terms of cell-typing
accuracy with a boxplot.
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Figure S18. Performance comparison for model training on the whole graph (WG)
and sub-graphs (SG) (i.e., mini-batches). The reference data and query data are up-
sampled from the human and mouse pancreas dataset (the number of cells in
reference and query is equal and the number of total cells is ranging from 20000 to
600000). To make a fair comparison, the genes were calculated from raw datasets. (A)
Cell-typing performance comparison between the WG and SG training strategies
based on 649 pairs of cross-species datasets in terms of Accuracy, Macro-F1, and
Weighted-F1 scores. (B) The training time and peak graphical memory usage are
showed for a different number of total cells.



Supplemental Tables

Table S1. scRNA-seq datasets used for benchmarking studies.

Baron_human [1]
Baron_mouse [1]
panc8 (SeuratData)
FACS [2]
testis_human [3]
testis_monkey [3]
testis_mouse [3]
Lake_2018 [4]
Tasic18 [5]
Campbell [6]

Chen [7]
Quake_Smart-seq2_Brain
_Non-Myeloid [2]
Tosches_lizard [8]
Tosches_turtle [8]

Adam [9]
Karaiskos_mouse [10]
Park [11]
Quake_10x_Kidney [2]
Wu_human [12]

Young [13]

Hochane [14]
Alemany_Kidney [15]
Menon_microfluidics [16]
Menon_seqwell [16]
Macosko [17]
mouse_NMDA_3hr [18]
mouse_NMDA_6hr [18]
mouse_NMDA_12hr [18]
mouse_NMDA_24hr [18]
mouse_NMDA_36hr [18]
mouse_NMDA_48hr [18]
mouse_NMDA_72hr [18]
mouse_NMDA_P60 [18]
mouse_LD_0Ohr [18]

Homo sapiens
Mus musculus
Homo sapiens
Mus musculus

Homo sapiens

Macaca fascicularis

Mus musculus
Homo sapiens
Mus musculus
Mus musculus
Mus musculus

Mus musculus

Pohona vitticeps

Trachemys scripta

elegans

Mus musculus
Mus musculus
Mus musculus
Mus musculus

Homo sapiens

Homo sapiens
Homo sapiens
Danio rerio

Homo sapiens
Homo sapiens
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus

Mus musculus

Pancreas
Pancreas
Pancreas
Pancreas
Testis
Testis
Testis
Brain
Brain
Brain
Brain
Brain Non-
Myeloid
Brain

Brain

Kidney
Kidney
Kidney
Kidney
Kidney

Kidney
Kidney
Kidney
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina

Retina

inDrop
inDrop
mixed
Smart-seq2
Drop-seq
Drop-seq
Drop-seq
snDrop-seq
Smart-seq2
Drop-seq
Drop-seq
Smart-seq2

Drop-seq
Drop-seq

Drop-seq
Drop-seq
10x

10x
10x_snRNA-
seq

10x

10x
ScarTrace
microfluidics
Seqg-Well
Drop-seq
10x

10x

10x

10x

10x

10x

10x

10x

10x

8,569
1,886
14,890
1,328
13,837
21,574
34,633
35,289
22,614
20,921
12,089
3,401

4,187
18,664

3,660
12,954
43,745

2,781

4,298

5,685
14,606
4,415
20,091
3,014
44,808
7,442
6,202
4,225
4,194
1,573
5,189
2,591
6,889
11,383



mouse_LD_4hr [18]
mouse_LD_10hr [18]
mouse_LD_24hr [18]
mouse_LD_P60 [18]
zebrafish_LD_4hr [18]
zebrafish_LD_10hr [18]
zebrafish_LD_20hr [18]
zebrafish_LD_36hr [18]
zebrafish_LD_Adult [18]
zebrafish_NMDA_4hr [18]
zebrafish_NMDA_10hr [18]
zebrafish_NMDA_20hr [18]
zebrafish_NMDA_36hr [18]
zebrafish_NMDA_Adult [18]
zebrafish_TNFa_10hr [18]
zebrafish_TNFa_20hr [18]
zebrafish_TNFa_36hr [18]
zebrafish_TNFa_72hr [18]
zebrafish_TNFa_Adult [18]
chick_P10 [18]

Mus musculus
Mus musculus
Mus musculus
Mus musculus
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Gallus gallus

domesticus

Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina
Retina

Retina

10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x
10x

3,094
6,371
4,756
15,256
3,475
5,226
6,784
10,183
19,485
7,387
4,727
4,603
4,034
19,485
9,769
5,086
6,269
7,931
19,485
13,819

Table S2. Top 10 enriched GO terms for each of the gene modules extracted from
scRNA-seq data of human and mouse brains. All the GO terms are filtered by the
Benjamini-Hochberg adjusted p-value < 0.1 (see the Excel table).

Table S3. Top 10 enriched GO terms for each of the gene modules extracted from
scRNA-seq data of human and macaque testis. All the GO terms are filtered by the
Benjamini-Hochberg adjusted p-value < 0.1 (see the Excel table).
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