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Overview
• Single cell RNA-seq data (scRNA-seq) 
• A typical scRNA-seq pipeline 
• Some comparisons of methods: clustering, “simple” 

differential expression 
• Definitions: Cell type and cell state 
• Multi-sample differential expression: differential state 

analysis
• Some things not in the preprint



Bulk vs single-cell RNA-sequencing

Images modified from https://www.flickr.com/photos/konradfoerstner/21264667663 and https://commons.wikimedia.org/wiki/File:Innate_Immune_cells.svg

RNA extraction, 
preparation of cDNA, 
cell barcoding, UMIs 

(scRNA-seq only)

Cell sorting, tissue 
dissociation

sequencing

https://www.flickr.com/photos/konradfoerstner/21264667663


Single cell isolation

FACS

droplet

Micro-pipetting Laser Capture 
Microdissection

Tissue 
dissociation



Platforms

Note: tradeoff between number of cells and depth per cell Svensson et al. 2018



Applications



Computational Tools

https://www.scrna-tools.org

https://www.scrna-tools.org/
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scRNA-seq pipeline



A couple early goals: find clusters, identify genes that distinguish 
clusters (“cell type”) .. perhaps via dimension reduction
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Figure 1 | Overview of SIMLR. Given 
a gene expression matrix as input, 
SIMLR learns proper weights for 
multiple kernels, which are different 
measures of cell-to-cell distances, 
and constructs a symmetric similarity 
matrix. SIMLR assumes that if C 
separable populations exist among the 
cells, then the similarity matrix should 
have an approximate block-diagonal 
structure with C blocks whereby cells 
within the same subpopulation are 
more similar. SIMLR uses the learned 
similarity to visualize the cells, 
reduce the dimension of the data, and 
cluster the cells into subgroups, as 
well as to prioritize the most variable genes that explain the differences across the populations. Solid arrows represent the information used compute 
the similarity matrix, and immediate applications of the similarity matrix. Dotted arrows indicate that clustering results can optionally be used in 
combination with visualization or gene prioritization. Each point in the 2D scatter plot represents a cell, and the corresponding colors represent the 
group ID assigned by clustering. 

and Supplementary Fig. 7). In addition to producing 2D embed-
dings consistent with the true labels on each data set, SIMLR can 
identify subpopulation structures even when the selection of the 
rank-constraint parameter does not account for additional struc-
tured heterogeneity within each subpopulation. From the similar-
ity structure learned by SIMLR in the Kolodziejczyk data set4, we 
observed that each of the three validated groups could be further 
divided into subgroups (Figs. 2 and 3), consistent with the original 
study by Kolodziejczyk. While these subgroups were identified 
using preselected genes in the original study, SIMLR preserved 
these substructures without requiring gene preselection.

SIMLR can also be used to cluster cells, either by applying affin-
ity propagation (AP)14 directly to the learned similarity matrix, or 
by applying k-means clustering15 in the latent space after applying 
SIMLR for dimension reduction (Supplementary Note 4). Clustering 
with AP demonstrates that the similarities learned by SIMLR sig-
nificantly outperform Euclidean similarity and Pearson correlation. 
Further, k-means clustering with SIMLR consistently outperforms 
clustering methods recently used in single-cell studies16 on the four 
data sets (Supplementary Figs. 8 and 9; Supplementary Table 4).

In addition to the four data sets with ground truth, we selected 
more challenging scenarios to assess SIMLR’s performance. We 
analyzed a sparse peripheral blood mononuclear cell (PBMC) 
data set generated on the GemCode platform7 with 2,700 cells 
and 95% zero expression counts. Using SIMLR with K-means 
clustering, we identified major cell types (B cells, CD4+ T cells, 
CD8+ T cells, natural killer cells, macrophages), including a rare 
megakaryocyte population of 12 cells (Supplementary Note 5, 
Supplementary Figs. 10 and 11, Supplementary Table 5). We 
also performed additional comparisons on a variety of simulated 
data sets with ground truth information to demonstrate SIMLR’s 
superior performance under different modeling assumptions 
(Supplementary Note 6 and Supplementary Figs. 12–20).

To demonstrate the scalability of SIMLR, we applied it to 
three published large-scale single-cell data sets with assigned 
cell types6,7,17 (see Online Methods). We measured the consis-
tency between our classification labels and the original cell type 
labels (Supplementary Tables 6 and 7). For the Zeisel data set17, 
we adopted a two-level clustering approach, used in the origi-
nal analysis, to show that SIMLR is able to dissect fine-grained 

heterogeneity in a hierarchical 
fashion. Moreover, we visualized 
the original classification labels 
from the studies to demonstrate 
SIMLR’s effectiveness in revealing  
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Figure 2 | Benchmark results on data 
sets with ground truth. Similarity 
matrices for similarities learned from 
the data by SIMLR, computed from 
Gaussian kernels applied to Euclidean 
distances and from pairwise Pearson 
correlations. The scales are in relative 
units from low to high similarity. 
Cells in the matrices are ordered by 
their true labels so that cells with the 
same label (indicated by the colored 
axes) are grouped together. SIMLR 
learned matrices with block structures 
in remarkable agreement with the 
true labels.
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Clustering methods

Across various datasets 
(platforms), what 
methods work well?



Reference datasets





Similarly, how well do differential expression methods work? 

“Signal” data sets “Mock” or null data sets

Using labels from 
independent truth 

(time point, 
fluoresence)



• http://imlspenticton.uzh.ch:3838/conquer/ 


• Currently 40 data sets, both full-length and UMI-based protocols

conquer - reprocessed data analysis read public 
scRNA-seq datasets

Charlotte 
Soneson

imlspenticton.uzh.ch:3838/conquer/


• 36 approaches to 
differential gene 
expression (19 
different packages/
tests, multiple 
settings)

scRNA-seq “simple” differential expression: Evaluated methods

BPSC DESeq2 metagenomeSeq
D3E edgeR-LRT ROTS

MAST edgeR-QLF t-test
monocle limma-trend Wilcoxon test
NODES voom-limma
scDD SAMseq
SCDE
Seurat

DEsingle
Code and data are available on GitHub: 

https://github.com/csoneson/conquer_comparison

“bulk” DE 
methods

single-cell 
DE methods

https://github.com/csoneson/conquer_comparison


Punchline
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Several methods work well, including a 
mix of single-cell-specific and bulk 
methods 

t-test and Wilcoxon perform 
surprisingly well 

“we found that bulk RNA-seq analysis 
methods do not generally perform 
worse than those developed 
specifically for scRNA-seq” 

Methods

Criteria



Beyond the punchline
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Many more details!  >30 Supplementary Figures 
http://imlspenticton.uzh.ch:3838/scrnaseq_de_evaluation/
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Supplementary Figure 26: Summary of the computational time requirement for all evaluated methods. To
make values comparable across datasets with di↵erent number of cells and genes, we scale the times for each
dataset instance relative to the slowest method for that particular instance to get relative time requirements.
All methods were run on a single core. In each panel, the methods are ordered by the median value of
the illustrated statistic. A. Relative computational time requirement for the di↵erent methods across all
scRNA-seq datasets. The y-axis is on a log scale for improved visibility. n, number of data set instances.
B. Exponent in a power model relating computational time requirement to the number of cells for datasets
instances with similar number of genes. Center line, median; hinges, first and third quartiles; whiskers, most
extreme values within 1.5 IQR from the box; n, number of dataset groups (where each group contains dataset
instances with similar number of genes)
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Supplementary Figure 14: Representative p-value histograms for all methods returning nominal p-values
applied to one of the scRNA-seq null dataset instances, after gene prefiltering retaining only genes with an
estimated expression exceeding 1 TPM in more than 25% of the cells.
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P-value distributions (under null)



 

One critical aspect: making reference datasets 
available so that new methods can be tested.

Theme: meta-research

https://arxiv.org/abs/1812.00661


Design

Clustering

Dimension 
Reduction

Preprocessing:  
quantification, 
QC, filtering,  
normalization

Raw Data

Cell Type 
Prediction

Alignment

Marker Gene  
DE

Cell Types

Diff. Abundance 
Analysis Aggregation

Diff. State 
Analysis

Geneset 
analyses

Aggregation of 
related cell 

types 

scRNA-seq pipeline



Type:	more	permanent	
State:	more	transient

Differential 
abundance 
analysis

Differential 
state analysis



“how can we be confident that a novel transcriptional 
signature represents a new cell type rather than a known cell 
type in an unrecognized state?

"We view a cell state as a secondary 
module operating in addition to the 
general cell type regulatory program."



Focus: Marker gene DE Focus: cross-sample DE

Two types of differential expression:  
marker gene DE, differential state analysis 

repeat for each 
population ..



After “Cell Type Prediction” / “Clustering”, 
various ways to view the inference problem

Multi-sample 
Multi-condition 
Multi-population



Limited “off-the-shelf” 
options for comparison 

of distributions

• What is the null distribution? —> 
all distributions are the same.


• k-sample Anderson-Darling test 
(Scholz and Stephens, 1987)


• functional data analysis?



Some precedent, but different contexts

Multi-sample 
Multi-condition 
Multi-population

“A solution is 
proposed whereby 
counts are summed 
from all cells in each 
plate and the count 
sums for all plates 
are used in the DE 
analysis.”

mixed models



Equivalent Expression

Equivalent Proportions

Differential Expression

Differential Proportions

Differential Modality

Both, Differential modality  
& component means

(shift in means)

(identical means)

…idea adapted from Korthauer et al., 2016

Simulation: multi-sample, multi-
subpopulation, multi-condition



Flexibility of 
simulation

• knobs for: sample size, # of cells, 
changes in abundance, subpopulation-
specific state changes 

• batch effects?



countsimQC: comparing simulated and real data

pseudobulk-level dispersion-
mean relationships

https://bioconductor.org/packages/release/bioc/html/countsimQC.html

cell-level properties

aggregrate-level 
properties

https://bioconductor.org/packages/release/bioc/html/countsimQC.html


Aggregation works well, mixed models 
work well. DB especially difficult to detect

AD = Anderson-Darling 
MM = mixed models

FDR

TP
R



Pick your data to model wisely

simulated log-fold-change

es
tim

at
ed

 lo
g-

fo
ld

-c
ha

ng
e



Current rating

PB = pseudobulk 
AD = Anderson-Darling 
MM = mixed models



Application to LPS dataset: clustering + 
annotation subpopulations

Data from: 
4 mice treated with vehicle 
4 mice treated with LPS 

frontal cortex 

single nuclei RNA-seq (10x) 

usual preprocessing: 
filtering, doublet removal, 
Seurat integration, 
clustering 



Application to LPS dataset:  
subpopulation-level visualization

Data from: 
4 mice treated with vehicle 
4 mice treated with LPS 

Each dot is one subpopulation/
sample combination 



Application to LPS dataset: go back to cell-level 
response (discovery based on pseudobulk)

workflowr !



Application to LPS dataset: look at genes (genesets) 
changing {within specific, common across} subpopulations



LPS dataset: interplay of cell type and cell state



A couple things you can’t read in the preprint

• Maybe relationships between cells are important —> use a tree of such 
relations to guide the inference of differential expression


• Can we do better by looking at full distributions instead of aggregating?



Give more space to orange branch; The visualization is on the leaf level (blue points)

Motivation: can we use the tree information and perform 
differential inferences across resolutions?

Fiona



aggFDR compares favourably across scenarios and sample sizes

For single cell: generate tree from 
clustering of type genes, use 
aggFDR to report data-dependent 
resolution of differential states

S1 S2 S3



Analyses across resolutions

(here: microRNA 
relationships and 
corresponding gene 
expression, but could 
be cells)



Differential state from full distributions  
(no aggregation)

Idea: shuffle cells from multiple samples to generate a permutation test, compare 
some summary measure of the distribution 



Differential state 
from full 

distributions  
(no aggregation)

overall
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db

Permutation testing 
shows big gains over 
aggregation for DB. 
Comparable performance 
for DE, DM, DP. 

Simone



Comments
• multi-sample multi-condition multi-subpopulation datasets —> in silico sorting + 

differential state analysis 
• Aggregation (e.g., pseudobulk counts) works well, is fast, flexible and modular

• software: https://github.com/HelenaLC/muscat, aggFDR, ..


• Are we getting deep enough (per cell, per subpopulation)? —> power differs by 
cell type


• Interplay between definition of type and state: discretization, but at what 
resolution? —> data-driven aggregation along tree


• Should we fit separate models for each subpopulation (what we do now) or one 
model over all subpopulations?


• How to best use batch correction methods, cell type assignment methods

• Extensions to trajectories?

https://github.com/HelenaLC/muscat


Statistical Bioinformatics Group, IMLS, UZH

Dheeraj Maholtra 
Daniela Calini



Preprint

http://bit.ly/2K4jKzK 
or Google: “crowell 
biorxiv muscat”

 

http://bit.ly/2K4jKzK
https://www.travelanddestinations.com/most-beautiful-places-to-visit-switzerland/

