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Abbreviations

Abbreviation | Definition

CPM Counts Per Million

DE differential expression

DGE differential gene expression

DNA deoxyribonucleic acid

DTW Dynamic Time Warping

EE equal expression

ERCC External RNA Controls Consortium
FACS Fluorescence-activated cell sorting
FDR False Discovery Rate

FPKM Fragments Per Kilobase Million
FWER Family-Wise Error Rate

IvVT in-vitro transcription

MNN Mutual Nearest Neighbours

MR median of ratios

mRNA messenger RNA

MST minimal spanning tree

MTP multiple testing problem

NB Negative Binomial

P Poisson

PBMC peripheral blood mononuclear cells
PCA principal component analysis

PCR Polymerase Chain Reaction

RNA ribonucleic acid

RNA-seq RNA-sequencing

rRNA ribosomal RNA

scRNA-seq Single-cell RNA sequencing
STAMPs single-cell transcriptomes attached to microparticles
SVM Support Vector Machines

TMM weighted trimmed mean of M-values
TPM Transcripts Per Kilobase Million
TPR True Positive Rate

UMI unique molecular identifier

ZINP Zero-inflated Negative Binomial
ZIP Zero-inflated Poisson

(04 type I error rate

B type II error rate

1-p statistical power




viii Publications




Chronological List of Publications

I. Parekh S, Ziegenhain C, Vieth B, Enard W, Hellmann I:
"The impact of amplification on differential expression analyses by RNA-seq." (2016)
Scientific Reports 6 (25533).
doi: 10.1038/srep25533

II. Ziegenhain C, Vieth B, Parekh S, Reinius B, Guillaumet-Adkins A, Smets M, Leonhardt H, Heyn
H, Hellmann I, Enard W:
"Comparative Analysis of Single-Cell RNA Sequencing Methods." (2017)
Molecular Cell 65 (4): 631-643.e4.
doi: 10.1016/j.molcel.2017.01.023

III. Vieth B, Ziegenhain C, Parekh S, Enard W, Hellmann I:
"powsimR: Power Analysis for Bulk and Single Cell RNA-Seq Experiments." (2017)
Bioinformatics 33 (21): 3486-3488.
doi: 10.1093/bioinformatics/btx435

IV. Parekh S*, Ziegenhain C*, Vieth B, Hellmann I, Enard W:
"zUMIs: A fast and flexible pipeline to process RNA sequencing data with UMIs." (2018)
GigaScience 7 (6).giy059.
doi: 10.1093/gigascience/giy059

V. Vieth B, Parekh S, Ziegenhain C, Parekh S, Enard W, Hellmann I:
"A Systematic Evaluation of Single Cell RNA-Seq Analysis Pipelines" (2019)
Nature Communications 10 (1):4667-4678.
doi: 10.1038/s41467-019-12266-7



Publications




Other Publications

VI. Wunderlich S, Kircher M, Vieth B, Haase A, Merkert S, Beier J, Gohring G, Glage S, Schambach
A, Curnow EC, Pdabo S, Martin U, Enard W:
“Primate iPS cells as tools for evolutionary analyses.” (2014)

Stem Cell Research 12 (3): 622-629.

VII. Schreck C, Istvanffy R, Ziegenhain C, Sippenauer T, Ruf F, Henkel L, Géartner F, Vieth B, Florian
MC, Mende N, Taubenberger A, Prendergast A, Wagner A, Pagel C, Grziwok S, Gétze KS, Guck J,
Dean DC, Massberg S, Oostendorp RA:

“Niche WNT5A regulates the actin cytoskeleton during regeneration of hematopoietic stem cells.”
(2017)
Journal of Experimental Medicine 214 (1): 165-181.

VIII. Ziegenhain C*, Vieth B*  Parekh S* , Hellmann I, Enard W:
“Quantitative single-cell transcriptomics.” (2018)

Briefings in Functional Genomics 17 (4): 220-232.

IX. Bagnoli JW, Ziegenhain C, Janjic A, Wange L, Vieth B, Parekh S, Geuder J, Hellmann I, Enard
W:
“Sensitive and powerful single-cell RNA sequencing using mcSCRB-seq.” (2018)

Nature Communications 9 (1): 2937.

X. Medvedeva VP, Rieger MA, Vieth B, Mombereau C, Ziegenhain C, Ghosh T, Cressant A, Enard
W, Granon S, Dougherty JD, Groszer M:
”Altered Social Behavior in Mice Carrying a Cortical Foxp2 Deletion.” (2019)
Human Molecular Genetics 28 (5): 701-17.

XI. Schreiweis C, Irinopoulou T, Vieth B, Laddada L, Oury F, Burguiére E, Enard W, Groszer M:
“Mice carrying a humanized Foxp2 knock-in allele show region-specific shifts of striatal Foxp2 ex-
pression levels.” (2019)

Cortex 118: 212-222.



Declarations




Declarations of contribution

as a co-author

The impact of amplification on differential expression analyses by RNA-seq

This study was conceived by Swati Parekh and Christoph Ziegenhain. I helped with data processing
and power simulations. The manuscript was written by Swati Parekh, Ines Hellmann and Wolfgang
Enard.

Comparative Analysis of Single-Cell RNA Sequencing Methods

This study was conceived and conducted by Christoph Ziegenhain. I helped with data processing
and developed a framework for single cell gene expression simulation and statistical power analysis.
The manuscript was written by Christoph Ziegenhain, Wolfgang Enard and Ines Hellmann.

powsimR: Power analysis for bulk and single cell RNA-seq experiments

Ines Hellmann and I conceived the study. The idea for this work emerged after working on power
simulations for “The impact of amplification on differential expression analyses by RNA-seq” and
“Comparative Analysis of Single-Cell RNA Sequencing Methods”. I developed and programmed
powsimR. I also tested the program and evaluated its performance relative to empirical scRNA-seq
data. Ines Hellmann, Wolfgang Enard and I wrote the manuscript.

zUMlIs: A fast and flexible pipeline to process RNA sequencing data with UMIs
Swati Parekh and Christoph Ziegenhain had the idea to this work, designed and implemented the
pipeline. I tested the pipeline and performed power simulations to evaluate intron mappings. Swati
Parekh, Christoph Ziegenhain, Ines Hellmann, and Wolfgang Enard wrote the manuscript.

A Systematic Evaluation of Single Cell RNA-Seq Analysis Pipelines

This study was conceived by Ines Hellmann and me. I prepared and analysed the scRNA-seq data. I
implemented and conducted the simulation and evaluation framework. The manuscript was written
by Ines Hellmann, Wolfgang Enard and me.

According to the regulations for the Cumulative Doctoral Thesis at the Faculty of Biology,
LMU Miinchen, I confirm the above contributions of Beate Vieth to these publications.

Wolfgang Enard



xiv Declarations




Aims of the thesis

Single-cell RNA sequencing (scRNA-seq) enables us to profile the gene expression of individual
cells. As this technology has rapidly evolved over the last decade, it has provided us with the
ability to discover previously unknown cell types and to analyze expression patterns during
differentiation, development and cancer with single cell resolution. So while scRNA-seq is
becoming an important tool for biology and medicine, it is still a fast-evolving technology
and many experimental and computational challenges have not been resolved yet.

The core of my work focuses on the implementation of a realistic simulation frame-
work for scRNA-seq experiments. This enabled us to explore experimental techniques and
computational tools for generating and analyzing scRNA-seq data.

As a first study, we examined whether whole-transcriptome amplification introduces
unwanted noise or bias in gene expression profiling (Manuscript I). Further investigating
RNA-seq library preparation techniques, we then compared six prominent protocols for which
I implemented simulations that provided us with the ground truth to assess the protocol’s
sensitivity and specificity in detecting differential gene expression (DGE) (Manuscript II). To
provide the simulation framework as a user-friendly tool, I extended it further and wrapped it
up as a user-friendly R-package, powsimR, enabling researchers to evaluate statistical power
and sample size requirements for bulk and single-cell RNA-seq experiments (Manuscript
III). We also developed zUMIs, a fast and flexible pipeline for RNA-seq with UMIs. Again
powsimR simulations were instrumental to evaluate whether the inclusion of intron mapping
in gene expression quantification affected the power to detect DGE (Manuscript IV). Lastly,
I used powsimR to systematically evaluate ~ 3’000 scRNA-seq analysis pipelines and how
choices of library preparation, mapping, count processing and normalisation affect the ability
to detect differential expression (Manuscript V).

In conclusion, my thesis covers many aspects of the computational analysis essential for
scRNA-seq. I developed a faithful simulation framework that can help in developing and
evaluating methods, introduced the first statistical power analysis tool for scRNA-seq and

showed how computational choices can affect the validity of scRNA-seq experiments.
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Summary

RNA-sequencing (RNA-seq) is an established method to quantify levels of gene expression
genome-wide. The recent development of single cell RNA sequencing (scRNA-seq) protocols
opens up the possibility to systematically characterize cell transcriptomes and their under-
lying developmental and regulatory mechanisms. Since the first publication on single-cell
transcriptomics a decade ago, hundreds of scRNA-seq datasets from a variety of sources have
been released, profiling gene expression of sorted cells, tumors, whole dissociated organs and
even complete organisms. Currently, it is also the main tool to systematically characterize

human cells within the Human Cell Atlas Project.

Given its wide applicability and increasing popularity, many experimental protocols and
computational analysis approaches exist for scRNA-seq. However, the technology remains
experimentally and computationally challenging. Firstly, single cells contain only minute
mRNA amounts that need to be reliably captured and amplified for accurate quantification
by sequencing. Importantly, the Polymerase Chain Reaction (PCR) is commonly used for
amplification which might introduce biases and increase technical variation. Secondly, once
the sequencing results are obtained, finding the best computational processing pipeline can
be a struggle. A number of comparison studies have already been conducted - esp. for bulk
RNA-seq - but usually they deal only with one aspect of the workflow. Furthermore, in how
far the conclusions and recommendations of these studies can be transferred to scRNA-seq is

unknown.

Related to the processing of RNA-sequencing, we investigate the effect of PCR amplifica-
tion on differential expression analysis. We find that computational removal of duplicates has

either a negligible or a negative impact on specificity and sensitivity of differential expression



4 Summary

analysis, and we therefore recommend not to remove read duplicates by mapping position.
In contrast, if duplicates are identified using unique molecular identifiers (UMIs) tagging
RNA molecules, both specificity and sensitivity improve.

The first integral step of any scRNA-seq experiment is the preparation of sequencing
libraries from the cells. We conducted an independent benchmarking study of popular
library preparation protocols in terms of detection sensitivity, accuracy and precision using
the same mouse embryonic stem cells and exogenous mRNA spike-ins. We recapitulate
our previous finding that technical variance is markedly decreased when using UMIs to
remove duplicates. In order to assign a monetary value to the detected amounts of technical
variance, we developed a simulation framework, that enabled us to compare the power to
detect differentially expressed genes across the scRNA-seq library preparation protocols. Our
experiences during this comparison study led to the development of the sequencing data
processing in zUMIs and the simulation framework and power analysis in powsimR. zUMIs
is a pipeline for processing scRNA-seq data with flexible choices regarding UMI and cell
barcode design. In addition, we showed with powsimR simulations that the inclusion of
intronic reads for gene expression quantification increases the power to detect DE genes and
added it as a unique feature to zUMIs. In powsimR, we present our simulation framework
extending choices concerning data analysis, enabling researchers to assess experimental design
and analysis plans of RNA-seq in terms of statistical power.

Lastly, we conducted a systematic evaluation of scRNA-seq experimental and analytical
pipelines. We found that choices made concerning normalisation and library preparation
protocols have the biggest impact on the validity of scRNA-seq DE analysis. Choosing a good
scRNA-seq pipeline can have the same impact on detecting a biological signal as quadrupling
the cell sample size.

Taken together, we have established and applied a simulation framework that allowed us
to benchmark experimental and computational scRNA-seq protocols and hence inform the

experimental design and method choices of this important technology.



1 Introduction

In the following sections, I provide the background information necessary for understanding
my work in this thesis, including an introduction to basic cell biology and gene expression,
the technologies we use to measure expression and computational methods for analyzing
the resulting data. The section Gene Expression describes how information flows and
is controlled within a cell and the molecules, especially messenger RNA, involved in these
processes. In the following section, I introduce RN A-Sequencing as a method to study
gene expression, starting with the basic principles of library preparation and data generation
by high-throughput sequencing to covering the established computational approaches that

are used to extract meaning from this kind of sequencing data.

In section Single-cell RN A-Sequencing, I present and discuss new technologies that
have enabled the measurements of gene expression levels of individual cells, detailing the
necessary steps of isolating and capturing of single cells and finally preparing sequencing
libraries. I outline in depth the following computational analysis pipeline, highlighting the

many possible methods to answer research questions utilizing scRNA-seq.

Given the focus of my thesis, namely the development of a simulation framework for
scRNA-seq, I cover in my last introductory section Experimental Design and Power
Analysis. In particular, I outline how simulations are a useful tool not only for statistical
power analysis and sample size calculations, but how simulations are an ideal framework for
evaluating and comparing all aspects of scRNA-seq, including library preparation as well as

computational analysis tools.



6 1. Introduction

1.1 (Gene Expression

The central dogma of molecular biology describes the flow of information within a biological
system™. Deoxyribonucleic acid (DNA) is the essential molecular basis for carrying genetic
information within the cell¥. The information flow starts with the transcription of DNA
regions, called genes, into ribonucleic acid (RNA). After this process of transcription, the
copies of RNA get translated into proteins. Genes together with the DNA sequences that
regulate when and how much RNA of a gene is transcribed, is defined as the functional part
of the DNA. Together with the nonfunctional DNA, the haploid DNA content of an organism

is called its genome?.

In eukaryotes, when an RNA molecule is transcribed from genes, it initially contains
sequence regions that encode information (exons) that alternate with much larger non-coding
sequence regions (introns). The intronic sequences are removed through a process known as
RNA splicing and a sequence of adenine nucleotides - so called poly(A) tail - is added where
transcription ends at the 3’ end. This splicing process allows multiple forms of a transcript
(isoforms) to be produced from a single gene by selecting which coding sequences are retained
or removed. The expression level of a gene is given by the total number of RNA copies
present within a cell. Ultimately, the mature mRNA transcript is converted to a protein
made up of amino acids in the ribosome. This process is called translation. Proteins are the
building blocks of cells and essential for proper functioning. These functions include tasks
such as metabolism, nutrient transportation, sensing environmental cues and gene expression

regulation.

The regulation of gene expression is the basis to determine the cell’s development and
function within a multi-cellular organism. There are multiple mechanisms contributing to
this regulation. For instance, the chromatin state is given by the set of chromatin-associated
proteins and histone modifications that determine the accessibility of a gene for transcription
9 DNA methylation of cytosine residues of CpG dense promoters is a major driver of gene
expression silencing®, whereas highly transcribed genes have an enriched methylation of
the gene body™. The binding of transcription factors to specific regulatory DNA sequences

such as promoters and enhancers can drive or repress the transcriptional process®. The
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aforementioned maturation process, alternative splicing as well as the lifetime of mRNAs are
examples of mechanisms controlling RNA processing and stability.

There are many possibilities beyond the regulation of mRNA transcript abundances
that affect the location and efficiency of translation as well as the location and function of
proteins. Nevertheless, the types and amounts of mRNA transcripts set the basis for all of

these processes. Hence, quantifying the mRNA make-up of a cell is highly informative.

1.2 RNA-sequencing

RNA sequencing (RNA-seq) provides a reliable method for measuring RNA expression
levels with high throughput® (Figure . In essence, RNA is isolated from a biological
sample, converted to complementary DNA (cDNA) and after the addition of adapters, the
resulting library can be sequenced on a machine as manufactured by the company Illumina.
The sequencing output consists of millions of short nucleotide sequences, so called reads.
Compared to previous assays like probe-based micro-arraysi¥, RNA-seq is able to cover
a broader range of gene expression levels and in addition, no prior knowledge of coding
sequences is required to measure gene expression. Furthermore, RNA-seq enables a genome-
wide survey of the transcriptome in contrast to quantitative PCR techniques of single mRNA
speciest?. Coupled with the rapid decrease in sequencing costs’3, RNA-seq has become the

most prevalent method to quantify gene expression2.

ATTAATCGGT

ATTAAGCTTTCGTC/

TTTCC GCA

=

’
- !

Figure 1.1. RN A-sequencing workflow.
1) Isolation of RNA from cells or tissues. 2) mRNA fraction is purified and ¢cDNA libraries
are prepared. 3) Sequencing of short nucleotide reads. 4) Quantification of gene expression.
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1.2.1 Library Preparation

The lysis of living cells is the first step in preparing a sample for RNA-seq, whereby the
membrane disintegrates and the cellular content is released into the buffer solution. RNA
molecules can then be isolated, by physical separation (e.g. silica column) or chemical
extraction (e.g. phenol)?%. In mammalian cells, the vast majority of RNA molecules are
ribosomal, contributing more than 80 percent of the total RNA content!®, On the other
hand, the mRNA fraction only ranges between 2 to 7 percent?. Thus, sequencing the total
RNA content of a sample would reduce our ability to detect this rarer RNA species given
that the total amount of sequencing is a limiting factor in most RNA-seq experiments. Hence,
selection methods are applied®®. polyA enrichment is widely used which is achieved by
oligonucleotide probes that bind to the poly(A) tail of mRNA molecules and thereby rRNA
is passively depleted (Figure . An alternative method is active ribosomal RNA depletion
by Ribonuclease H Enzyme or rRNA-specific probes. In either case, each selection method

has its limitations and the choice of selection method has been shown to result in biases 220,

ANANANNNY \AA,
'\hﬂ/\/\fb ANNNNN Poly-A enrichment ANSS\V/V\NJAAAAAAA Reverse AAAAAA
4> ~ A ; transcription . - TTTTT1T
AN v
‘ '\/\/\’\/\/\/\/ AARAAAA TITTTTT
Isolated RNA PolyA+ RNA full-length cDNA

y
o
<)
3
@
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— — o
I ——
I — Addition of e —— " —
High-Throughput sequencer — —
Sequencing P e—— <adapm* — I —
I — ——
I — —
(e — —
—
(I — T
Illlumina sequencer RNA-seq cDNA library Fragmented cDNA

Figure 1.2. RNA-seq library preparation.

After RNA extraction, mRNA with polyA-tails are enriched prior to reverse transcription.
The resulting cDNA is fragmented and tagged with sequencing adapters. This final library
is then sequenced on a high-throughput machine, e.g. Illumina Hiseq sequencer (adapted
from Illumina, Inc.%).
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Most sequencing machines only work with DNA, so the sample must first be reverse
transcribed into complementary DNA (cDNA) using a retroviral enzyme™. Furthermore,
mRNA transcripts are usually much longer than the sequencing machines maximal efficient
read length, so that the molecules need to be fragmented before hand??. In some protocols,
fragmentation is performed after conversion to cDNA, e.g. by enzymatic processes2?, rather

24 To complete the workflow, it is

than at the RNA stage, e.g. by heat fragmentation
necessary to attach adapter sequences to the cDNA libraries that are used to bind the
molecules on the flowcells of the sequencing machines??. Usually these sequences also contain

indexes that enables the multiplexing of samples in an individual sequencing run.

1.2.2 High-throughput sequencing

The Ilumina machines with their trademarked Sequence by Synthesis technology are the
most prevalent sequencing platform™® (Figure . In a first step, the double stranded cDNA
fragments are separated into single stranded DNA so that the sequencing adapters can bind to
complementary sequences on the flow cell (Figure ) This hybridization happens at both
ends of the fragment, so that a bridge structure is formed along which the complementary
DNA strand is synthesized by enzymes. After repeated rounds of this amplification, clonal
clusters consisting of approximately a thousand copies of each fragment are created“”. The
bridge is denatured by adapter cleavage and the amplified single-stranded DNA fragments
are now ready for sequencing®, For that, proprietary modified nucleotides with fluorescent
labels are incorporated, the flow cell is washed to remove unbound fluorophores and the
bound fluorophores are detected by laser excitation and direct imaging®? (Figure ) The
nucleotides also act as terminators of synthesis for each reaction. After multiple rounds of
these sequencing reactions, the resulting images are processed by e.g. bcl2fastq to produce

millions of nucleotide sequences with associated quality scores (PHRED)28:29

1.2.3 Processing of RNA-sequencing data

Usually, multiple RNA-seq libraries are sequenced on one flow cell together and the libraries
therefore need to be demultiplexed®? (Figure . This is followed by aligning the reads

to a reference genome. There are specific aligners such as STAR®! that take the splicing
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Figure 1.3. Illumina sequencing workflow.

A) Library fragments are flowed across a flow cell and hybridize with complementary Illumina
adapter oligos. Complementary fragments are extended, amplified via bridge amplification
PCR, and denatured, resulting in clusters of identical single-stranded library fragments. B)
Fragments are primed and sequenced utilizing reversible terminator nucleotides. Base pairs
are identified after laser excitation and fluorescence detection. (taken from Chaitankar et al.
201628, CC BY-NC-ND 4.0 license)
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structure of mRNA transcripts into account in contrast to aligners designed for genomic DNA
sequencing, e.g. bwa®2. The expression is then quantified by counting the reads that overlap
annotated genetic features®334, Quality control of all steps from wet lab to computational
processing are essential®*36: Starting from the library creation, e.g. fragment size distribution,
over sequencing results, e.g. base-calling score distribution and over-representation of polyA
sequence reads, to expression quantification, e.g. read alignments and gene length coverage.
Synthetic spike-in standards such as the RNA controls developed by the External RNA
Controls Consortium (ERCC)B:ZI can be a useful tool to measure sensitivity, accuracy and

possible biases and limitations of RNA-seq experiments@8/39,
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Figure 1.4. Computational pipeline for RN A-seq data.

After sequencing the library, the short reads are demultiplexed according to multiplexing
barcodes, aligned to a reference genome, and mappings are assigned to genetic features. The
lower panel illustrates a selection of quality measures and filters for each step.

Once the expression levels are quantified, there is a wide range of possible downstream
analyses that are well established: Genetic sequence variants can be directly identified from
RNA-seq reads that might affect gene expression levels e.g. for eQTL mapping studies®C.
RNA-seq can also be used to identify alternative splicing, transcription start sites and isoform
switching as well as the differential abundances over time®. Nevertheless the majority of
RNA-seq studies focus on the comparison of gene expression levels across sample conditions
29 This is usually extended with further downstream analysis such as gene set enrichment

analysis® and network analysis®.
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1.3 Single-Cell RN A-sequencing

In contrast to bulk experiments, single-cell RNA sequencing (scRNA-seq) enables the inves-
tigation of the transcriptome with single-cell resolution®®. This resolution is particularly
important for identifying cell type-specific developments or reactions to perturbations®. In
bulk RNA-seq, this is often hindered by averaging expression profiles over all cells present in
a biological sample, thereby also masking the cellular composition. Hence, studies previously
selected or enriched specific cell types prior to library preparation. However, this separation
might limit the investigation of dynamic interactions in complex systems such as multi-cellular
tissues. With scRNA-seq technologies it is in principle possible to look at the transcriptome
of all the cell types in a tissue simultaneously, allowing a fine-grained look at individual cell
types and enabling the discovery of previously unknown cell types®9. The first scRNA-seq
protocol was published in 200944 (Figure A). While this approach allowed measurements
of the transcriptome in individual cells, it required labor-intensive manual isolation and
library preparation so that the transcriptome of only a few blastomere cells were profiled.
Since then, many scRNA-seq protocols have been developed and the number of cells in

scRNA-seq experiments has scaled exponentially®? (Figure [1.5[B).
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Figure 1.5. Scale of scRNA-seq experiments.

A) Cell numbers reported in representative publications by publication date. Key technologies
and protocols are marked (figure taken from Svensson et al. 201747, CC BY 4.0 license). B)
The aggregate number of cells measured per month since 2009 (figure taken from Svensson
& da Veiga Beltrame 201948, CC BY-NC-ND 4.0 license).
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1.3.1 Isolating Single Cells

In order to capture cells they must first be dissociated into single cell suspensions. This is
an essential, sometimes overlooked non-trivial task (Figure . The isolation of already
suspended, cultured cells is rather straightforward, whereas dissociation of cells from solid
tissues like the brain or tumors can be challenging®?2%, Furthermore, dissociation treatments
may affect the well-being of the cells as well as their transcriptome. Cells might need different
dissociation times which could lead to depletion of certain cell types and/or clumping of

51

other cell types due to incomplete dissociation®". Nevertheless, once these obstacles are
overcome, the next major step is the capture of single cells (Figure [1.6)). Many studies
have relied on a preselection of cell types using known molecular markers compatible with

Fluorescence-activated cell sorting (FACS) so that individual cells can be directly sorted into

individual wells on a plate, e.g. peripheral blood mononuclear cells (PBMC)®%.

Dissociation @ @ @ @ @ @ Isolation —_— [!]
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Figure 1.6. Isolating and capturing single cells for sequencing.

Dissociation can lead to depletion of certain cell types by damage and cell death. The
dissociated cells are isolated and captured using well-based or microfluidic / droplet-based
technologies (single cell capture technologies figures taken from Svensson et al. 201747, CC
BY 4.0 license; schematic FACS figure taken from Dholakia et al. 200723, CC BY 4.0 license).

1.3.2 Capturing Single Cells
Early Single-Cell Capture Technologies
The first commercially available cell capture platform is the Fluidigm C1 instrument®#53,

This system uses microfluidics to separate cells into individual wells on a chip. The captured

cells are then lyzed, the mRNA is reverse transcribed to yield cDNA which is then amplified
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by polymerase chain reaction (PCR). This platform provides opportunities for a range of
experiments but also has a number of known disadvantages and limitations: The chips used
have a fixed size range, meaning that only cells of a particular size can be captured in a
single run. Furthermore, chips have only a limited number of captures, where the 96 well
plate chip is the most commonly used. On top of that, capturing multiple cells is a known

issuel?.

Droplet Technologies

Other microfluidic devices have also been developed that rely on droplet chemistry for the
encapsulation of cells in combination with barcoding beads, thereby dramatically increasing
cellular throughput as well as reducing the costs compared to individual barcoding and
amplification of well-based methods®™ (Figure [L.5A). On the other hand, given that so many
cells are captured and prepared, single cell transcriptomes are sequenced at a much lower
depth with these devices. Drop-seq®®, InDrop®? and InDrops® were the first representatives
of this approach: The cell suspension are piped into those devices where they form aqueous
droplets, together with the lysis buffer and beads, within mineral oil. Inside the droplets, the
cells are then lyzed and the mRNA molecules hybridize with the primers on the beads. After
this initial capture of single-cell transcriptomes attached to microparticles (STAMPs), the
droplets are broken and pooled for reverse transcription and PCR amplification, resulting in
an individual cDNA library for each cell. Although they differ in some aspects, they can
be set up on a lab bench quite easily, requiring only syringes, automatic plungers and a
microscope®®.

A commercially available droplet device is the 10X Genomics Chromium device®t. On
this platform a range of applications can be performed, including scRNA-seq for gene
expression profiling as well as scATAC-seq for profiling of open chromatin in single cells.
Furthermore, 10X provides additional support for sequencing analysis with the CellRanger
software, an automated preprocessing pipeline. While droplet-based approaches feature
similar throughput, Drop-seq has the lowest cell capture efficiency (3-4% of cells®®) while

GILG0)

inDrops and 10X Genomics have far higher efficiencies (65-70% of cells , making these

methods preferable if the number of suspended cells is limited. Furthermore, the use of
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droplets increases throughput by at least an order of magnitude compared to protocols
based on well plates or conventional microfluidics like Fluidigm C1, which is appealing for

large-scale projects such as the Human Cell Atlas®Y.

1.3.3 Preparing single-cell RN A-seq libraries

After successful cell capture, RNA is obtained and ready to be processed for library preparation
and subsequent sequencing. Protocols consists of these three major steps (Figure ):
reverse transcription of mRNA into cDNA, followed by amplification and subsequent final
library preparation for sequencing, mostly on Illumina. Individual cells contain very small
amounts of RNA. In order to obtain enough ¢cDNA for sequencing, an amplification step by

0203 (Figure

polymerase chain reaction (PCR) or in-vitro transcription (IVT) is necessary
). Transcripts may be amplified at different rates by PCR which can distort their
relative proportions within a library. In contrast, IVT is a linear amplification technique
and therefore exhibits less amplification bias. In any case, many methods incorporate short
random nucleotide sequences known as Unique Molecular Identifiers (UMIs) in the oligo-dT
primers needed for the reverse transcription reaction. Furthermore, these primers usually
also contain cell-specific barcodes to increase throughput©®*8%l This early barcoding also
allows the pooling of reactions, saving reagent costs and labor time°.

The addition of UMIs enables the removal of PCR duplicates introduced by library

amplification which improves quantification of gene expression considerably @967 (

Figure
), especially given that the random UMI sequences nowadays are long enough so that it
is nearly impossible to capture two different transcript copies with the exact same UMI. On
the other hand, because only the ends of each transcript can be tagged, library preparation
methods with UMIs cannot achieve the full length coverage of protocols like Smart-seq2, which
is for example needed for de-novo transcriptome assemblies®l. Even so, sequences originating
from transcript sections relatively far from the ends have been observed®®. These could point
to the presence of unannotated transcription start sites (TSS) or alternative polyadenylation.
Given that genomic DNA is usually not depleted prior to reverse transcription, oligo-dT

primers could also capture these sequences that contain enough adenine nucleotides. In any

case, studies utilizing cellular barcoding and/or UMI tagging need extra careful processing:
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For once, sequencing errors also occur in the UMI sequences and UMI library composition
can be biased due to preferential amplification of certain barcode and UMI sequencesS#70,

As described for bulk RNA-sequencing, the amplified cDNA library is prepared for
sequencing and the Illumina platform is again a popular choice, in combination with the

Nextera kit for fragmentation and adapter incorporation™.
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Figure 1.7. Preparation of scRNA-seq libraries.

A) Typical whole transcriptome amplification strategies are illustrated for two cells ( top:
IVT, bottom: PCR with early pooling). B) Amplified molecules for the blue cell (top: IVT,
bottom: PCR). C) Alignment results (above: blue cell, below: red cell) for three genes (teal,
green, violet). Upper panel: using PCR amplified sequence reads. Lower Panel: uniquely
retained reads based on UMI sequences.
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1.3.4 Analyzing single-cell RNA-seq data

The rapid pace of scRNA-seq protocol development has propagated to computational analysis
methods of the resulting sequencing data. However, both parts have not converged to an
optimum yet. Even though it is possible to define a rough standard processing workflow 2,
the possibilities and choices of the computational analysis heavily depend on the research
question as well as experimental setup. Here, I will particularly focus on the data acquisition
and initial preprocessing of samples including data cleaning, quality control and normalisation
to produce a cell by gene expression matrix that can be used to compare transcriptional
profiles across cells in downstream analyses, which range from differential expression analysis

(DEA), cell type identification to trajectory reconstruction.

Quantification of gene expression

After sequencing, the basic data processing for any scRNA-seq experiment involves 1)
demultiplexing of ¢cDNA reads using the Illumina indices and/or cell barcode nucleotide
sequences, 2) alignment and 3) summarising expression by annotated feature, usually genes.
These steps are similar to bulk analysis detailed above. Because cell barcode sequences
are usually unknown or too many, probabilistic demultiplexer are unsuited for the task®U.
Therefore, demultiplexing usually relies on automatic detection and subsequent filtering of
barcode lists by either providing a whitelist of expected barcodes or keeping top number of
barcodes, e.g. Cell Ranger®L.

Due to the rapid increase in generated cDNA libraries as well as sequencing technologies,
the classical alignment step by genome mapping can be computationally intensive and can
take a significant amount of time™. Quite recently, pseudo-alignment has been implemented
in a number of tools, e.g. kallisto™ and Salmon™, where the raw sequence reads are directly
compared to the transcriptome de Bruijn graph containing k-mer transcript compatibility
classes and then the transcript’s abundance is quantified. These approaches are orders
of magnitude faster than genome alignments while giving similar abundance estimates
for full-length RNA-seq datal27 However, the power to detect differential expression is

not improved compared to STAR by e.g. a higher accuracy in gene expression estimates
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20, Furthermore, it is unclear in how far pseudo-alignments are affected by the choice of
annotation to build the k-mer index and whether short single end reads mainly covering the
3’ or 5’ end of the transcript are sufficient for this type of alignment, which is the standard
for scRNA-seq protocols with UMIs. Another drawback is the lack of barcode demultiplexing
capabilities of current tools.

An essential part of gene expression quantification of UMI data is deduplication. We
define reads as duplicates when reads with identical UMI sequences align to the same position
so that it is very likely that these reads are the product of PCR duplication instead of
being true copies of a transcript™. Thus, deduplication methods need to separate out
distinct UMIs. A number of tools have been developed when using conventional alignment.
For example, UMI-tools™ implements network-based adjacency and directional adjacency
methods which considers both edit distance and the relative counts of similar UMIs to
identify PCR/sequencing errors and group them together. A much simpler and hence faster
approach is to apply a sequence quality threshold keeping only high quality UMI sequences
sUo8 Pseudo-alignment methods have also implemented add-ons to deal with UMI-based
data sets, e.g. alevin implemented in Salmon®l. However, these pipelines are limited in their
flexibility, because they are usually expecting a particular read design (barcode and UMI
sequence lengths) and/or are restricted to one alignment method.

As for bulk analysis, sequencing quality control can be performed on various levels
including the quality scores of the reads themselves and how or where they align to features

of the expression matrix®2,

Characteristics of scRINA-seq expression profiles

The result of the alignment is a matrix of counts: Rows are annotated features (genes) and
columns are samples (single cells). The count values therefore show the expression level
of a particular gene in a cell. This is per se not different than the data generated by bulk
RNA-seq, but single-cell expression profiles have a number of unique characteristics that
sets them apart from bulk RNA-seq and therefore attention must be paid in processing.
Single-cell RN A-seq protocols have developed rapidly but the data they produce still presents

a number of challenges. A major obstacle is the small amounts of starting RNA material. In
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a mammalian cell, the total RNA molecules comes down to 10 to 20 pg, where only 1 to
5% of the total cellular RNA are mRNAs®¥, Existing approaches have greatly improved the
conversion efficiency of mRNA into cDNA from initially 10 to 25 percent®3*€0845L t6 nearly
50 percent of transcripts®2. Several studies have reported that small reaction volumes can
increase the efficiency of this crucial step®22. Nevertheless, low conversion efficiency is still
the major bottleneck in terms of gene detection, particularly for lowly expressed transcripts
S0 (Figure ) Increasing the sequencing depth can only alleviate this low sensitivity
to a certain extend®. The small amount of starting material also contributes to high
levels of technical noise as considerable amplification is needed for sequencing, complicating
downstream analysis and making it difficult to detect genuine biological differences between
cells¥H88E) (Figure [1.7B).

In addition, scRNA-seq data sets are very sparse due to these limiting efficiencies usually
coupled with a shallow sequencing depth, i.e. there are many instances where no gene
expression has been measured. Naturally, this could of course be the true biological state
but it could also be the result of confounders distorting the true expression profile of a
cell: Differences in cell cycle stages, random transcriptional bursting or even “unwanted”
environmental events can be seen as nuisance factors®’. Technical factors also contribute to

sampling noise by introducing so-called gene expression dropoutsS¢*1

. That said, dropouts
and large variability in expression measurements are common phenomena in scRNA-seq
studies that must accounted for in downstream analysis, as otherwise underlying assumptions

of existing methods developed for bulk RNA-seq are violated®2.

Preprocessing

Quality control of cells is important as scRNA-seq experiments will contain poor-quality cells
that can be uninformative or lead to misleading results. Particular types of cells that are
commonly removed include damaged cells, doublets where multiple cells have been captured

together?43

and empty droplets or wells that have been sequenced but do not contain a
cell?®, The identification of cell outliers is usually done manually by visualizing various of
the data set, e.g. total number of detected genes per cell, percentage of reads allocated to

spike-in transcripts or mitochondrial genes. Given the distribution of metrics, one can then
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apply thresholds to filter outlying cells out, either as hard cutoff or using median absolute
deviations like the scater package?. Besides the quality control of single cells, there is also
the issue that a large number of genes or transcripts are lowly expressed resulting in very
sparse counts. These features are typically removed. A number of downstream analysis steps,
e.g. dimension reduction, are applied to a count matrix considering only highly variable
genes. However this filtering might actually exaggerate unwanted technical noise rather than
true biological differences. Selecting genes using the Fano Factor as a measure of variability
can also remove marker genes of cell types with low abundances in complex cell mixtures®??.
Given the sparsity of gene expression measurements, an alternative has been implemented
in M3Drop where biologically relevant features are identified as outlying measurements of

averaged expression level in relation to dropout rate across heterogeneous cell populations’.

Normalisation

Normalisation is a very important step in any RNA-seq experiments, for bulk as well as

O8O0 First and foremost, it is necessary to correct for variation in the

single cells
sequencing depth per library. Classical normalisation methods achieves this by a simple
division by total read counts yielding Counts Per Million (CPM). Methods incorporating
gene length correction such as Fragments Per Kilobase Million (FPKM) or Transcripts Per
Kilobase Million (TPM) transformations can be used. On the other hand, libraries prepared
with UMIs do not require this gene length correction since the transcript ends are mainly
sequenced®®. However, these methods assume equal amounts of RNA per sample and a

balanced up- and downregulation, so that the total mRNA content is comparable among

samples?®. These assumptions are almost always violated in single-cell data. Firstly, RNA

1101 102

amounts vary considerably from cell to cell*** especially in complex tissues*“<. Secondly,
technical variance in combination with biological variation (e.g. transcriptional bursting)
contributes to the high frequency of zeroes and strong intercellular variability in scRNA-seq
datat0399%0L - Therefore, cell-wise size factors such as weighted trimmed mean of M-values
(TMM)3%% or median of ratios (MR)%2 are biased*".

Awareness of the above issues has led to the development of normalisation methods that

are geared towards single cells. scran solves the zero inflation issue by pooling cells and
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then deconvoluting to obtain cell-wise size factors®?. SCNorm applies a quantile regression
for bins of genes with similar mean expression to estimate gene-wise size factorst’%. Both
appear to be able to handle the zero inflation as well as large differences in mean expression
between groups. CENSUS attempts to estimate absolute RNA levels from relative expression
measurements (TPM, FPKM)®%., The underlying model has certain assumptions concerning
amplification bias and capture efficiency which have been derived from a small set of
experiments. Therefore, the derived parameters may or may not be applicable to one’s own
data.

Methods operating in a group-aware way - be it by a priori clustering (e.g. scran) or
known cell type annotation (e.g. SCNorm) - result in more reliable size factor estimates, also
for very heterogeneous cell populations with strong expression differencestU99LUUTIO00 - Ty
theory, extrinsic spike-in RNA molecules such as the widely used External RNA Controls
Consortium (ERCC)“™38 allow the decomposition of observed cell-to-cell variability into
technical noise and actual biological factorsH0SH63HUMIOMLIELLZ  More importantly, spike-ins
are the only option to also estimate differences in total mRNA content among cells. However,
ERCCs have a number of limitations as it is unclear how well they mimic nascent mRNA
molecules as they are purified, shorter than the average transcript, have shorter poly-A tails
and their concentration ranges deviate from in vivo transcript abundances™4*3 Even if
spike-ins properly capture the underlying dynamic, their usage is restricted to protocols
where they can be added which does not include droplet-based capture techniques, yet. These
shortcomings should be addressed in future generations of spike-in mRNAs and will likely

improve normalisationT14,

Integration of single-cell RN A-seq data

While earlier studies have mostly only quantified the gene expression of single cells derived
from an individual sample, nowadays studies are common which profile single cells originating

from multiple batches, e.g. scRNA-seq experiments conducted by different labs?2., o

r
individual patients in clinical studies™. In those cases data integration becomes essential to
ensure comparability™ 7. There are already a number of computational approaches available

which were initially developed for bulk RNA-seq, e.g. ComBat™8 RUVIY and limma™¥.
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One drawback of these methods is the assumption that cellular composition of the sample is
the same, e.g. when aliquots of the same cell mixture is processed for sequencing in different
labs 1200115

Given the increased efforts to chart the cellular composition of whole tissues or even
organisms, tools have been developed to not only correct for technical batches but also
allow the integration of these diverse data sets. For example, mnnCorrect implemented
in scran package™ utilizes a mutual nearest neighbors (MNN) approach where the cosine
distance between cells originating from different data sets functions as a measure of similarity

d2l. Another prominent example is

to identify cells belonging to the same neighborhoo
implemented in the Seurat package. Here, canonical correlation analysis is carried out
in combination with Dynamic Time Warping to align the different data sets in a shared
multi-dimensional subspace®®2, Other examples for batch correction and data integration for
single-cell RNA-seq include Scanoramal?d, scMergel?* and BBKNN122, With the exception
of Scanorama, the majority of methods is unable to correctly integrate data in a scenario with
dataset-specific cell types (Janfien et al. 2019, unpublished). Ultimately, further comparisons
are needed to assess the general applicability and performance of data integration and batch

correction methods for single-cell RNA-seq experiments26427,

Identification of cell types and states

Bulk RNA-seq experiments usually involve predefined groups of samples, for example diseased
and healthy tissue cells, different tissue types or treatment and control groups2?. It is possible
to design scRNA-seq experiments in the same way by sorting cells into known groups based
on surface markers, sampling them at a series of time points or comparing treatment groups,
but often single-cell experiments are more exploratory, e.g. profiling cell types in tissues such
as the mouse retina® or cortex?, In fact, there are now a number of Cell Atlas projects

attempting to produce a reference of the transcriptional profiles of all the cell types in an

organism (e.g. human“® mouse™*®=22 C. elegans’®" and flatworm1=Y).
Identifying similar cells in complex tissues, along lineages or differentiation paths is
therefore an integral step in analyzing these data sets and as such, it has been a key focus of

methods development with over two hundred tools released so far'32. There are a number of
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unsupervised methods available to identify cell types by grouping, e.g. single-cell Consensus
Clustering (SC3)143 BackSPIN"U2 and Seurat?#¢ developed specifically for single cells,
but also general purpose classifiers like general Support Vector Machines (SVM)134, The
selection of parameters in these unsupervised methods is difficult and can influence the
interpretation of results, esp. the number of cell clusters selected 34132130 - Ay alternative is
the classification of cells using comprehensive references, e.g. scPred3% scmapt38, scMatch
L9 and SingleR"14Y, Using references has the advantage of building on existing, usually
well curated markers to quickly identify cellular identities. On the other hand, since the
classifier is trained on the reference, it is naturally biased towards the composition of the
reference, making the identification of previously unannotated cell types or states difficult
L34 But given the ongoing efforts of atlas projects, these references will improve in terms of
completeness and reliability.

Besides the assignment of discrete cellular identities, there are also studies which focus
on ordering cells along a continuous trajectory of cellular types, e.g. the differentiation of

stem cellg14!

. The methods usually rely on a dimensionality reduction technique such as
principal component analysis (PCA). This simplified representation is then used to define a
graph by e.g. minimal spanning tree (MST) through which a path is determined and the
cells are ordered along this continuous trajectory. A recent benchmarking study revealed
that the performance of methods depends on the underlying topology of the data and that
multiple complementary approaches should be used to infer a robust and comprehensive
trajectory+42,

Deciding on which cell assignment approach to use depends on the cellular composition,

research questions and experimental design. Both approaches, continuous ordering as well as

assignment of distinct cell types, can be informative.

Differential gene expression

After assigning the identity of single cells by prior knowledge, ordering or clustering, the
analysis naturally focuses on the identification of differences between groups of cells. For

FAC-sorted and clustered cells, this is usually done by identifying genes that are differentially



24 1. Introduction

expressed between the groups or marker genes that are characteristic for a single cell type
identity. An important first step in differential analysis is defining an appropriate distribution
to allow reliable inference of expression differences. Given that the majority of quantification
methods ultimately result in a matrix of counts, common discrete distributions can be
considered. One option is the Poisson distribution which describes here the probability of
sampling species of RNA out of a pool of RNA molecules at random. A Poisson distribution
is a one parameter distribution where the mean of the distribution is equal to the variance,
thus accounting for sampling noise only. However, counting noise is not the only source of
variance in RNA-seq experiments as technical and biological noise can add additional variance
143 A better fit is the negative binomial distribution including an extra over-dispersion
parameter, allowing the variance in expression to be larger than the mean#%. Another way
of defining the NB distribution is that it is a weighted mixture of Poisson distributions where
the rate parameter (i.e. the expected counts) is itself associated with uncertainty following a
Gamma distribution, called a Poisson-Gamma mixture distribution. The negative binomial
distribution also fits the accepted bursting model of gene expression where transcription
can be described in a two-state model, so called molecular-ratchet model, where patterns of
gene expression are governed by on- and off-states of genes as well as waiting times between

consecutive transcription initiation events122H46,

Already established methods for the detection of differential expression in bulk have also
been applied to scRNA-seq data® since the negative binomial distribution has been found to
fit the observed read count distribution for the majority of expressed genes in single cells®.
However, the early analysis of scRNA-seq data might have been limited by filtering to conform
to the tools requirements (e.g. minimum mean expression cutoff). Furthermore, concerns
have been raised due to the observed differences in distributional characteristics between bulk

and single cells, namely dropouts, high variability and outliers4£€6

, which might violate
the model assumptions of bulk methods. This drove the development of specialized tools for
scRNA-seq data. SCDE was one of the first methods addressing the zero count inflation by
applying a mixture model of the negative binomial and Poisson distribution and robustifying

the estimation in the presence of strong overdispersion by bootstrapping®3. BPSC and D3E

are other examples of mixture modeling approaches whereby a beta-Poisson mixture is used
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to capture the bimodality of scRNA-seq expression profiles 148149,

Instead of mixing distributions to match the observed expression patterns as closely as
possible, there are also other possibilities to cope with the excess of zeroes. For example
MAST incorporates a two-part generalized model by applying a hurdle model®Y, The first
step is to fit the expression rate, i.e. zero vs. larger counts, as a logistic regression and
conditioning on the resulting probability, the mean gene expression is modeled as a Gaussian
distribution. It is also possible to identify genes that might have the same mean between

groups but differ in variancet®!

or other characteristics of their expression distribution, e.g.
difference in non-zero fraction across cells™®2. On the other hand, standard statistical tests
such as Student’s t-test or Mann-Whitney U test that had been unsuitable for bulk RNA-seq
experiments due to the small number of samples, have been used to identify marker genes

in single cell populations®%

. Nevertheless, these statistical tests are limited to pair-wise
comparison and cannot accommodate complex experimental designs nor correct for unwanted
variation, esp. batch effects.

The detection of differential expression is an essential step in many scRNA-seq ex-
periments but it has been unclear which modeling and testing framework is suitable for
scRNA-seq data. The power simulation framework that I established during my PhD has

contributed to solving this questiont23Ha155]

Imputation

Another approach to tackling the problem of too many zeros is to use zero-inflated versions
of count distributions for dimensionality reduction (e.g. ZIFA'2Y) factor analysis (e.g. ZINB-
WaVELT) or differential expression testing (e.g. DEsingle?®® zingeR19%15Y) - However,
there is still an ongoing debate whether single cell RNA-seq data are truly zero-inflated and
therefore, if there is even the need to include zero-inflation in the modelingt0U-161162
Imputation of zeros has recently received considerable attention as an alternative strategy
to compensate for the sparsity of scRNA-seq2%S. For instance, there are a number of methods
that aim to identify which observed zeros represent true technical rather than biological

zeros using probabilistic models and impute the missing data accordingly. Examples include

SAVERM4 bayNorm99 or scImpute®®. Data-smoothing methods on the other hand adjust
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all gene expression levels based on expression in similar cells, denoising the whole profile, e.g.
MAGIC™? netSmooth™®® or DrImpute®. However, one major problem of these methods
is that they solely rely on internal information for imputation. This circularity can lead
to the introduction of false structures and inflated correlations between genes and cells

170 One way to circumvent this issue is to

that are actually not present in the samples
explore complementary types of data that can inform imputation. There are methods that
incorporate external information, e.g. SAVER-X"X uses atlas-type resources in a transfer

deep learning method or URSMY7 that borrows information from matched bulk RNA-seq

data.

That said, imputation has also been put forward as means to smooth and normalize

L83 which in some cases has shown to improve the

gene expression profiles across cells
reconstruction of cellular differentiation processest®3. As part of my work in this thesis, we
therefore investigated in how far imputation can improve normalisation and how much this

change contributes to the overall performance of scRNA-seq analysis pipelinest22,

1.4 Experimental design and power analysis

R.A. Fisher formalized three integral principles needed for a sound experimental design
17; 1) replication, 2) randomization and 3) blocking. While these factors are essential
for any successful experiment and subsequent statistical analysis, their application to high
throughput sequencing of RNA have not been straightforward and often neglected, which
may lead to incorrect conclusions in scRNA-seq experiments®L,

Experimental design choices concerning replication for genome-wide expression profiling
were discussed in the context of microarray studies’™ and updated in the context of RNA-

176

sequencing-™. While high-throughput sequencing technologies have led to a considerable

decrease in costs’

, it is still the biggest cost factor for most expression studies. Hence,
one needs to decide on a trade-off between the number of samples and the read depth per
sample. Importantly, the majority of studies, particular differential expression analyses,

benefit more from more replicates than deeper sequencing™ ™1™ (Figure A). Adhering to

the blocking principle in RNA-seq experiments is most frequently violated, e.g. technical
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limitations require the separation of an experiment into processing batches, which introduces
a source of technical unwanted variation (Figure [1.8B). To avoid confounding the experiment
by these nuisance factors, blocks of batches should be constructed in such a way that samples

per conditions are evenly and preferably randomly spread across these blocksHe0 (

L50).

In the case of single-cell RNA-seq experiments, it is possible to decouple the location

Figure

and time of sampling from further downstream library preparation by cryopreservation or
methanol fixation of cells after FAC-sorting®®#82 For droplet-based methods, a number

of techniques have been developed to enable multiplexing cells from different samples, e.g.

1831184 5

patients, on one single processing run . Early cellular barcoding by transfection™®

or during ¢cDNA library preparation’86:62

allows pooling of single cells, reducing not only
costs but also the number of processing batches per experimental condition™. As long as
the experimental design is balanced, batch effects can be included as an additional nuisance
covariate in differential expression modelling®?, which comes with a loss of degrees of
freedom but ensures that biological and known technical effects on gene expression can be
distinguished.

Therefore, the use of biological replicates, random assignment of samples and a balanced
block design are essential factors underlying any successful scRNA-seq experiment and
subsequent statistical analysis®®8. In addition to these experimental design considerations,

the choices made for further downstream analysis methods and tools are also important in

terms of possible artifacts or biases influencing scientific conclusions.

1.4.1 Evaluation of single-cell RN A-seq methods

The development of scRNA-seq technologies over the last decade has been staggering.
Nowadays, one can choose from multiple methods for every experimental step, particularly
for computational data analyses. Deciding which one to use can be difficult and depends on
a number of factors. These range from expression data generation aspects covering capture
efficiency of RNA molecules, accuracy and precision of expression measurements by the library
preparation protocol to computational aspects including performance, scalability, accessibility

and suitability. Computational methods usually show their effectiveness by demonstrating
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Figure 1.8. Experimental design for scRNA-seq experiments.

A) Few biological replicates with deep sequencing versus many biological replicates with
shallow sequencing. B) Confounded design: Cells are isolated from each biological replicate
per condition at potentially different times onto separate plates. Prepared libraries are
sequenced on separate lanes of the sequencer. C) Balanced design: All samples are evenly
distributed across all stages of the experiment, thus reducing the sources of technical variation
in the experiment.
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their performance for a particular task and that they are at least as good as existing methods.
Delivering this proof can be difficult using real data sets alone because the underlying truth
is almost always unknown. By generating samples where the true differences are known

or have been validated by control measurements12:8

, one can construct a so-called gold
standard. However, these standards are usually difficult to produce and inherently can only
cover a limited number of possible scenarios. Furthermore, only recently a benchmarking
study has provided such a sample mixture of single cells™?,

On the other hand, computer simulations are in principle limitless in their ability to
capture real-world scenarios. For bulk RNA-seq, a number of tools have already been
developed. These range from simulations assuming an underlying probability distribution for
gene expression, e.g. Negative Binomial2*192 to resampling approaches using observed gene

193104

expression profiles . Synthetic data sets produced by simulations have already been

particularly useful for method development and evaluation of bulk RNA-seq experiments
189I9A1IS - Dye to these reasons and the aforementioned lack of gold standards, in silico
simulations based on parametric distributions have also been the approach taken by many
early methods for scRNA-seq analysis. Unfortunately, these methods suffered from a lack of
documentation and therefore reproducibility. In addition, these simulation frameworks were

limited to synthetic data generation alone without the possibility to evaluate experimental

designs.

1.4.2 Statistical Hypothesis Testing and Errors

Each hypothesis test results in a binary decision: Accept or reject the null hypothesis
stating in the case of differential gene expression analysis that there is no difference in gene
expression between groups. When combined with the binary truth, four distinct outcomes
result, including correct and wrong conclusions (Figure [1.9]A). There are two types of error
involved™, Type I error or false positivity means that one rejects a true null hypothesis. On
the other hand, Type II error or false negativity is the failure to reject a false null hypothesis.

These decision errors happen with a particular probability or “rate”. A statistical test is
constructed such that it aims at controlling the type I error rate at a specified level, which is

referred to as the nominal significance level and denoted by «. The test typically succeeds
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in controlling the type I error rate at its nominal level if all assumptions underlying the
theoretical construction of the test are fulfilled. The type II error rate, which is denoted by
[3, is generally not controlled by the test. This error rate depends on the type I error rate,
the effect size, the variability in the data and the sample size. It is more convenient to work
with the power of a test, which is simply defined as 1 - 3. For a given «, effect size, and
variance, the sample size can be calculated so that the statistical test also controls fand
hence a certain level of power is ensured.

A test with a low type I error rate is called specific, while a low type II error rate is
called sensitive. There is a trade-off between these two types, decreasing one type results
in an increase of the other™® (Figure ) The standard procedure is to achieve an exact
type I error control, meaning that the true error rate should not exceed the prespecified

nominal level while minimizing the type II error rate so as to maximize the statistical power

(1 By

Multiple Testing Problem

In the case of gene expression data, one is interested in determining the association for a
large number of features with the outcome, e.g. response to drug treatment. Assuming that
the multiple tests are independent, the probability of making at least one Type I error is

198 The impact of this multiple testing

equal to 1-(1-a)™, where m is the number of tests
problem (MTP) on the error rate has to be accounted for in the decision rule.

In the case of a single hypothesis test, the type I error rate is clearly defined. On the
other hand, when moving to multiple hypothesis testing, the definition of type I error rate is
not straightforward any more®?. There are two widely used frameworks that extent these
concepts to multiple testing: The Family-Wise Error Rate (FWER) and the False Discovery
Rate (FDR)%WUL Both aim to control the probability of rejecting a true null hypothesis
below the nominal level of the decision rule. The methods actually adjust and combine
the raw p-values of the individual tests®?Z. For example, controlling FDR at level cmeans
that the set of rejected hypotheses is chosen in such a way that the false discovery rate is

at most o. Benjamini and Hochberg defined the most well known FDR procedure as the

expected proportion of rejected null hypotheses which are falsely rejected among all rejected
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hypotheses conditioning on the number of rejections202,

The control over the error can be strong or weak?%, Strong control means that the
rate is correctly controlled independent of the proportion of true and false null hypotheses,
whereas weak control is only achieved if all null hypotheses are truet?®127, The available
methods also have differing levels of conservatism, i.e. controlling the rate in such a way
that less hypotheses are rejected. The loss in sensitivity is greater, i.e. a decreased chance of
identifying true differences between treatment groups, when the multiple testing procedure
is more conservative. The preference of strong control with moderate conservatism are also
the main reasons why the FWER has been basically abandoned in favor of FDR procedures

for high-throughput sequencing data analysis.

1.4.3 Statistical Power Analysis for RN A-sequencing ex-
periments

The statistical power of a hypothesis test is the probability to correctly reject the false null
hypothesis in favor of the true alternative hypothesis?%. There are a number of factors that
determine the power level in a general univariate test: alpha level, one versus two-tailed test,
sample size and effect size. Conventionally, the aim is to achieve a power of 80%. In the case
of gene expression data, one needs to extend the definition of power to accommodate the large
number of statistical tests performed. As with false positives, the concept of false negatives
and therefore power can be defined in multiple ways. The average power, i.e. E(T'P)/mg, is
commonly employed (Figure [L.9)A). There is also the option to consider the global power, i.e.
probability of rejecting at least one null hypothesis Pr(TP > 1) = Pr(FN < m;~1)198204

A number of sample size estimators and power analysis tools developed for bulk RNA-
sequencing are available?%?, The majority rely on pilot or publicly available data to derive
parameters for count data simulations based on parametric distributions (e.g. PROPER
208 Scotty?U”) but the count simulations usually assume a constant technical variance per
gene resulting in unreliable power calculations for lowly and variably expressed DE genes“Y2,
Furthermore, some of these tools base their power calculations on testing results of certain

DE-tools assuming an ensured FDR control. They also do not consider other steps of the

computational pipeline like normalisation in their calculations.
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At its core, sample size calculations are an important step in conducting research since
it is essential to ensure sufficient statistical power for detecting anticipated effects. In
addition, journals are increasingly adopting methods such as reporting statements concerning

2U8) and editors emphasize the need for

experimental design plans (e.g. Nature Neuroscience
thorough experimental design plans in preclinical trials“", However, there is a considerable
lack of tools for power analysis and sample size calculations for scRNA-seq experiments.

As part of my thesis, I developed the first tool for statistical power analysis and sample

154

size calculations of bulk and single-cell RNA-seq experiments*># using simulations closely

resembling observed gene expression profilest23:21U,
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Published: 09 May 2016 i Currently, quantitative RNA-seq methods are pushed to work with increasingly small starting amounts
. of RNA that require amplification. However, it is unclear how much noise or bias amplification
. introduces and how this affects precision and accuracy of RNA quantification. To assess the effects
. of amplification, reads that originated from the same RNA molecule (PCR-duplicates) need to be
. identified. Computationally, read duplicates are defined by their mapping position, which does not
distinguish PCR- from natural duplicates and hence it is unclear how to treat duplicated reads. Here,
: we generate and analyse RNA-seq data sets prepared using three different protocols (Smart-Seq,
© TruSeq and UMI-seq). We find that a large fraction of computationally identified read duplicates are
. not PCR duplicates and can be explained by sampling and fragmentation bias. Consequently, the
: computational removal of duplicates does improve neither accuracy nor precision and can actually
. worsen the power and the False Discovery Rate (FDR) for differential gene expression. Even when
. duplicates are experimentally identified by unique molecular identifiers (UMIs), power and FDR are only
. mildly improved. However, the pooling of samples as made possible by the early barcoding of the UMI-
: protocol leads to an appreciable increase in the power to detect differentially expressed genes.

: High throughput RNA sequencing methods (RNA-seq) are currently replacing microarrays as the method of
. choice for gene expression quantification!~. For many applications RNA-seq technologies are required to become
. more sensitive, the goal being to detect rare transcripts in single cells. However, sensitivity, accuracy and precision
. of transcript quantification strongly depend on how the mRNA is converted into the cDNA that is eventually
. sequenced®. Especially when starting from low amounts of RNA, amplification is necessary to generate enough
: cDNA for sequencing”®. While it is known that PCR does not amplify all sequences equally well>-!!, PCR ampli-
¢ fication is used in popular RNA-seq library preparation protocols such as TruSeq or Smart-Seq'2. However, it is
. unclear how PCR bias affects quantitative RNA-seq analyses and to what extent PCR amplification adds noise and
. hence reduces the precision of transcript quantification. For detecting differentially expressed genes this is even
: more important than accuracy because it influences the power and potentially the false discovery rate.

: RNA-seq library preparation methods are designed with different goals in mind. TruSeq is a method of choice,
. if there is sufficient starting material, while the Smart-Seq protocol is better suited for low starting amounts!>!.
. Furthermore, methods using UMIs and cellular barcodes have been optimized for low starting amounts and
. low costs, to generate RNA-seq profiles from single cells”!*. To achieve these goals, the methods differ in a num-
. ber of steps that will also impact the probability of read duplicates and their detection (Fig. 1). TruSeq uses
. heat-fragmentation of mRNA and the only amplification is the amplification of the sequencing library. Thus all PCR
. duplicates can be identified by their mapping positions. In contrast, in the Smart-Seq protocol full length mRNAs
. are reverse transcribed, pre-amplified and the amplified cDNA is then fragmented with a Tn5 transposase'2.
. Consequently, PCR duplicates that arise during the pre-amplification step can not be identified by their mapping
. positions. UMI-seq also amplifies full-length cDNA, but unique molecular identifiers (UMIs) as well as library
. barcodes are already introduced during reverse transcription before pre-amplification'®. This early barcoding
. allows all samples to be pooled right after reverse transcription. The primer sequences required for the library
- amplification are introduced at the 3’ end during reverse transcription. Thus, PCR-duplicates in UMI-seq data
. can always be identified via the UMI. In summary, while PCR-duplicates can be unambiguously identified in
: UMI-seq, for Smart-Seq and TruSeq PCR-duplicates are identified computationally as read duplicates. However,

Anthropology & Human Genomics, Department of Biology Il, Ludwig-Maximilians University, Grofhaderner
: Str. 2, 82152 Martinsried, Germany. Correspondence and requests for materials should be addressed to I.H.
¢ (email: hellmann@bio.Imu.de)
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Figure 1. Schematic of library preparation protocols and datasets. The upper panel details the steps for the

three sequencing library preparation methods analysed in this study. In the UMI-seq flow-chart red and purple
tags represent the sample barcodes and the green and yellow tags the UMIs.

such read duplicates can also arise by sampling independent molecules. The chance that such natural duplicates,
i.e. read duplicates that originated from different mRNA molecules, occur for a transcript of a given length,
increases with expression levels and fragmentation bias.

That said, it is unclear whether removing read duplicates computationally improves accuracy and precision by
reducing PCR bias and noise or whether it decreases accuracy and precision by removing genuine information.
Here, we investigate the impact of PCR amplification on RNA-seq by analyzing datasets prepared with Smart-Seq,
TruSeq and UMI-seq as well as different amounts of amplification. We investigate the source of read duplicates
by analysing PCR bias and fragmentation bias, assess the accuracy using ERCCs - spike-in mRNAs of known
concentrations'”!® - and assess precision using power simulations using PROPER".

Results

Selection of datasets. We analyse five different datasets that represent three popular RNA-seq library
preparation methods. We started with two benchmarking datasets from the literature? that sequenced five rep-
licates of bulk mRNA using the TruSeq protocol on commercially available reference mRNAs: the Universal
Human Reference RNA (UHRR; Agilent Technologies) and the Human Brain Reference RNA (HBRR,
ThermoFisher Scientific). To ensure comparability, we also used UHRR aliquots to produce Smart-Seq and UMI-
seq datasets in house (Table 1). However, we also wanted to include a single cell dataset, representing the most
extreme and the most interesting case for low starting amounts of RNA. To this end, we chose to reanalyze the
first published single cell dataset from Wu et al.?° that sequenced the cancer cell line HCT116. The library prepa-
ration method used for the single cell data is also Smart-Seq and thus comparable to our UHRR-Smart-Seq data.
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scHCT116 Smart-Seq GSE51254 | Quake 96 1.8+1.1 101 21+ 12
UHRR Smart-Seq GSE75823 | Enard 10 15+ 1.1 50 10%+12
UHRR UMI-seq GSE75823 | Enard 12 9+1 46 15 +12
UHRR TruSeq GSE49712 | SEQC 5 125433 101 15
HBRR TruSeq GSE49712 | SEQC 5 140429 101 15

Table 1. Description of the datasets analysed. ‘preamplification PCR-cycles.

HBRR TruSeq 0.06-0.16 0.62-0.71
scHCT116 Smart-Seq 0.013-0.59 0.064-0.94
UHRR Smart-Seq 0.081-0.18 0.36-0.47
UHRR TruSeq 0.087-0.18 0.66-0.74
UHRR UMI-seq 0.65-0.68*

Table 2. Fraction of duplicates per sample. "Fraction of duplicates based on UMI counts.

The only drawback that we have to keep in mind for this dataset, is that it also contains true biological variation
that we cannot control for, whereas the bulk datasets using the reference mRNAs should only show technical
variation.

All datasets contain ERCC-spike-ins, which allows us to compare the accuracy of the quantification of
RNA-levels. Furthermore, all datasets except the UHRR-UMI-seq have paired-end sequencing, which should
provide more information for the computational identification of PCR duplicates.

Natural duplicates are expected to be common.  The number of computationally identified paired-end
read duplicates (PE-duplicates) varies between 6% and 19% for the bulk data and 1% and 59% for the single cell
data. Since single-end data is commonly used for gene expression quantification, we also consider the mapping of
the first read of every pair. The resulting fractions of computationally identified duplicates from single-end reads
(SE-duplicates) are much higher. For the bulk data, it ranges from 36-74% and for the single cell data from 6-94%
(Table 2, Fig. 2a). Surprisingly, out of the bulk datasets, the UMI-seq data show on average the highest duplicate
fractions with 66% (Range: 64-68%), whereas all those duplicates are bona-fide PCR-duplicates. In the UHRR
Smart-Seq data, which is the most similar dataset to the UMI-seq data, we only identified 12% PE-duplicates
computationally (Fig. 2a). Although these numbers are not strictly comparable due to some differences in the
library preparation (e.g. 5 more PCR-cycles for the UMI-data see Table 1 and a stronger 3’ bias (Supplementary
Figure S1)), it nevertheless strongly indicates that many PCR-duplicates in Smart-Seq libraries occur during
pre-amplification and thus cannot be detected by computational means.

Generally, the fraction of read duplicates is expected to depend on library complexity, fragmentation method
and sequencing depth. Sequencing depth is the factor that gives us the most straight-forward predictions and in
the case of SE-duplicates they are by in large independent of other parameters such as the fragment size distri-
bution. As expected, we observe a positive correlation between the number of reads that were sequenced and the
fraction of SE-duplicates (Fig. 2b,c). In order to test to what extent simple sampling can explain the number of
SE-duplicates, we calculate the expected fraction of SE-duplicates, given the observed number of reads per gene
and the gene lengths (see Methods, Fig. 2b,c). Note that in the case of Smart-Seq this approach will only evaluate
the effect of the library PCR, but be oblivious to PCR duplicates that arose during pre-amplification. We find that
for TruSeq and Smart-Seq the majority of SE-duplicates are expected under this simple model of random sam-
pling (Fig. 2b,c). For the TruSeq data our simple model underestimates the fraction of duplicates on average by
10% (8.1-13.6%), for the single cell Smart-Seq data by 19% (0.3-67%) and for the bulk Smart-Seq data by 16.6%
(11.5-22.3%). Thus, irrespective of the library preparation protocol a large fraction of computationally identified
SE-duplicates could easily be natural duplicates (Fig. 2b,c).

In contrast to this simple sampling expectation for SE-duplicates, fragments produced during
PCR-amplification after adapter ligation, will necessarily produce fragments with the same 5" and 3’ end and
consequently will have identical mapping for both ends. If the sampling was shallow enough so that we would not
expect to draw the same 5’ end twice by chance, the 3’ end position should also be identical and no reads with
only one matching 5’ end are expected. If same 5" ends are more frequent due to biased fragmentation, we expect
a higher ratio of SE- to PE-duplicates. Thus, the relationship between PE- and SE-duplicates contains information
about the relative amounts of duplicates produced by fragmentation as compared to amplification. More specifi-
cally, we expect that the fragmentation component of the PE- vs. SE-duplicates should be captured by a quadratic
fit with an intercept of zero (Fig. 3).

The only dataset for which the quadratic term is not significant is the UHRR-TruSeq dataset. This could be
seen as an indication of a higher proportion of PCR-duplicates, but it is more likely due to the low sample size
of only 5 replicates. More importantly, the quadratic term is significant and positive for the HBRR TruSeq, the
UHRR Smart-Seq and the scHCT116 datasets, supporting the notion that at least for those datasets library PCR

SCIENTIFIC REPORTS |6:25533| DOI: 10.1038/srep25533 3




42

2. Results

www.nature.com/scientificreports/

a b
® Observed
®  Molecule duplicates ® Expected under fragmentation bias
© PE-cuplcates © Expected vihout ragmentaton bias
®  SE-duplicates
K
HBRR TruSeq HBRR TruSeq- '. f
UHRR TruSeq oohe
UHRR TruSeq - oofe
<
UHRR UMI-seq ..
UHRR Smart-Seq -+ -
|y
UHRR Smart-Seq
scHCT116 Smart-Seq . ScHCT116 Smart-Seq -~ m. o | =
000 025 050 075  1.00 000 025 050 075  1.00
Fraction duplicates Fraction SE-duplicates

® HBRR TruSeq @ SCHCT116 Smart-Seq @ UHRR Smart-Seq @ UHRR TruSeq

c @ Observed € Expected under fragmentation bias € Expected without fragmentation bias
Smart-Seq TruSeq
L ]

e
3
a
L]
L]

Fraction SE-duplicates
=} o
n a
(4] o

.
[
0 i 2 3 4 80 100 120 140 160
Total Properly paired mapped reads (Million)

Figure 2. The Fraction of SE-duplicates increases with the total number of reads. In panel (a), we plot the
fraction of computationally identified SE-duplicates (blue) and PE-duplicates (yellow) per sample. For the
UMI-seq data, we identify duplicates only based on the experimental evidence provided by the UMIs. The black
line marks the median for each dataset. If the correlation between sequencing depth and duplicates is due to
sampling and fragmentation, we can quantify this impact. In (b), we plot the observed SE-duplicate fractions
(red) and expected fractions (sampling-green, sampling + fragmentation-blue). (c) The left panel shows the
two Smart-Seq datasets (UHRR- blue, scHCT116- green) and the right panel the TruSeq data (HBRR- red,
UHRR- purple). Filled circles represent the observed fraction of SE-duplicates. Open symbols represent
simulated data: Open diamonds mark the expected fractions of SE-duplicates under a simple sampling model
and open circles are the expectations for a sampling model with fragmentation bias. The lines are the log-linear
fits between sampling depth and SE-duplicates per dataset.
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Figure 3. The relation between SE- and PE-duplicates. The relation between SE- and PE-duplicates is
expected to follow a quadratic function, if the majority of duplicates are natural, i.e. due to fragmentation and
sampling. Here, we show a quadratic fit for the different datasets (UHRR-TruSeq-purple, HBRR-TruSeq-red,
UHRR-Smart-Seq-blue, scHCT116-green).
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Figure 4. The fragmentation patterns of the ERCCs are highly reproducible for different samples
prepared with the same RNA-seq library method. (a) Here, we plot the fraction of 5" read ends per position
of ERCC-00002. Because the TruSeq libries (blue) had read lengths of 100 bases, we do not consider the

ends (grey dashed lines) for the calculation of the pair-wise R? values. Also, note that UMI-seq creates a
stronger 3’ bias. (b) Violin plot of the adjusted R? of a linear model of 5 read ends from different samples.
The reproducibility of fragmentation is highest between Smart-Seq samples (orange), a little lower between
the TruSeq samples and there is no correlation between samples from one Smart-Seq and one TruSeq sample
(middle, green).

amplification is not the dominant source of duplicates. This is also consistent with our finding that most observed
SE-duplicates are simply due to sampling (Supplementary Table S1 and Fig. 3).

Fragmentation is biased. The model above assumes that fragmentation does occur randomly. However,
some sites are more likely to break than others and this might increase the fraction of SE-duplicates. To evaluate
the impact and nature of fragmentation bias, we analysed ERCC spike-ins because they are exactly the same in all
datasets. First, we test whether the variance in the frequency of 5’ end mapping positions of ERCCs in one sample
can explain a significant part of this variance in other samples prepared with the same method. On average, we
find R?s of 0.77 and 0.85 for the Smart-Seq and TruSeq protocols, respectively. Note, that this high R? holds for
samples that were prepared in different labs: for example the R? between the Smart-Seq samples prepared in our
lab and the single cell data from the Quake lab ranges between 0.56-0.90. In contrast, if the R? is calculated for the
comparison between one TruSeq and one Smart-Seq library, it drops to 0.0012 (Fig. 4a,b). Because the UMI-seq
method specifically enriches for reads close to the 3’ end of the transcript, we cannot compare fragmentation
across the entire length of the transcript. However, if we limit ourselves to the 600 most 3" basepairs, we still
find that the fragmentation pattern of the UMI-seq data shows a higher concordance with the two other data-
sets prepared also using the Smart-Seq protocol (mean R?= 0.08) than with the TruSeq data (mean R*= 0.002;
Supplementary Figure S2). All in all, this is strong evidence that fragmentation reproducibly prefers the same sites
given a library preparation protocol and thus read sampling is not random.
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Figure 5. Removing duplicates does not improve the accuracy of expression quantification as measured
using the ERCC spike-ins. Expression levels as quantified in transcripts per million reads (TPM) are a good
predictor of the concentrations of the ERCC spike-ins. The log-linear fit of TPM vs. Molarity for one exemplary
sample of the UHRR-TruSeq dataset is shown in (a). The most accurate prediction of ERCC molarity is the
TPM estimator using all reads (grey). Removing duplicates as PE (yellow) makes the fit a little worse and
removing SE-duplicates (blue) much worse. The adjusted R? for all samples are summarized in (b), the median
for each dataset is marked as black line. The R of the TPM estimate from the removal of PCR-duplicates using
UMIs (green) is surprisingly similar to keeping PCR-duplicates (grey).

To identify potential causes for these non-random fragmentation patterns, we correlated the GC-content of the
15 bases around a given position with the number of 5’ read ends. This explained very little of the fragmentation
patterns in the TruSeq-data (median R*= 0.0064, 59% of the pair-wise comparisons significant with p < 0.05),
and none in the Smart-Seq data (median R?= 0.00002, 18% significant with p < 0.05, Supplementary Figure S3a
and Supplementary Table S2). Next, we built a binding motif for the Transposase?' from our UHRR-Smart-Seq
data and, unsurprisingly, found that the motif has a very low information content (Supplementary Figure S3b)
and accordingly a weak effect on the 5’ read end count (median R? = 0.0019, 48% & 58% significant with p < 0.05
for scHCT116 & UHRR Smart-Seq, Supplementary Figure S3a and Supplementary Table S2).

Although we could not identify the cause for the fragmentation bias in the sequence patterns around the frag-
mentation site, we can still quantify the maximal impact of fragmentation bias on the number of SE-duplicates,
simply by adjusting the effective length of the transcripts. For the TruSeq data, we estimate that a fragmentation
bias that reduces the effective length by ~2-fold gives a reasonably good fit, leaving on average 1% (0.1-3.0%) of
the SE-duplicates unexplained. For the UHRR-Smart-Seq data, a ~38.5-fold reduction in the effective length is
needed and leaves only 3% (0.6-5.1%) of the duplicates unexplained. For the single cell data, the fragmentation
bias that gives overall the best fit is a ~8-fold reduction, however the fit is worse since the fraction of unexplained
duplicates is still at ~7% and varies between 0.3% and 61% (Fig. 2b,c). In summary, we find that fragmentation
bias contributes considerably to computationally identified read duplicates and is stronger for Smart-Seq, i.e. for
enzymatic fragmentation, than for TruSeq, i.e. heat fragmentation.

Removal of duplicates does not improve the accuracy of quantification.  To evaluate the impact of
PCR duplicates on the accuracy of transcript quantification, we use again the ERCC spike-in mRNAs. Although,
the absolute amounts of ERCC-spike ins might vary due to handling, the relative abundances of these 92 reference
mRNAs can serve as a standard for quantification. Ideally, the known concentrations of the ERCCs should explain
the complete variance in read counts and any deviations are a sign of measurement errors. We calculate the R* val-
ues of a log-linear fit of transcripts per million (TPM) versus ERCC concentration to quantify how well TPM esti-
mates molecular concentrations and compare the fit among the different duplicate treatments. In no instance does
removing read duplicates improve the fit, but in most cases the fit gets significantly worse (t-test, p <2 x 10~%)
except for the computational PE-duplicate removal of the UHRR-Smart-Seq and the duplicate removal using
UMIs (Fig. 5). These results also hold when we use a more complex linear model including ERCC-length and
GC-content (Supplementary Figure $4).

Removal of duplicates does not improve power. Most of the time we are not interested in absolute
quantification, but are content to find relative differences, i.e. differentially expressed (DE) genes between groups
of samples. The extra noise from the PCR-amplification has the potential to create false positives as well as to
obscure truly DE genes. In order to assess the impact of duplicates on the power and the false discovery rate
(FDR) to detect DE genes, we simulated data based on the estimated gene expression distributions of the five
datasets. For comparability, we first equalized the sampling depth by reducing the number of mapped reads to 3
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Figure 6. Duplicate removal has little influence on the power and FDR to detect DE-genes in comparison
to the library preparation method. We estimated the distributions of mean expression and dispersion across
genes for each dataset using DESeq?2 after downsampling the datasets to 3 or 1 million reads. The distributions
are estimated for the data including all reads (grey), removing PE-duplicates (yellow), removing SE-duplicates
(blue) and for the UHRR-UMI-seq dataset removing duplicates using UMIs (green). We summarize
distributions of dispersion/mean in (a). The estimated mean and dispersion distributions served as input for our
power simulations using PROPER'. We did 100 simulations per dataset, whereas each dataset had two groups
of six replicates (45 for scHT116) with 5% of the genes being differentially expressed between groups. In panel
(b), we report the marginal power to detect a log2-fold change of 0.5 and in panel (d) the corresponding FDR,
whereas the nominal FDR was set to o= 0.05 (dashed line). In panel (c), we plot our estimates of the marginal
power against the number of PCR-cycles for each dataset. Error bars are standard deviation to the mean
marginal power over 100 simulations. We find a surprisingly simple linear decline in power with the number
of PCR-cycles, if we only consider datasets where PCR amplification was done separately for each sample of the
dataset (violet). To confirm this simple fit we added two other datasets: (1) Bulk Smart-Seq dataset of mouse
brain bulk RNA amplified using 20 PCR-cycles and (2) Single cell Smart-Seq dataset of 96 mouse embryonic
stem cells that were amplified using 33 cycles. The only outlier is the UMI-seq dataset for which samples were
pooled prior to amplification (green).

million and 1 million for bulk and single cell data, respectively. Next, we estimated gene-wise base mean expres-
sion and dispersion using DESeq2?2.

There are no big differences in the distributions of mean baseline expression and dispersion estimates from the
different duplicate treatments for the two Smart-Seq datasets, whereas there is a shift towards lower means and
higher dispersions, when removing SE-duplicates for the TruSeq datasets. Dispersions shift only to lower values
if we exclude duplicates based on identification by UMIs (Fig. 6a, Supplementary Figure S5). The empirical mean
and dispersion distributions are then used to simulate two groups with six replicates for bulk-RNA-seq datasets
and 45 replicates for the single cell dataset. In all cases we simulate that 5% of the genes are differentially expressed
with log2-fold changes drawn from a normal distribution with N (0, 1.5)'°. We analysed 100 simulations per
data-set using DESeq2 and calculate FDR and power for detecting DE-genes with a log 2-fold change of at least
0.5.

Except for the UHRR-UMI-seq dataset, the nominal FDR that we set to oo = 5% is exceeded: the means vary
between 5.4% and 10.1%, whereas the HBRR TruSeq has the lowest and the scHCT116 Smart-Seq data the high-
est FDR (Fig. 6d). Computational removal of SE-duplicates increases the FDR by ~2% in the HBRR-TruSeq and
the UHRR-TruSeq, has no significant impact on the scHCT116 dataset and, surprisingly, improves the FDR by
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1% in the UHRR-Smart-Seq data (Fig. 6d). The computational removal of PE-duplicates harbors less potential for
harm, in that it leaves the FDR unchanged for both TruSeq datasets and even slightly improves the FDR for the
Smart-Seq datasets. Again, the only substantial improvement is achieved by duplicate removal using UMIs, which
reduces the FDR from 7% to 3%. (t-test, p <1 x 1071°).

The differences in the power are more striking. As for the FDR, the major differences are not between dupli-
cate treatments, but between the datasets. For the TruSeq and the UHRR-UMI-seq datasets, the average power
to detect a log2-fold change of 0.5 is ~80% (Fig. 6b). For those datasets the changes in power due to duplicate
removal are only marginal and for the computational removal using PE-duplicates it actually decreases the power
for the TruSeq datasets by 2%, while for the UMI-seq data duplicate removal increases power by 2%. The power
for the UHRR-Smart-Seq and the scHCT116 Smart-Seq datasets is much lower with 52% and 27%, respectively,
and duplicate removal increases the power by only 1%.

The large differences in power between the datasets are unlikely to be ameliorated by increasing the number of
replicates per group. In addition to the 6 and 45 replicates for which the results are reported above, we also con-
ducted simulations for 12 and 90 replicates for bulk and the single cell data, respectively. This doubling in replicate
number increases the power for the UHRR-Smart-Seq dataset only from 52 to 63% and for the single cell dataset
from 27 to 34% (Supplementary Figure S6, Supplementary Table 3).

Discussion

RNA-seq has become a standard method for gene expression quantification and in most cases the sequencing
library preparation involves amplification steps. Ideally, we would like to count the number of RNA molecules in
the sample and thus would want to keep only one read per molecule. A common strategy applied for amplification
correction in SNP-calling and ChIP-Seq protocols*?! is to simply remove reads based on their 5" ends, so called
read duplicates. Here, we show that this strategy is not suitable for RNA-seq data, because the majority of such
SE-duplicates is likely due to sampling. For highly transcribed genes, it is simply unavoidable that multiple reads
have the same 5’ end, also if they originated from different RNA-molecules. We find that only ~10% (TruSeq)
and ~20% (Smart-Seq) of the read duplicates cannot be explained by a simple sampling model with random frag-
mentation. This fraction decreases even more, if we factor in that the fragmentation of mRNA or cDNA during
library preparation is clearly non-random, as evidenced by a strong correlation between the 5’ read positions of
the ERCC-spike-ins across samples. Because local sequence content has little or no detectable effect on fragmen-
tation, we cannot predict fragmentation, but we can quantify the observed effect. For example, we find that a frag-
mentation bias that halves the number of break points can fit the observed proportion of duplicates for TruSeq
libraries well. For the Smart-Seq datasets, fragmentation biases would have to be much higher to explain the
observed numbers of read duplicates. Furthermore, the fit between model estimates and the observed duplicate
fractions is worse than for the TruSeq data and the model estimates for fragmentation bias are also inconsistent
between the datasets (38.5 for the UHRR and 8 for the scHCT116).

Since computational methods cannot distinguish between fragmentation and PCR duplicates, the removal of
read duplicates could introduce a bias rather than removing it. Using the ERCC-spike-ins, we can indeed show
that removing duplicates computationally does not improve a fit to the known concentrations, but rather makes it
worse, especially if only single-end reads are available (Fig. 5). This is in line with our observation that most single
end duplicates are due to sampling and fragmentation. Hence, removing duplicates is similar to a saturation effect
known for microarrays?-27.

Moreover, the Smart-Seq protocol, which was designed for small starting amounts, involves PCR amplifica-
tion before the final fragmentation of the sequencing library. Thus in the case of Smart-Seq, computational meth-
ods cannot identify PCR duplicates that occur during the pre-amplification step. When we use unique molecular
identifiers (UMIs), we find that 66% of the reads are PCR duplicates and only 34% originate from independent
mRNA molecules. In contrast, when using paired-end mapping for a comparable Smart-Seq library, we identify
13% as duplicates and 87% as unique. This might in part be due to the fact that in UMI-Seq we sequence mainly
3’ ends of transcripts, thus decreasing the complexity of the library, which in turn increases the potential for
PCR duplicates for a given sequencing depth (Fig. 4a, Supplementary Figure S1). However, it is unlikely that
library complexity can explain the 53% difference in duplicate occurrence. This difference is more likely to be due
to PCR-duplicates that are generated during pre-amplification and thus remain undetectable by computational
means.

Allin all, computational methods are limited when it comes to removing PCR-duplicates, but how much noise
or bias do PCR duplicates introduce? In other words, we want to know how PCR-duplicates impact the power and
the false discovery rate for the detection of differentially expressed genes. Both, power and FDR, are determined
by the gene-wise mean expression and dispersion. Based on simulated differential expression using the empiri-
cally determined mean and dispersion distributions, we find that computational removal of duplicates has either
a negligible or a negative impact on FDR and power, and we therefore recommend not to remove read duplicates.
In contrast, if PCR duplicates are removed using UMIs, both FDR and power improve. Even though the effects in
the bulk data analysed here are relatively small: FDR is improved by 4% and the power by 2%, UMIs will become
more important when using smaller amounts of starting material as it is the case for single-cell RNA-seq®?%.

The major differences in power are between the datasets with the TruSeq and the UMI-seq data achieving a
power of around 80%, the UHRR-Smart-Seq 52% and the single cell Smart-Seq data (scHCT116) only 27%. Note
that this apparently bad performance of the single cell Smart-Seq data is at least in part due to an unfair compar-
ison. While all the other datasets were produced using commercially available mRNA and thus represent true
technical replicates, the single cell data necessarily represent biological replicates and thus are expected to have a
larger inherent variance and thus lower power.

However, also the UHRR Smart-Seq bulk data achieves with 52% a much lower power than the other bulk
datasets. One possible explanation for the differences in power is the total number of PCR-cycles involved in
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the library preparation. With every PCR-cycle the power to detect a log2-fold change of 0.5 appears to drop by
2.4% (Fig. 6¢). The only exception is the UMI-seq dataset, that gives a power of 81%, even if duplicates are not
removed, which is comparable to the power reached with TruSeq data despite the UMI-seq method having 12
more PCR-cycles. Technically UMI-seq is most similar to the Smart-Seq method. The biggest difference between
the two methods is that all UMI-seq libraries are pooled before PCR-amplification, suggesting that the PCR-noise
is due to the different PCR-reactions and not due to amplification efficiency per-se.

We conclude that computational removal of duplicates is not recommendable for differential expression anal-
ysis and if sufficient starting material is available so that only few PCR-cycles are necessary, the loss in power due
to PCR duplicates is negligible. However, if more amplification is needed, power would be improved if all samples
are pooled early on, and for really low amounts as for single cell data also the gain in power that is achieved by
removing PCR-duplicates using UMIs will become important.

Methods

Datasets. We used six datasets representing the TruSeq, Smart-Seq and UMI-seq protocols and varying
amounts of starting material from bulk RNA or single cell RNA. All analysed datasets contain the ERCCs spike-in
RNAs. This is a set of 92 artifical poly-adenylated RNAs designed to match the characteristics of naturally occur-
ring RNAs with respect to their length (273-2022bp), their GC-content (31-53%) and concentrations of the
ERCCs (0.01-30,000 attomol//u]). The recommended ERCC spike-in amounts result in 5-107 ERCC RNA mole-
cules in the cDNA synthesis reaction.

To reduce biological variation, we used the well-characterized Universal Human Reference RNA (UHRR;
Agilent Technologies) for the two datasets produced for this study. We downloaded UHRR- and HBRR-TruSeq
data from SEQC/MAQC-III2. Finally, we also analyse the single cell data published in Wu et al.?°, for which the
colorectal cancer cell-line HCT116 was used (Table 1). The input mostly being commercially distributed human
samples, we expect all biological samples analysed in this study to have similarly high quality and complexity. All
data that were generated for this project were submitted to GEO under accession GSE75823.

RNA-seq library preparation and sequencing.  For the Smart-Seq libraries, 250 ng of Universal Human
Reference RNA (UHRR; Agilent Technologies) and ERCC spike-in control mix I (Life Technologies) were used
and cDNA was synthesized as described in the Smart-Seq2 protocol from Picelli et al.'*. However, because we
used more mRNA to begin with, we reduced the number of pre-amplification PCR cycles to 9 cycles instead of
the 18-21 recommended in Picelli et al.’®. 1 ng of pre-amplified cDNA was then used as input for Tn5 transposon
tagmentation by the Nextera XT Kit (Illumina), followed by 12 PCR cycles of library amplification. For sequenc-
ing, equal amounts of all libraries were pooled.

For the UMI-seq libraries, we started with 10 ng of UHRR-RNA to synthesise cDNA as described in Soumillon
et al.'°. This protocol is very similar to the Smart-Seq protocol, however the first strand cDNA is decorated with
sample-specific barcodes and unique molecular identifiers. The barcoded cDNA from all samples was then
pooled, purified and unincorporated primers digested with Exonuclease I (NEB). Pre-amplification was per-
formed by single-primer PCR for 15 cycles. 1 ng of full-length cDNA was then used as input for the Nextera XT
library preparation with the modification of adding a custom i5 primer to enrich for barcoded 3’ ends.

Library pools were sequenced on an Illumina HiSeq1500. The Smart-Seq libraries were sequenced using 50
cycles of paired-end sequencing on a High-Output flow-cell. The UMI-seq libraries were sequenced on a rapid
flow-cell with paired-end layout, where the first read contains the sequences of the sample barcode and the UMI
sequence using 17 cycles. The second read contains the actual cDNA fragment with 46 cycles.

Data Processing. For Smart-Seq and TruSeq libraries, the sequenced reads were mapped to the
human genome (hg19) and the splice site information from the ensembl annotation (GRCh37.75) using
STAR(version:2.4.0.1)* with the default parameters, reporting only the best hit per read. The genome index was
created with —sjdbOverhang ‘readlength-1> Because the ERCCs are transcript sequences no splice-aware mapping
is neccessary and therefore we used NextGenMap for the ERCCs*. Except for three parameters, (1) the maxi-
mum fragment size which was set to 10kb, (2) the minimum identity set to 90% and (3) reporting only the best
hit per read, we also used the default parameters for NextGenMap. Note that we also included hg19 and did not
map to ERCC sequences only. The mapped reads were assigned to genes [Ensembl database annotation version
GRCh37.75] using FeatureCount from the bioconductor package Rsubread®! (see Supplementary text).

For UMI-seq data, cDNA reads were mapped to the transcriptome as recommended in Soumillon et al.'®
using the Ensembl annotation [version GRCh37.75] and NextGenMap*’ (Supplementary text). If either the sam-
ple barcode or the UMI had at least one base with sequence quality <10 or contained ‘N’s the read was discarded.
Next, we generated count tables for reads or UMIs per gene. Finally, mitochondrial and ambiguously assigned
reads were removed from all libraries.

Duplicate detection and removal. We defined single-end (SE) read duplicates as reads that map to the
same 5’ position, have the same strand and the same CIGAR value. Because we cannot determine the exact map-
ping position for 5 soft clipped reads, we discard them. To flag paired-end duplicates (PE), we used the same
requirements as for the SE-duplicates, those requirements had just to be fulfilled for both reads of a pair.

Model for the fraction of sampling and fragmentation duplicates. We obtain an expectation for
the number of reads if duplicates are identified via their 5 position and only one read per 5’ end position is kept.
The only input parameters are the observed number of reads per gene (r;) and the effective length of the gene
(L,g=L— 2 x read-length). Then the expected number of unique reads can be estiamted as
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whereas P (X = k) can be calculated using a positive Poisson distribution with A\;= /L, and s is a scaling factor
=1 S4er.r, POX = K).

In order to estimate the level of fragmentation bias, we simply modified the effective length L, by a factor
fx L

Fragmentation pattern analysis. To compare fragmentation sites across libraries, we counted 5’ read
starts per position for the ERCCs across all datasets using samtools and in house perl scripts. To avoid edge effects
in later analyses, we excluded the first and last 100 bases of each ERCC, whereas 100 bases is the maximum read
length of datasets analysed here.

We generated a Position Weight Matrix (PWM) for the transposase (Tn5) motif by simply stacking up the 30
bases of the putative Transposase binding sites from all UHRR-Smart-Seq reads. Those 30 bases are identified as 6
bases upstream of the 5 read end and the 24 downstream?!. The resulting PWM was then used to calculate motif
scores across the ERCCs using the Bioconductor package PWMEnrich®2.

Power evaluation for differential expression. For power analysis, we estimated the mean baseline
expression and dispersion for all datasets after downsampling them to 3 and 1 million reads for bulk and single
cell data, respectively. This was done for all three duplicate treatments (keep all, remove SE and remove PE) using
DESeq2? with standard parameters. Furthermore, genes with very low dispersions (<0.001) were removed. We
chose the sample sizes 3, 6 and 12 per condition for the bulk data and 30, 45 and 90 for the single cell dataset,
because they seemed to be a good representation of the current literature. For the simulations, we use an in-house
adaptation of the Bioconductor-package PROPER™. As suggested in Wu et al.'?, we set the fraction of differ-
entially expressed genes between groups to 0.05 and the log2-fold change for the DE-genes was drawn from a
normal distribution with N (0, 1.5). We generated 100 simulations per original input data-set and analysed them
using DESeq2. Next, we calculated the power to detect a log2-fold change of at least 0.5 and the according FDR
using = 0.05.
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Figure S2: The fragmentation patterns of the most 3’ 600bp of ERCCs are relatively reproducible
between Smart-Seq and UMI-seq. Violin plots of the adjusted R? from a linear model between fraction of
5’read ends from different samples. The adjusted R? are calculated considering full length for Smart-Seq and
TruSeq methods whereas for comparison to UMI-seq the most 3" 600bp are considered. The reproducibility of
fragmentation is highest within Smart-Seq (orange) and TruSeq samples (blue). Fragmentation reproducibility
between Smart-Seq and UMI-seq samples(green) is higher than compared to TruSeq(green), as both methods use
transposase tagmentation.
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of the adjusted R? of linear model fit between background corrected GC content of 15bases window and fraction
of 5'read ends of the middle base in the window for each ERCC spike-in and the right panel shows the adjusted
R? of linear model fit between Tn5 motif score calculated for ERCC spike-in RNAs. b) Sequence logo of the Tn5
motif derived from UHRR Smart-Seq dataset.
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Figure S4: Removing duplicates does not improve the accuracy of expression quantification as
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are considered to be good measure of ERCC spike ins. However, other factors like capture and sequencing
efficiency can not be explained by TPM. One exemplary sample of the UHRR-TruSeq dataset as shown in Figure
5 of the main text is shown in a). The dashed grey line shows the bisecting line. We calculated the log-linear
fit of counts per million (CPM) vs. Molarity also controlling for GC content and length of the transcript. The
adjusted R? for all samples are summarized in b), the median for each dataset is marked as black line. The
colors represent different duplicates trez All reads (grey), removing PE-duplicates (yellow) and removing
SE-duplicates (blue).
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Figure S5: Empirical mean and dispersion distrik

ions are used to power to detect

differential expression.The left panel shows density plot of log(dispersion) and the right panel the log(mean
baseline expression) measured by DESeq2 for each study. Different duplicates treatments are represented by
colors, All reads- grey, removing PE-duplicates- orange, removing SE-duplicates- blue and removing duplicate

molecules in UMI-seq as green.
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Figure S6: Power to detect differential expression increases with increased sample size. The box-
plot shows marginal power to detect 0.5 log2foldchange at 5% nominal FDR for different sample sizes. Colors
gradient from light to dark represent sample sizes 3,6 and 12 for the bulk and 30,45 and 90 for the single cell

datasets.
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Supplementary text

Detailed commands used for mapping are given below.

STAR genome generate

STAR ~runThreadN 10 ~runMode genomeGenerate ~genomeDir hgl9STARindex —genomeFastaFiles hgl9.fa sjdbGTFfile
GRCh37.75.gtf -sjdbOverhang ‘readLen-1¢

STAR mapping

STAR -readFilesIn R1.fastq R2.fastq —runThreadN 10 -outFileNamePrefix outFi i 1
~outSAMunmapped Within ~outSAMtype BAM SortedByCoordinate ~sjdbGTFfile GRCh37.75.gtf -genomeDir hgl9STARindex
~sidbOverhang ‘readLen-1° ~outFilterType BySJout —outSJfilterReads Unique

NextGenMap mapping
For ERCC spike-ins

ngm.4.12 -1 Rl.fastq -2 R2.fastq -t 10 -i 0.9 -X 10000 -r ERCCs.fa -0 samplename.sam

For UMI-seq data
ngm.4.12 -q R1fastq -t 10 -i 0.9 -r GRCh37.75.fa -0 samplename.sam
Supplementary tables

Table S1: Summary of squared terms from quadratic fit between PE-dup and SE-dup (PE-dup ~ SE-dup+(SE-
dup)?+0)

Study name Beta’ Std. Error t value Pr(> [t])

scHCT116 Smart-Seq  0.542 0.0302 17.94 0.0000
UHRR Smart-Seq  1.168 0.246  4.739 0.001
UHRR TruSeq  0.840 0.619 1.356 0.268
HBRR TruSeq  1.134 0.338  3.350 0.044

Table $2: Median R? and percentage of significant ERCCs for the Im fit between GC content/Tn5 motif score
and 5’ read ends

Study name Go Tns

R?  %Significant” R?  %Significant”
scHCT116 Smart-Seq | -0.00027 16% | 0.00112 49%
UHRR Smart-Seq 0.00020 19% | 0.00174 59%
UHRR TruSeq 0.00614 57% | 0.00077 43%
HBRR TruSeq 0.00657 61% | 0.00077 43%
*Percentage of ERCCS with p-value < 0.05

Table S3: Summary of power analysis

PCRcycles  Amount(ug)

Avg# of TD Avg # of FD FDC DupType

Sample size  Mean FDR  Marginal power

Study name

0.07 Al

16.28

239.63

0.68
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20.45

266.98

0.61

HBRR TruSeq
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17.75
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SUMMARY

Single-cell RNA sequencing (scRNA-seq) offers new
possibilities to address biological and medical ques-
tions. However, systematic comparisons of the per-
formance of diverse scRNA-seq protocols are lack-
ing. We generated data from 583 mouse embryonic
stem cells to evaluate six prominent scRNA-seq
methods: CEL-seq2, Drop-seq, MARS-seq, SCRB-
seq, Smart-seq, and Smart-seq2. While Smart-seq2
detected the most genes per cell and across cells,
CEL-seq2, Drop-seq, MARS-seq, and SCRB-seq
quantified mRNA levels with less amplification noise
due to the use of unique molecular identifiers (UMis).
Power simulations at different sequencing depths
showed that Drop-seq is more cost-efficient for tran-
scriptome quantification of large numbers of cells,
while MARS-seq, SCRB-seq, and Smart-seq2 are
more efficient when analyzing fewer cells. Our quan-
titative comparison offers the basis for an informed
choice among six prominent scRNA-seq methods,
and it provides a framework for benchmarking
further improvements of scRNA-seq protocols.

INTRODUCTION

Genome-wide quantification of MRNA transcripts is highly infor-
mative for characterizing cellular states and molecular circuitries
(ENCODE Project Consortium, 2012). Ideally, such data are
collected with high spatial resolution, and single-cell RNA
sequencing (scRNA-seq) now allows for transcriptome-wide an-
alyses of individual cells, revealing exciting biological and med-
ical insights (Kolodziejczyk et al., 2015a; Wagner et al., 2016).
scRNA-seq requires the isolation and lysis of single cells, the
conversion of their RNA into cDNA, and the amplification of
cDNA to generate high-throughput sequencing libraries. As the

P

@ CrossMark

amount of starting material is so small, this process results in
substantial technical variation (Kolodziejczyk et al., 2015a; Wag-
ner et al., 2016).

One type of technical variable is the sensitivity of a scRNA-
seq method (i.e., the probability to capture and convert a
particular mRNA transcript present in a single cell into a
cDNA molecule present in the library). Another variable of in-
terest is the accuracy (i.e., how well the read quantification
corresponds to the actual concentration of mRNAs), and a
third type is the precision with which this amplification occurs
(i.e., the technical variation of the quantification). The combi-
nation of sensitivity, precision, and number of cells analyzed
determines the power to detect relative differences in expres-
sion levels. Finally, the monetary cost to reach a desired level
of power is of high practical relevance. To make a well-
informed choice among available scRNA-seq methods, it is
important to quantify these parameters comparably. Some
strengths and weaknesses of different methods are already
known. For example, it has previously been shown that
scRNA-seq conducted in the small volumes available in the
automated microfluidic platform from Fluidigm (C1 platform)
outperforms CEL-seq2, Smart-seq, or other commercially
available kits in microliter volumes (Hashimshony et al,
2016; Wu et al., 2014). Furthermore, the Smart-seq protocol
has been optimized for sensitivity, more even full-length
coverage, accuracy, and cost (Picelli et al., 2013), and this
improved Smart-seq2 protocol (Picelli et al., 2014b) has also
become widely used (Gokce et al., 2016; Reinius et al.,
2016; Tirosh et al., 2016).

Other protocols have sacrificed full-length coverage in order
to sequence part of the primer used for cDNA generation. This
enables early barcoding of libraries (i.e., the incorporation of
cell-specific barcodes), allowing for multiplexing the cDNA
amplification and thereby increasing the throughput of scRNA-
seq library generation by one to three orders of magnitude
(Hashimshony et al., 2012; Jaitin et al., 2014; Klein et al., 2015;
Macosko et al., 2015; Soumillon et al., 2014). Additionally, this
approach allows the incorporation of unique molecular identi-
fiers (UMIs), random nucleotide sequences that tag individual

Molecular Cell 65, 631-643, February 16, 2017 © 2017 Elsevier Inc. 631
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Figure 1. Schematic Overview of the Experimental and Computational Workflow

Mouse embryonic stem cells (MESCs) cultured in 2i/LIF and ERCC spike-in RNAs were used to generate single-cell RNA-seq data with six different library
preparation methods (CEL-seq2/C1, Drop-seq, MARS-seq, SCRB-seq, Smart-seq/C1, and Smart-seq2). The methods differ in the usage of unique molecular
identifier (UMI) sequences, which allow the discrimination between reads derived from original mMRNA molecules and duplicates generated during cDNA
amplification. Data processing was identical across methods, and the given cell numbers per method and replicate were used to compare sensitivity, accuracy,
precision, power, and cost efficiency. The six scRNA-seq methods are denoted by color throughout the figures of this study as follows: purple, CEL-seq2/C1;
orange, Drop-seq; brown, MARS-seq; green, SCRB-seq; blue, Smart-seq; and yellow, Smart-seq2. See also Figures S1 and S2.

mRNA molecules and, hence, allow for the distinction between
original molecules and amplification duplicates that derive from
the cDNA or library amplification (Kivioja et al., 2011). Utilization
of UMI information improves quantification of mMRNA molecules
(Grin et al., 2014; Islam et al., 2014), and it has been imple-
mented in several scRNA-seq protocols, such as STRT (Islam
et al., 2014), CEL-seq (Grin et al., 2014; Hashimshony et al.,
2016), CEL-seq2 (Hashimshony et al., 2016), Drop-seq (Ma-
cosko et al., 2015), inDrop (Klein et al., 2015), MARS-seq (Jaitin
et al., 2014), and SCRB-seq (Soumillon et al., 2014).

However, a thorough and systematic comparison of relevant
parameters across scRNA-seq methods is still lacking. To
address this issue, we generated 583 scRNA-seq libraries from
mouse embryonic stem cells (MESCs), using six different
methods in two replicates, and we compared their sensitivity,
accuracy, precision, power, and efficiency (Figure 1).

632 Molecular Cell 65, 631-643, February 16, 2017

RESULTS

Generation of scRNA-Seq Libraries

Variation in gene expression as observed among single cells is
caused by biological and technical variation (Kolodziejczyk
et al., 2015a; Wagner et al., 2016). We used mESCs cultured
under two inhibitor/leukemia inhibitory factor (2i/LIF) condi-
tions to obtain a relatively homogeneous cell population
(Grin et al., 2014; Kolodziejczyk et al., 2015b), so that biolog-
ical variation was similar among experiments and, hence, we
mainly compared technical variation. In addition, we spiked
in 92 poly-adenylated synthetic RNA transcripts of known con-
centration designed by the External RNA Control Consortium
(ERCCs) (Jiang et al., 2011). For all six tested scRNA-seq
methods (Figure 2), we generated libraries in two independent
replicates.
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Figure 2. Schematic Overview of Library Preparation Steps
For details, see the text. See also Table S1.

For each replicate of the Smart-seq protocol, we performed
one run on the C1 platform from Fluidigm (Smart-seq/C1) using
microfluidic chips that automatically capture up to 96 cells (Wu
et al., 2014). We imaged captured cells, added lysis buffer
together with the ERCCs, and we used the commercially avail-
able Smart-seq kit (Clontech) to generate full-length double-
stranded cDNA that we converted into 96 sequencing libraries
by tagmentation (Nextera, lllumina).

For each replicate of the Smart-seq2 protocol, we sorted
mESCs by fluorescence activated cell sorting (FACS) into
96-well PCR plates containing lysis buffer and the ERCCs. We
generated cDNA as described (Picelli et al., 2013, 2014b), and
we used an in-house-produced Tn5 transposase (Picelli et al.,
2014a) to generate 96 libraries by tagmentation. While Smart-
Seq/C1 and Smart-seq?2 are very similar protocols that generate
full-length libraries, they differ in how cells are isolated, their re-
action volume, and in that the Smart-seq2 chemistry has been
systematically optimized (Picelli et al., 2013, 2014b). The main
disadvantage of both Smart-seq protocols is that the generation
of full-length cDNA libraries precludes an early barcoding step
and the incorporation of UMls.

For each replicate of the SCRB-seq protocol (Soumillon et al.,
2014), we also sorted mESCs by FACS into 96-well PCR plates

containing lysis buffer and the ERCCs. Similar to the Smart-
seq protocols, cDNA was generated by oligo-dT priming,
template switching, and PCR ampilification of full-length cDNA.
However, the oligo-dT primers contained well-specific (i.e.,
cell-specific) barcodes and UMIs. Hence, cDNA from one plate
could be pooled and then converted into sequencing libraries,
using a modified tagmentation approach that enriches for the
3’ ends. SCRB-seq is optimized for small volumes and few
handling steps.

The fourth method evaluated was Drop-seq, a recently devel-
oped microdroplet-based approach (Macosko et al., 2015). Here
a flow of beads suspended in lysis buffer and a flow of a single-
cell suspension were brought together in a microfluidic chip that
generated nanoliter-sized emulsion droplets. On each bead,
oligo-dT primers carrying a UMI and a unique, bead-specific bar-
code were covalently bound. Cells were lysed within these drop-
lets, theirmRNA bound to the oligo-dT-carrying beads, and, after
breaking the droplets, cDNA and library generation was per-
formed for all cells in parallel in one single tube. The ratio of
beads to cells (20:1) ensured that the vast majority of beads
had either no cell or one cell in its droplet. Hence, similar to
SCRB-seq, each cDNA molecule was labeled with a bead-spe-
cific (i.e., cell-specific) barcode and a UMI. We confirmed that
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the Drop-seq protocol worked well in our setup by mixing mouse
and human T cells, as recommended by Macosko et al. (2015)
(Figure S1A). The main advantage of the protocol is that a high
number of scRNA-seq libraries can be generated at low cost.
One disadvantage of Drop-seq is that the simultaneous inclusion
of ERCC spike-ins is quite expensive, as their addition would
generate cDNA from ERCCs also in beads that have zero cells
and thus would double the sequencing costs. As a proxy for
the missing ERCC data, we used a published dataset (Macosko
et al., 2015), where ERCC spike-ins were sequenced using the
Drop-seq method without single-cell transcriptomes.

As a fifth method we chose CEL-seq2 (Hashimshony et al.,
2016), an improved version of the original CEL-seq (Hashimsh-
ony et al., 2012) protocol, as implemented for microfluidic chips
on Fluidigm’s C1 (Hashimshony et al., 2016). As for Smart-seq/
C1, this allowed us to capture 96 cells in two independent repli-
cates and to include ERCCs in the cell lysis step. Similar to Drop-
seq and SCRB-seq, cDNA was tagged with barcodes and UMls;
but, in contrast to the four PCR-based methods described
above, CEL-seq2 relies on linear amplification by in vitro tran-
scription after the initial reverse transcription. The amplified, bar-
coded RNAs were harvested from the chip, pooled, fragmented,
and reverse transcribed to obtain sequencing libraries.

MARS-seq, the sixth method evaluated, is a high-throughput
implementation of the original CEL-seq method (Jaitin et al.,
2014). In this protocol, cells were sorted by FACS in 384-well
plates containing lysis buffer and the ERCCs. As in CEL-seq
and CEL-seq2, amplified RNA with barcodes and UMIs were
generated by in vitro transcription, but libraries were prepared
on a liquid-handling platform. An overview of the methods and
their workflows is provided in Figure 2 and in Table S1.

Processing of scRNA-Seq Data

For each method, we generated at least 48 libraries per replicate
and sequenced between 241 and 866 million reads (Figure 1; Fig-
ure S1B). All data were processed identically, with cDNA reads
clipped to 45 bp and mapped using Spliced Transcripts Alignment
to a Reference (STAR) (Dobin et al., 2013) and UMIs quantified
using the Drop-seq pipeline (Macosko et al., 2015). To adjust for
differences in sequencing depths, we selected all libraries with
at least one million reads, and we downsampled them to one
million reads each. This resulted in 96, 79, 73, 93, 162, and 187 li-
braries for CEL-seq2/C1, Drop-seq, MARS-seq, SCRB-seq,
Smart-seq/C1, and Smart-seqg2, respectively.

To exclude doublets (libraries generated from two or more
cells) in the Smart-seq/C1 data, we analyzed microscope im-
ages and identified 16 reaction chambers with multiple cells.
For the four UMI methods, we calculated the number of UMIs
per library, and we found that libraries that have more than twice
the mean total UMI count can be readily identified (Figure S1C). It
is unclear whether these libraries were generated from two sepa-
rate cells (doublets) or, for example, from one large cell before
mitosis. However, for the purpose of this method comparison,
we removed these three to nine libraries. To filter out low-quality
libraries, we used a method that exploits the fact that transcript
detection and abundance in low-quality libraries correlate poorly
with high-quality libraries as well as with other low-quality li-
braries (Petropoulos et al., 2016). Therefore, we determined
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the maximum Spearman correlation coefficient for each cell
in all-to-all comparisons that allowed us to identify low-quality
libraries as outliers of the distributions of correlation coefficients
by visual inspection (Figure S1D). This filtering led to the
removal of 21, 0, 4, 0, 16, and 30 cells for CEL-seq2/C1, Drop-
seq, MARS-seq, SCRB-seq, Smart-seq/C1, and Smart-seq2,
respectively.

In summary, we processed and filtered our data so that we
ended up with a total of 583 high-quality scRNA-seq libraries
that could be used for a fair comparison of the sensitivity, accu-
racy, precision, power, and efficiency of the methods.

Single-Cell Libraries Are Sequenced to a Reasonable
Level of Saturation at One Million Reads

For all six methods, >50% of the reads could be unambiguously
mapped to the mouse genome (Figure 3A), which is comparable
to previous results (Jaitin et al., 2014; Wu et al., 2014). Overall,
between 48% (Smart-seq2) and 30% (Smart-seq/C1) of all reads
were exonic and, thus, were used to quantify gene expression
levels. However, the UMI data showed that only 14%, 5%,
7%, and 15% of the exonic reads were derived from indepen-
dent mRNA molecules for CEL-seq2/C1, Drop-seq, MARS-
seq, and SCRB-seq, respectively (Figure 3A). To quantify the
relationship between the number of detected genes or mRNA
molecules and the number of reads in more detail, we down-
sampled reads to varying depths, and we estimated to what
extent libraries were sequenced to saturation (Figure S2). The
number of unigue mRNA molecules plateaued at 56,760 UMIs
per library for CEL-seq2/C1 and 26,210 UMlIs per library for
MARS-seq, was still marginally increasing at 17,210 UMIs per li-
brary for Drop-seq, and was considerably increasing at
49,980 UMls per library for SCRB-seq (Figure S2C). Notably,
CEL-seq2/C1 and MARS-seq showed a steeper slope at low
sequencing depths than both Drop-seq and SCRB-seq, poten-
tially due to a less biased amplification by in vitro transcription.
Hence, among the UMI methods, CEL-seq2/C1 and SCRB-seq
libraries had the highest complexity of mRNA molecules, and
this complexity was sequenced to a reasonable level of satura-
tion with one million reads.

To investigate saturation also for non-UMI-based methods,
we applied a similar approach at the gene level by counting
the number of genes detected by at least one read. By fitting
an asymptote to the downsampled data, we estimated that
~90% (Drop-seq and SCRB-seq) to 100% (CEL-seq2/C1,
MARS-seq, Smart-Seg/C1, and Smart-seg2) of all genes pre-
sent in a library were detected at one million reads (Figure 3B;
Figure S2A). In particular, the deep sequencing of Smart-seqg?2 Ii-
braries showed clearly that the number of detected genes did not
change when increasing the sequencing depth from one million
to five million reads per cell (Figure S2B).

All'in all, these analyses show that scRNA-seq libraries were
sequenced to a reasonable level of saturation at one million
reads, a cutoff that also has been suggested previously for
scRNA-seq datasets (Wu et al., 2014). While it can be more
efficient to invest in more cells at lower coverage (see our power
analyses below), one million reads per cell is a reasonable
sequencing depth for our purpose of comparing scRNA-seq
methods.
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Figure 3. Sensitivity of scRNA-Seq Methods

(A) Percentage of reads (downsampled to one million per cell) that cannot be mapped to the mouse genome (gray) are mapped to regions outside exons (orange)
or inside exons (blue). For UMI methods, dark blue denotes the exonic reads with unique UMIs.

(B) Median number of genes detected per cell (counts > 1) when downsampling total read counts to the indicated depths. Dashed lines above one million reads
represent extrapolated asymptotic fits.

(C) Number of genes detected (counts > 1) per cell. Each dot represents a cell and each box represents the median and first and third quartiles per replicate and
method.

(D) Cumulative number of genes detected as more cells are added. The order of cells considered was drawn randomly 100 times to display mean + SD (shaded
area). See also Figures S3 and S4.

Smart-Seq2 Has the Highest Sensitivity sensitivity, with a median of 4,811 and 4,763 genes detected per
Taking the number of detected genes per cell as a measure of  cell, respectively, while CEL-seq2/C1, SCRB-seq, and Smart-
sensitivity, we found that Drop-seq and MARS-seq had the lowest  seq/C1 detected a median of 7,536, 7,906, and 7,572 genes per
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Figure 4. Accuracy of scRNA-Seq Methods

ERCC expression values (counts per million reads for Smart-seq/C1 and
Smart-seq2 and UMIs per million reads for all others) were correlated to their
annotated molarity. Shown are the distributions of correlation coefficients
(adjusted R? of linear regression model) across methods. Each dot represents
a cell/bead and each box represents the median and first and third quartiles.
See also Figure S5.

cell (Figure 3C). Smart-seq2 detected the highest number of genes
per cell with a median of 9,138. To compare the total number of
genes detected across many cells, we pooled the sequence
data of 65 cells per method, and we detected ~19,000 genes for
CEL-Seq2/C1, ~17,000 for MARS-seq, ~18,000 for Drop-seq
and SCRB-Seq, ~20,000 for Smart-seq/C1, and ~21,000 for
Smart-seq2 (Figure 3D). While the majority of genes (~13,000)
were detected by all methods, ~400 genes were specific to
each of the 3’ counting methods, and ~1,000 genes were specific
to each of the two full-length methods (Figure S3A). This higher
sensitivity of both full-length methods also was apparent when
plotting the genes detected in all available cells, as the 3’ counting
methods leveled off below 20,000 genes while the two full-length
methods leveled off above 20,000 genes (Figure 3D). Such a differ-
ence could be caused by genes that have 3’ ends that are difficult
to map. However, we found that genes specific to Smart-seg2 and
Smart-seq/C1 map as well to 3’ ends as genes with similar length
distribution that are not specifically detected by full-length
methods (Figure S3B). Hence, it seems that full-length methods
turn a slightly higher fraction of transcripts into sequenceable mol-
ecules than 3’ counting methods and are more sensitive in this
respect. Importantly, method-specific genes are detected in
very few cells (87% of genes occur in one or two cells) with very
low counts (mean counts < 0.2, Figure S3C). This suggests that
they are unlikely to remain method specific at higher expression
levels and that their impact on conclusions drawn from scRNA-
seq data is rather limited (Lun et al., 2016).

Next, we investigated how reads are distributed along the
mRNA transcripts for all genes. As expected, the 3’ counting
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methods showed a strong bias of reads mapped to the 3’ end
(Figure S3D). However, it is worth mentioning that a considerable
fraction of reads also covered other segments of the transcripts,
probably due to internal oligo-dT priming (Nam et al., 2002).
Smart-seq2 showed a more even coverage than Smart-seq,
confirming previous findings (Picelli et al., 2013). A general differ-
ence in expression values between 3’ counting and full-length
methods also was reflected in their strong separation by the first
principal component, explaining 37% of the total variance, and
when taking into account that one needs to normalize for gene
length for the full-length methods (Figure S4E).

As an absolute measure of sensitivity, we compared the prob-
ability of detecting the 92 spiked-in ERCCs, for which the num-
ber of molecules available for library construction is known (Fig-
ures S4A and S4B). We determined the detection probability of
each ERCC RNA as the proportion of cells with at least one
read or UMI count for the particular ERCC molecule (Marinov
et al., 2014). For Drop-seq, we used the previously published
ERCC-only dataset (Macosko et al., 2015), and for the other
five methods, 2%-5% of the one million reads per cell mapped
to ERCCs that were sequenced to complete saturation at that
level (Figure S5B). A 50% detection probability was reached at
~7, 11, 14, 16, 17, and 28 ERCC molecules for Smart-seq2,
Smart-seq/C1, CEL-seq2/C1, SCRB-seq, Drop-seq, and
MARS-seq, respectively (Figure S4C). Notably, the sensitivity
estimated from the number of detected genes does not fully
agree with the comparison based on ERCCs. While Smart-
seg2 was the most sensitive method in both cases, Drop-seq
performed better and SCRB-seq and MARS-seq performed
worse when using ERCCs. The separate generation and
sequencing of the Drop-seq ERCC libraries could be a possible
explanation for their higher sensitivity. However, it remains un-
clear why SCRB-seq and MARS-seq had a substantially lower
sensitivity when using ERCCs. It has been noted before that
ERCCs can be problematic for modeling endogenous mRNAs
(Risso et al., 2014), potentially due to their shorter length, shorter
poly-A tail, and their missing 5’ cap (Grtin and van Oudenaarden,
2015; Stegle et al., 2015). While ERCCs are still useful to gauge
the absolute range of sensitivities, the thousands of endogenous
mRNAs are likely to be a more reliable estimate for comparing
sensitivities as we used the same cell type for all methods.

In summary, we find that Smart-seg2 is the most sensitive
method, as it detects the highest number of genes per cell and
the most genes in total across cells and has the most even
coverage across transcripts. Smart-seq/C1 is slightly less sensi-
tive per cell and detects almost the same number of genes
across cells with slightly less even coverage. Among the 3’
counting methods, CEL-seq2/C1 and SCRB-seq detect about
as many genes per cell as Smart-seq/C1, whereas Drop-seq
and MARS-seq detect considerably fewer genes.

Accuracy of scRNA-Seq Methods

To measure the accuracy of transcript level quantifications, we
compared the observed expression values (counts per million
or UMIs per million) with the known concentrations of the 92
ERCC transcripts (Figure S5A). For each cell, we calculated the
coefficient of determination (R?) for a linear model fit (Figure 4).
Methods differed significantly in their accuracy (Kruskal-Wallis
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Figure 5. Precision of scRNA-Seq Methods
We compared precision among methods using
the 13,361 genes detected in at least 25% of all
cells by any method in a subsample of 65 cells per
method.

(A) Distributions of dropout rates across the
13,361 genes are shown as violin plots, and me-
dians are shown as bars and numbers.

(B) Extra Poisson variability across the 13,361
genes was calculated by subtracting the ex-
pected amount of variation due to Poisson sam-
pling (square root of mean divided by mean)
from the CV (SD divided by mean). Distributions
are shown as violin plots and medians are
shown as bars and numbers. For 349, 336, 474,
165, 201, and 146 genes for CEL-seq2/C1, Drop-
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the reproducibility of the expression-level
estimate) is a major factor when choosing
amethod. As we used the same cell type
under the same culture conditions for all
methods, the amount of biological varia-
tion should be the same in the cells
analyzed by each of the six methods.
Hence, we can assume that differences
in the total variation among methods
are due to differences in their technical
variation. Technical variation is substan-
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test, p < 2.2e—16), but all methods had a fairly high R? ranging
between 0.83 (MARS-seq) and 0.91 (Smart-seq?2). This suggests
that, for all methods, transcript concentrations across this broad
range can be predicted fairly well from expression values. As ex-
pected, accuracy was worse for narrower and especially for
lower concentration ranges (Figure S5C). It is worth emphasizing
that the accuracy assessed here refers to absolute expression
levels across genes within cells. This accuracy can be important,
for example, to identify marker genes with a high absolute mRNA
expression level. However, the small differences in accuracy
seen here will rarely be a decisive factor when choosing among
the six protocols.

Precision of Amplified Genes Is Strongly Increased

by UMIs

While a high accuracy is necessary to compare absolute expres-
sion levels, one of the most common experimental aims is to
compare relative expression levels to identify differentially ex-
pressed genes or different cell types. Hence, the precision (i.e.,

tial in scRNA-seq data primarily because
a substantial fraction of mRNAs is lost
during cDNA generation and small
amounts of cDNA get amplified. There-
fore, both the dropout probability and
the amplification noise need to be
considered when quantifying variation.
Indeed, a mixture model including a dropout probability and a
negative binomial distribution, modeling the overdispersion in
the count data, have been shown to represent scRNA-seq
data better than the negative binomial alone (Finak et al., 2015;
Kharchenko et al., 2014).

To compare precision without penalizing more sensitive
methods, we selected a common set of 13,361 genes that
were detected in 25% of the cells by at least one method (Fig-
ure S6A). We then analyzed these genes in a subsample of 65
cells per method to avoid a bias due to unequal numbers of cells.
We estimated the dropout probability as the fraction of cells with
zero counts (Figure 5A; Figure S6B). As expected from the num-
ber of detected genes per cell (Figure 3C), MARS-seq had the
highest median dropout probability (74%) and Smart-seg2 had
the lowest (26%) (Figure 5A). To estimate the amplification noise
of detected genes, we calculated the coefficient of variation (CV,
SD divided by the mean, including zeros), and we subtracted the
expected amount of variation due to Poisson sampling (i.e., the
square root of the mean divided by the mean). This was possible

MARS-seq
SCRB-seq
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for 96.5% (MARS-seq) to 98.9% (Smart-seq?2) of all the 13,361
genes. This extra Poisson variability includes biological variation
(assumed to be the same across methods in our data) and tech-
nical variation, and the latter includes noise introduced by ampli-
fication (Brennecke et al., 2013; Griin et al., 2014; Stegle et al.,
2015). That amplification noise can be a major factor is seen
by the strong increase of extra Poisson variability when ignoring
UMIs and considering read counts only (Figure 5B, left; Fig-
ure S7A). This is expected, as UMIs should remove amplification
noise, which has been described previously for CEL-seq (Griin
et al., 2014). For SCRB-seq and Drop-seq, which are PCR-
based methods, UMIs removed even more extra Poisson vari-
ability than for CEL-seq2/C1 and MARS-seq (Figure 5B), which
is in line with the notion that amplification by PCR is more noisy
than amplification by in vitro transcription. Of note, Smart-seg2
had the lowest amplification noise when just considering reads
(Figure 5B, left), potentially because its higher sensitivity requires
less amplification and, hence, leads to less noise.

In summary, Smart-seq2 detects the common set of 13,361
genes in more cells than the UMI methods, but it has, as ex-
pected, more amplification noise than the UMI-based methods.
How the different combinations of dropout rate and amplification
noise affect the power of the methods is not evident, neither from
this analysis nor from the total coefficient of variation that ignores
the strong mean variance and mean dropout dependencies of
scRNA-seq data (Figure S7B).

Power Is Determined by a Combination of Dropout Rates
and Amplification Noise and Is Highest for SCRB-Seq

To estimate the combined impact of sensitivity and precision on
the power to detect differential gene expression, we simulated
scRNA-seq data given the observed dropout rates and variance
for the 13,361 genes. As these depend strongly on the expres-
sion level of a gene, it is important to retain the mean variance
and mean dropout relationships. To this end, we estimated the
mean, the variance (i.e., the dispersion parameter of the negative
binomial distribution), and the dropout rate for each gene and
method. We then fitted a cubic smoothing spline to the resulting
pairs of mean and dispersion estimates to predict the dispersion
of a gene given its mean (Figure S8A). Furthermore, we applied a
local polynomial regression model to account for the dropout
probability given a gene’s mean expression (Figure S8B).
When simulating data according to these fits, we recovered dis-
tributions of dropout rates and variance closely matching the
observed data (Figures S8C and S8D). To compare the power
for differential gene expression among the methods, we simu-
lated read counts for two groups of n cells and added log-fold
changes to 5% of the 13,361 genes in one group. To mimic a bio-
logically realistic scenario, these log-fold changes were drawn
from observed differences between microglial subpopulations
from a previously published dataset (Zeisel et al., 2015). Simu-
lated datasets were tested for differential expression using
limma (Ritchie et al., 2015), and the true positive rate (TPR) and
the false discovery rate (FDR) were calculated. Of note, this
does include undetected genes, i.e., the 2.5% (SCRB-seq) to
6.8% (MARS-seq) of the 13,361 genes that had fewer than two
measurements in a particular method (Figure S6B) and for which
we could not estimate the variance. In our simulations, these
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genes could be drawn as differentially expressed, and in our
TPR they were then counted as false negatives for the particular
method. Hence, our power simulation framework considers the
full range of dropout rates and is not biased against more sensi-
tive methods.

First, we analyzed how the number of cells affects TPR and
FDR by running 100 simulations each for a range of 16 to 512
cells per group (Figure 6A). FDRs were similar in all methods
ranging from 3.9% to 8.7% (Figure S9A). TPRs differed consid-
erably among methods and SCRB-seq performed best, reaching
a median TPR of 80% with 64 cells. CEL-seq2/C1, Drop-seq,
MARS-seq, and Smart-seq2 performed slightly worse, reaching
80% power with 86, 99, 110, and 95 cells per group, respec-
tively, while Smart-seq/C1 needed 150 cells to reach 80% power
(Figure 6A). When disregarding UMIs, Smart-seq2 performed
best (Figure 6B), as expected from its low dropout rate and its
low amplification noise when considering reads only (Figure 5B).
Furthermore, power dropped especially for Drop-seq and
SCRB-seq (Figure 6B), as expected from the strong increase in
amplification noise of these two methods when considering
reads only (Figure 5B). When we stratified our analysis (consid-
ering UMIs) across five bins of expression levels, the ranking of
methods was recapitulated and showed that the lowest expres-
sion bin strongly limited the TPR in all methods (Figure S9B). This
ranking also was recapitulated when we analyzed a set of 19
genes previously reported to contain cell-cycle variation in the
2i/LIF culture condition (Kolodziejczyk et al., 2015b). The vari-
ance of these cell-cycle genes was clearly higher than the vari-
ance of 19 pluripotency and housekeeping (ribosomal) genes
in all methods. The p value of that difference was lowest for
SCRB-seq, the most powerful method, and highest for Smart-
seq/C1, the least powerful method (Figure S10D).

Notably, this power analysis, as well as the sensitivity, accu-
racy, and precision parameters analyzed above, includes the
variation that is generated in the two technical replicates
(batches) per method that we performed (Figure 1). These esti-
mates were very similar among our technical replicates, and,
hence, our method comparison is valid with respect to batch var-
iations (Figures S10B-S10D). In addition, as batch effects are
known to be highly relevant for interpreting scRNA-seq data
(Hicks et al., 2015), we gauged the magnitude of batch effects
with respect to identifying differentially expressed genes. To
this end, we used limma to identify differentially expressed genes
between batches (FDR < 1%), using 25 randomly selected cells
per batch and method. All methods had significantly more genes
differentially expressed between batches than expected from
permutations (zero to four genes), with a median of 119 (Drop-
seq) to ~1,135 (CEL-seq2/C1) differentially expressed genes
(Figure S10A). Notably, genes were affected at random across
methods, as there was no significant overlap among them
(extended hypergeometric test [Kalinka, 2013], p > 0.84). Hence,
this analysis once more emphasizes that batches are important
to consider in the design of scRNA-seq experiments (Hicks et al.,
2015). While a quantitative comparison of the magnitude of
batch effects among methods would require substantially more
technical replicates per method, the methods differ in their flex-
ibility to incorporate batch effect into the experimental design,
which is an important aspect to consider as discussed below.
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Figure 6. Power of scRNA-Seq Methods
Using the empirical mean/dispersion and mean/
dropout relationships (Figures S8A and S8B), we
simulated data for two groups of n cells each for
which 5% of the 13,361 genes were differentially
expressed, with log-fold changes drawn from
observed differences between microglial sub-
populations from a previously published dataset
(Zeisel et al., 2015). The simulated data were then
tested for differential expression using limma
(Ritchie et al., 2015), from which the average true
positive rate (TPR) and the average false discov-
ery rate (FDR) were calculated (Figure S9A).
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including the scientific questions ad-
dressed, the experimental design, or the
sample availability. However, the mone-
tary cost is certainly an important one,
and we used the results of our simula-
tions to compare the costs among the
methods for a given level of power.

250,000

Cost Efficiency Is Similarly High for
Drop-Seq, MARS-Seq, SCRB-Seq,
and Smart-Seq2

Given the number of cells needed to
reach 80% power as simulated above

0 100 200 300 400 500 0O 100 200 300 400 500 O

Cells simulated

As a next step, we analyzed how the performance of the six
methods depends on sequencing depth. To this end, we per-
formed power simulations as above, but we estimated the
mean dispersion and mean dropout relationships from data
downsampled to 500,000 or 250,000 reads per cell. Overall,
the decrease in power was moderate (Figure 6C; Table 1) and
followed the drop in sensitivity at different sequencing depths
(Figure 3B). While Smart-seq2 and CEL-seq2/C1 needed just
1.3-fold more cells at 0.25 million reads than at one million reads
to reach 80% power, SCRB-seq and Drop-seq required 2.6-fold
more cells (Table 1). In summary, SCRB-seq is the most powerful
method at one million reads and half a million reads, but CEL-
seq2/C1 is the most powerful method at a sequencing depth
of 250,000 reads. The optimal balance between the number of
cells and their sequencing depth depends on many factors,

100 200 300 400 500

for three sequencing depths (Figure 6C),
we calculated the minimal costs to
generate and sequence these libraries.
For example, at a sequencing depth of one million reads,
SCRB-seq requires 64 cells per group to reach 80% power.
Generating 128 SCRB-seq libraries costs ~260$ and generating
128 million reads costs ~640$. Note that the necessary paired-
end reads for CEL-seq2/C1, SCRB-seq, MARS-seq, and Drop-
seq can be generated using a 50-cycle sequencing kit, and,
hence, we assume that sequencing costs are the same for all
methods.

Calculating minimal costs this way, Drop-seq (6909%) is the
most cost-effective method when sequencing 254 cells at a
depth of 250,000 reads, and SCRB-seq (810%), MARS-seq
(820%), and Smart-seq2 (1,090%) are slightly more expensive at
the same performance (Table 1). For Smart-seq2 it should be
stressed that the use of in-house-produced Tn5 transposase
(Picelli et al., 2014a) is required to keep the cost at this level, as
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Table 1. Cost Efficiency Extrapolation for Single-Cell RNA-Seq Experiments

Method TPR® FDR® (%) Cell per Group” Library Cost ($) Minimal Cost® ($)
CEL-seq2/C1 0.8 ~6.1 86/100/110 ~9 ~2,420/2,310/2,250
Drop-seq 0.8 ~8.4 99/135/254 ~0.1 ~1,010/700/690
MARS-seq 0.8 ~7.3 110/135/160 ~1.3 ~1,380/1,030/820
SCRB-seq 0.8 ~6.1 64/90/166 ~2 ~900/810/1,080
Smart-seq/C1 0.8 ~4.9 150/172/215 ~25 ~9,010/9,440/11,290
Smart-seq2 (commercial) 0.8 ~5.2 95/105/128 ~30 ~10,470/11,040/13,160
Smart-seq?2 (in-house Tn5) 0.8 ~5.2 95/105/128 ~3 ~1,520/1,160/1,090

See also Figure 6.

2True positive rate and false discovery rate are based on simulations (Figure 6; Figure S9).

PSequencing depth of one, 0.5, and 0.25 million reads.
°Assuming $5 per one million reads.

was done in our experiments. When instead using the Tn5 trans-
posase of the commercial Nextera kit as described (Picelli et al.,
2014b), the costs for Smart-seq2 are 10-fold higher. Even if one
reduces the amount of Nextera transposase to a quarter, as done
in the Smart-seq/C1 protocol, the Smart-seq2 protocol is still
four times more expensive than the early barcoding methods.
CEL-seq2/C1 is fairly expensive due to the microfluidic chips
that make up 69% of the library costs, and Smart-seg/C1 is
almost 13-fold less efficient than Drop-seq due to its high library
costs that arise from the microfluidic chips, the commercial
Smart-seq kit, and the costs for commercial Nextera XT kits.

Of note, these calculations are the minimal costs of the exper-
iment and several factors are not considered, such as labor
costs, costs to set up the methods, costs to isolate cells of inter-
est, or costs due to practical constraints in generating a fixed
number of scRNA-seq libraries with a fixed number of reads. In
many experimental settings, independent biological and/or tech-
nical replicates are needed when investigating particular factors,
such as genotypes or developmental time points, and Smart-
seq/C1, CEL-seq2/C1, and Drop-seq are less flexible in distrib-
uting scRNA-seq libraries across replicates than the other three
methods that use PCR plates. Furthermore, the costs are
increased by unequal sampling from the included cells as well
as from sequencing reads from cells that are excluded. In our
case, between 6% (SCRB-seq) and 32% (Drop-seq) of the reads
came from cell barcodes that were not included. While it is diffi-
cult to exactly calculate and compare these costs among
methods, it is clear that they will increase the costs for Drop-
seq relatively more than for the other methods. In summary,
we find that Drop-seq, SCRB-seq, and MARS-seq are the
most cost-effective methods, closely followed by Smart-seq2,
if using an in-house-produced transposase.

DISCUSSION

Here we have provided an in-depth comparison of six prominent
scRNA-seq protocols. To this end, we generated data for all six
compared methods from the same cells, cultured under the
same condition in the same laboratory. While there would be
many more datasets and methods for a comparison of the sensi-
tivity and accuracy of the ERCCs (Svensson et al., 2016), our
approach provides a more controlled and comprehensive com-
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parison across thousands of endogenous genes. This is impor-
tant, as can be seen by the different sensitivity estimates that
we obtained for Drop-seq, MARS-seq, and SCRB-seq using
the ERCCs. In our comparison, we clearly find that Smart-seq2
is the most sensitive method, closely followed by SCRB-seq,
Smart-seq/C1, and CEL-seq2/C1, while Drop-seq and MARS-
seq detect nearly 50% fewer genes per cell (Figures 3B and
3C). In addition, Smart-seq2 shows the most even read coverage
across transcripts (Figure S3D), making it the most appropriate
method for the detection of alternative splice forms and for ana-
lyses of allele-specific expression using SNPs (Deng et al., 2014;
Reinius et al., 2016). Hence, Smart-seq2 is certainly the most
suitable method when an annotation of single-cell transcrip-
tomes is the focus. Furthermore, we find that Smart-seq2 is
also the most accurate method (i.e., it has the highest correlation
of known ERCC spike-in concentrations and read counts per
million), which is probably related to its higher sensitivity. Hence,
differences in expression values across transcripts within the
same cell predict differences in the actual concentrations of
these transcripts well. All methods do this rather well, at least
for higher expression levels, and we think that the small differ-
ences among methods will rarely be a decisive factor. Impor-
tantly, the accuracy of estimating transcript concentrations
across cells (relevant, e.g., for comparing the total RNA content
of cells) depends on different factors and cannot be compared
well among the tested methods as it would require known con-
centration differences of transcripts across cells. However, it is
likely that methods that can use UMIs and ERCCs (CEL-seq2/
C1, MARS-seq, and SCRB-seq) would have a strong advantage
in this respect.

How well relative expression levels of the same genes can be
compared across cells depends on two factors. First, how often
(i.e., in how many cells and from how many molecules) it is
measured. Second, with how much technical variation (i.e.,
with how much noise, e.g., from amplification) it is measured.
For the first factor (dropout probability), we find Smart-seq2 to
be the best method (Figure 5A), as expected from its high gene
detection sensitivity. For the second factor (extra Poisson vari-
ability), we find the four UMI methods to perform better (Fig-
ure 5B), as expected from their ability to eliminate variation intro-
duced by amplification. To assess the combined effect of these
two factors, we performed simulations for differential gene
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expression scenarios (Figure 6). This allowed us to translate the
sensitivity and precision parameters into the practically relevant
power to detect differentially expressed genes. Of note, our po-
wer estimates include the variation that is caused by the two
different replicates per method that constitutes an important
part of the variation. Our simulations show that, at a sequencing
depth of one million reads, SCRB-seq has the highest power,
probably due to a good balance of high sensitivity and low ampli-
fication noise. Furthermore, amplification noise and power
strongly depend on the use of UMIs, especially for the PCR-
based methods (Figures 5B and 6B; Figure S7). Notably, this is
due to the large amount of amplification needed for scRNA-
seq libraries, as the effect of UMIs on power for bulk RNA-seq
libraries is negligible (Parekh et al., 2016).

Perhaps practically most important, our power simulations
also allow us to compare the efficiency of the methods by calcu-
lating the costs to generate the data for a given level of power.
Using minimal cost calculations, we find that Drop-seq is the
most cost-effective method, closely followed by SCRB-seq,
MARS-seq, and Smart-seq2. However, Drop-seq costs are likely
to be more underestimated, due to lower flexibility in generating
a specified number of libraries and the higher fraction of reads
that come from bad cells. Hence, all four UMI methods are in
practice probably similarly cost-effective. In contrast, for
Smart-seq?2 to be similarly cost-effective it is absolutely neces-
sary to use in-house-produced transposase or to drastically
reduce volumes of commercial transposase kits (Lamble et al.,
2013; Mora-Castilla et al., 2016).

Given comparable efficiencies of Drop-seq, MARS-seq,
SCRB-seq, and Smart-seq2, additional factors will play a
role when choosing a suitable method for a particular ques-
tion. Due to its low library costs, Drop-seq is probably prefer-
able when analyzing large numbers of cells at low coverage
(e.g., to find rare cell types). On the other hand, Drop-seq in
its current setup requires a relatively large amount of cells
(>6,500 for 1 min of flow). Hence, if few and/or unstable cells
are isolated by FACS, the SCRB-seq, MARS-seq, or Smart-
seq?2 protocols are probably preferable. Additional advantages
of these methods over Drop-seq include that technical varia-
tion can be estimated from ERCCs for each cell, which can
be helpful to estimate biological variation (Kim et al., 2015;
Vallejos et al., 2016), and that the exact same setup can be
used to generate bulk RNA-seq libraries. While SCRB-seq is
slightly more cost-effective than MARS-seq and has the
advantage that one does not need to produce the transposase
in-house, Smart-seq2 is preferable when transcriptome anno-
tation, identification of sequence variants, or the quantification
of different splice forms is of interest. Furthermore, the pres-
ence of batch effects shows that experiments need to be
designed in a way that does not confound batches with bio-
logical factors (Hicks et al., 2015). Practically, plate-based
methods might currently accommodate complex experimental
designs with various biological factors more easily than micro-
fluidic chips.

We find that Drop-seq, MARS-seq, SCRB-seq, and Smart-
seq?2 (using in-house transposase) are 2- to 13-fold more cost
efficient than CEL-seq2/C1, Smart-seq/C1, and Smart-seq2
(using commercial transposase). Hence, the latter methods

would need to increase in their power and/or decrease in their
costs to be competitive. The efficiency of the Fluidigm C1 plat-
form can be further increased by microfluidic chips with a higher
throughput, as available in the high-throughput (HT) mRNA-seq
integrated fluidic circuit (IFC) chip. While CEL-seq2/C1 has
been found to more sensitive than the plate-based version of
CEL-seq2 (Hashimshony et al., 2016), the latter might be
more efficient when considering its lower costs. Our finding
that Smart-seq?2 is the most sensitive protocol also hints toward
further possible improvements of SCRB-seq and Drop-seq. As
these methods also rely on template switching and PCR ampli-
fication, the improvements found in the systematic optimization
of Smart-seq2 (Picelli et al., 2013) also could improve the sensi-
tivity of SCRB-seq and Drop-seq. Furthermore, the costs of
SCRB-seq libraries per cell can be halved when switching to
a 384-well format (Soumillon et al., 2014). Similarly, improve-
ments made for CEL-seq2 (Hashimshony et al., 2016) could
be incorporated into the MARS-seq protocol. Hence, it is clear
that scRNA-seq protocols will become even more efficient in
the future. The results of our comparative analyses of six
currently prominent scRNA-seq methods may facilitate such
developments, and they provide a framework for method eval-
uation in the future.

In summary, we systematically compared six prominent
scRNA-seq methods and found that Drop-seq is preferable
when quantifying transcriptomes of large numbers of cells
with low sequencing depth, SCRB-seq and MARS-seq is pref-
erable when quantifying transcriptomes of fewer cells, and
Smart-seq?2 is preferable when annotating and/or quantifying
transcriptomes of fewer cells as long one can use in-house-
produced transposase. Our analysis allows an informed
choice among the tested methods, and it provides a frame-
work for benchmarking future improvements in scRNA-seq
methodologies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

Esgro recombinant mouse LIF Millipore ESG1107
CHIR99021 Axon Med Chem 1386
PD0325901 Axon Med Chem 1408
2-Mercaptoethanol Sigma-Aldrich M3148

FBS Sigma-Aldrich F7524
Penicillin/Streptomycin Sigma-Aldrich P4333
MEM non-essential amino acids Sigma-Aldrich M7145
L-glutamine Sigma-Aldrich G7513
Dulbecco’s modified Eagle’s medium Sigma-Aldrich D6429
Perfluoroctanol Sigma-Aldrich 370533
Maxima H- Reverse Transcriptase Thermo Fisher Scientific EP0753
SuperScript Il Life Technologies 18064071
Exonuclease | New England Biolabs M0293L
RNAprotect Cell Reagent QIAGEN 76526
RNase inhibitor Promega N2515
RNase inhibitor Lucigen 30281-2-LU
Phusion HF buffer New England Biolabs B0518S
Proteinase K Ambion AM2546
KAPA HiFi HotStart polymerase KAPA Biosystems KAPBKK2602
Phusion HF PCR Master Mix Thermo Fisher Scientific F531L
dNTPs New England Biolabs NO447L
Triton X-100 Sigma-Aldrich T8787

SDS Sigma-Aldrich L3771

Tn5 transposase Picelli et al., 2014a N/A

Critical Commercial Assays

C1 Single-Cell System Fluidigm N/A

C1 IFC for Open App (10-17 um) Fluidigm 100-8134
C1 IFC for mRNA-seq (10-17 pm) Fluidigm 100-6041
Nextera XT DNA Sample Preparation Kit lllumina FC-131-1096
SMARTer Ultra Low RNA Kit for Fluidigm C1 Clontech 634833
MinElute Gel Extraction Kit QIAGEN 28606
Deposited Data

single-cell RNA-seq data This paper GEO: GSE75790

Drop-seq ERCC data

Macosko et al., 2015

GEO: GSE66694

Experimental Models: Cell Lines

J1 mouse embryonic stem cells Li et al., 1992 N/A
Sequence-Based Reagents

Nextera XT Index Kit lllumina FC-121-1012
SCRB-seq P5 primer, AATGATACGGCGACCACCG IDT N/A
AGATCTACACTCTTTCCCTACACGACGCTCTTC

CG*A*T*C*T, * PTO bond

SCRB-seq oligo-dT primer, Biotin-rACACTCTTTCCCT IDT “TruGrade Ultramer”

ACACGACGCTCTTCCGATCT[BC6][N10][T30]VN
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REAGENT or RESOURCE SOURCE IDENTIFIER
SCRB-seq template-switch oligo, iCiGICACACTCTTTCC Eurogentech N/A
CTACACGACGCrGrGrG
Drop-seq P5 primer, AATGATACGGCGACCACCGAGA IDT N/A

TCTACACGCCT GTCCGCGGAAGCAGTGGTATCAACG
CAGAGT*A*C, * PTO bond

Drop-seq oligo-dT primer beads, Bead-Linker- Chemgenes MACOSKO-2011-10

TTTTTTTAAGCAGTGGTATCAAC

GCAGAGTAC[BC12][N8][T30]

Drop-seq template-switch oligo, AAGCAGTGGTATCA IDT N/A

ACGCAGAGTGAATIGrGrG

CEL-seq2 oligo-dT primer, GCCGGTAATACGACTCACTATA Sigma-Aldrich N/A

GGGAGTTCTACAGTCCGACGATCIN6][BC6][T25]

ERCC RNA Spike-In Mix Ambion 4456740

Software and Algorithms

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR

Drop-seq tools Macosko et al., http://mccarrolllab.com/dropseq/
2015

featureCounts Liao et al., 2013 https://bioconductor.org/packages/release/

bioc/html/Rsubread.html

R N/A WwWw.r-project.org

Other

Drop-seq PDMS device Nanoshift Drop-seq

2% E-Gel Agarose EX Gels Life Technologies G402002

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding author
Wolfgang Enard (enard@biologie.uni-muenchen.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

J1 mouse embryonic stem cells (Li et al., 1992) were maintained on gelatin-coated dishes in Dulbecco’s modified Eagle’s medium
supplemented with 16% fetal bovine serum (FBS, Sigma-Aldrich), 0.1 mM B-mercaptoethanol (Sigma-Aldrich), 2 mM L-glutamine, 1x
MEM non-essential amino acids, 100 U/ml penicillin, 100 ug/ml streptomycin (Sigma-Aldrich), 1000 U/ml recombinant mouse LIF
(Millipore) and 2i (1 pM PD032591 and 3 pM CHIR99021 (Axon Medchem, Netherlands). J1 embryonic stem cells were obtained
from E. Li and T. Chen and mycoplasma free determined by a PCR-based test. Cell line authentication was not recently performed.

METHOD DETAILS

Published data

Drop-seq ERCC (Macosko et al., 2015) data were obtained under accession GEO: GSE66694. Raw fastq files were extracted using
the SRA toolkit (2.3.5). We trimmed cDNA reads to the same length and processed raw reads in the same way as data sequenced for
this study.

Single cell RNA-seq library preparations

CEL-seq2/C1

CEL-seq2/C1 libraries were generated as previously described (Hashimshony et al., 2016). Briefly, cells (200,000/ml), ERCC spike-
ins, reagents and barcoded oligo-dT primers (Sigma-Aldrich) were loaded on a 10-17 um C1 Open-App microfluidic IFC (Fluidigm).
Cell lysis, reverse transcription, second strand synthesis and in-vitro transcription were performed on-chip. Subsequently, harvested
aRNA was pooled from 48 capture sites. After fragmentation and clean-up, 5 ul of aRNA was used to construct final libraries by
reverse transcription (SuperScript Il, Thermo Fisher) and library PCR (Phusion HF, Thermo Fisher).
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Drop-seq

Drop-seq experiments were performed as published (Macosko et al., 2015) and successful establishment of the method in our lab
was confirmed by a species-mixing experiment (Figure S1A). For this work, J1 mES cells (100/pl) and barcode-beads (120/ul, Chem-
genes) were co-flown in Drop-seq PDMS devices (Nanoshift) at rates of 4000 pl/hr. Collected emulsions were broken by addition of
perfluorooctanol (Sigma-Aldrich) and mRNA on beads was reverse transcribed (Maxima RT, Thermo Fisher). Unused primers were
degraded by addition of Exonuclease | (New England Biolabs). Washed beads were counted and aliquoted for pre-amplification
(2000 beads / reaction). Nextera XT libraries were constructed from 1 ng of pre-amplified cDNA with a custom P5 primer (IDT).
MARS-seq

To construct single cell libraries from polyA-tailed RNA, we applied massively parallel single-cell RNA sequencing (MARS-Seq) (Jaitin
etal., 2014). Briefly, single cells were FACS-sorted into 384-well plates, containing lysis buffer and reverse-transcription (RT) primers.
The RT primers contained the single cell barcodes and unique molecular identifiers (UMIs) for subsequent de-multiplexing and
correction for amplification biases, respectively. Spike-in transcripts (ERCC, Ambion) were added, polyA-containing RNA was con-
verted into cDNA as previously described and then pooled using an automated pipeline (liquid handling robotics). Subsequently,
samples were linearly amplified by in vitro transcription, fragmented, and 3’ ends were converted into sequencing libraries. The li-
braries consisted of 48 single cell pools.

SCRB-seq

RNA was stabilized by resuspending cells in RNAprotect Cell Reagent (QIAGEN) and RNase inhibitors (Promega). Prior to FACS
sorting, cells were diluted in PBS (Invitrogen). Single cells were sorted into 5 pl lysis buffer consisting of a 1/500 dilution of Phusion
HF buffer (New England Biolabs) and ERCC spike-ins (Ambion), spun down and frozen at —80°C. Plates were thawed and libraries
prepared as described previously (Soumillon et al., 2014). Briefly, RNA was desiccated after protein digestion by Proteinase K (Am-
bion). RNA was reverse transcribed using barcoded oligo-dT primers (IDT) and products pooled and concentrated. Unincorporated
barcode primers were digested using Exonuclease | (New England Biolabs). Pre-amplification of cDNA pools were done with the
KAPA HiFi HotStart polymerase (KAPA Biosystems). Nextera XT libraries were constructed from 1 ng of pre-amplified cDNA with
a custom P5 primer (IDT).

Smart-seq/C1

Smart-seq/CH1 libraries were prepared on the Fluidigm C1 system using the SMARTer Ultra Low RNA Kit (Clontech) according to the
manufacturer’s protocol. Cells were loaded on a 10-17 um RNA-seq microfluidic IFC at a concentration of 200,000/ml. Capture site
occupancy was surveyed using the Operetta (Perkin EImer) automated imaging platform.

Smart-seq2

mESCs were sorted into 96-well PCR plates containing 2 pl lysis buffer (1.9 ul 0.2% Triton X-100; 0.1 ul RNase inhibitor (Lucigen)) and
spike-in RNAs (Ambion), spun down and frozen at —80°C. To generate Smart-seq? libraries, priming buffer mix containing dNTPs and
oligo-dT primers was added to the cell lysate and denatured at 72°C. cDNA synthesis and pre-amplification of cDNA was performed
as described previously (Picelli et al., 2014b, 2013). Sequencing libraries were constructed from 2.5 ng of pre-amplified cDNA using
an in-house generated Tn5 transposase (Picelli et al., 2014a). Briefly, 5 ul cDNA was incubated with 15 ul tagmentation mix (1 pl of
Tn5; 2 pl 10x TAPS MgCl, Tagmentation buffer; 5 ul 40% PEG8000; 7 pl water) for 8 min at 55°C. Tn5 was inactivated and released
from the DNA by the addition of 5 ul 0.2% SDS and 5 min incubation at room temperature. Sequencing library amplification was per-
formed using 5 ul Nextera XT Index primers (lllumina) that had been first diluted 1:5 in water and 15 pl PCR mix (1 ul KAPA HiFi DNA
polymerase (KAPA Biosystems); 10ul 5x KAPA HiFi buffer; 1.5 ul 10mM dNTPs; 2.5ul water) in 10 PCR cycles. Barcoded libraries
were purified and pooled at equimolar ratios.

DNA sequencing
For SCRB-seq and Drop-seq, final library pools were size-selected on 2% E-Gel Agarose EX Gels (Invitrogen) by excising a range of
300-800 bp and extracting DNA using the MinElute Kit (QIAGEN) according to the manufacturer’s protocol.

Smart-seq/C1, CEL-seq2/C1, Drop-seq and SCRB-seq library pools were sequenced on an lllumina HiSeq1500. Smart-seq2
pools were sequenced on lllumina HiSeq2500 (Replicate A) and HiSeq2000 (Replicate B) platforms. MARS-seq library pools were
sequenced on an lllumina HiSeq2500 using the Rapid mode. Smart-seq/C1 and Smart-seq? libraries were sequenced 45 cycles sin-
gle-end, whereas CEL-seq2/C1, Drop-seq and SCRB-seq libraries were sequenced paired-end with 15-20 cycles to decode cell
barcodes and UMI from read 1 and 45 cycles into the cDNA fragment. MARS-seq libraries were paired-end sequenced with 52 cycles
on read 1 into the cDNA and 15 bases for read 2 to obtain cell barcodes and UMls. Similar sequencing qualities were confirmed by
FastQC v0.10.1 (Figure S1B).

QUANTIFICATION AND STATISTICAL ANALYSIS
Basic data processing and sequence alignment
Smart-seq/C1/Smart-seq?2 libraries (i5 and i7) and CELseq2/C1/Drop-seq/SCRB-seq pools (i7) were demultiplexed from the lllumina

barcode reads using deML (Renaud et al., 2015). MARS-seq library pools were demultiplexed with the standard lllumina pipeline. All
reads were trimmed to the same length of 45 bp by cutadapt (Martin, 2011) (v1.8.3) and mapped to the mouse genome (mm10)
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including mitochondrial genome sequences and unassigned scaffolds concatenated with the ERCC spike-in reference. Alignments
were calculated using STAR 2.4.0 (Dobin et al., 2013) using all default parameters.

For libraries containing UMIs, cell- and gene-wise count/UMI tables were generated using the published Drop-seq pipeline (v1.0)
(Macosko et al., 2015). We discarded the last 2 bases of the Drop-seq cell and molecular barcodes to account for bead synthesis
errors. For Smart-seq/C1 and Smart-seq2, features were assigned and counted using the Rsubread package (v1.20.2) (Liao
et al., 2013).

Power Simulations

We developed a framework in R for statistical power evaluation of differential gene expression in single cells. For each method, we
estimated the mean expression, dispersion and dropout probability per gene from the same number of cells per method. In the read
count simulations, we followed the framework proposed in Polyester (Frazee et al., 2015), i.e., we retained the observed mean-vari-
ance dependency by applying a cubic smoothing spline fit to capture the heteroscedasticity observed. Furthermore, we included a
local polynomial regression fit for the mean-dropout relationship. In each iteration, we simulated count measurements for the 13,361
genes for sample sizes of 24, 25, 25, 27, 28 and 2° cells per group. The read count for a gene i in a cell j is modeled as a product of a
binomial and negative binomial distribution:

Xy ~B(p=1—-po)  NB(11,0).

The mean expression magnitude p was randomly drawn from the empirical distribution. 5 percent of the genes were defined as differ-
entially expressed with an effect size drawn from the observed fold changes between microglial subpopulations in Zeisel et al. (Zeisel
et al., 2015). The dispersion 6 and dropout probability po were predicted by above mentioned fits.

For each method and sample size, 100 RNA-seq experiments were simulated and tested for differential expression using limma
(Ritchie et al., 2015) in combination with voom (Law et al., 2014) (v3.26.7). The power simulation framework was implemented in
R (v3.3.0).

ERCC capture efficiency

To estimate the single molecule capture efficiency, we assume that the success or failure of detecting an ERCC is a binomial process,
as described before (Marinov et al., 2014). Detections are independent from each other and are thus regarded as independent Ber-
noulli trials. We recorded the number of cells with nonzero and zero read or UMI counts for each ERCC per method and applied a
maximum likelihood estimation to fit the probability of successful detection. The fit line was shaded with the 95% Wilson score con-
fidence interval.

Cost efficiency calculation

We based our cost efficiency extrapolation on the power simulations starting from empirical data at different sequencing depths
(250,000 reads, 500,000 reads, 1,000,000 reads; Figure 6C). We determined the number of cells required per method and depth
for adequate power (80%) by an asymptotic fit to the median powers. For the calculation of sequencing cost, we assumed 5€
per million raw reads, independent of method. Although UMI-based methods need paired-end sequencing, we assumed a 50 cycle
sequencing kit is sufficient for all methods. We used prices in Euro as a basis and consider an exchange course of 1:1 for the given
prices in USD.

DATA AND SOFTWARE AVAILABILITY

The accession number for the raw and analyzed scRNA-seq data reported in this paper is GEO: GSE75790.
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Supplementary Figure Legends

Figure S1 (related to Figure 1) | Quality control and filtering. A Drop-seq species mixing
experiment using human and murine T-cells. For each cell-barcode human- and mouse read
numbers are plotted. B Per-base quality scores were summarized using FastQC. Lines
indicate median Phred quality score with upper and lower quartile shaded. C Total UMI
content per cell, with the filter cutoff (two times mean) shown as black lines. Violin plots
indicate the density of the UMI content distribution per replicate. D Nearest-neighbor filtering
based on the maximum pairwise Spearman’s rho for each cell. Violin plots indicate the
density of rho distribution per replicate. Black lines indicate the employed cutoffs.

Figure S2 (related to Figure 1) | Downsampling of scRNA-seq libraries. A Detected genes
(>= 1 count) in relation to indicated sequencing depths. The ranges of the boxes indicate the
upper and lower quartiles of cells and horizontal bars indicate the medians. B Boxplots of
the number of detected genes in high-depth sequencing of Smart-seq?2 libraries, showing a
plateau above 1 million reads. C Boxplots of the number of detected UMIs per cell in relation

to indicated sequencing depths.

Figure S3 (related to Figure 3) | Sensitivity A The overlap of detected genes (>= 1 count)
between methods for 65 random cells is displayed as a barplot. Colors indicate the level of
overlap: Green (detected in all methods), dark blue (detected in five methods) ,yellow
(detected in four methods), orange (detected in three methods), light blue (detected in two
methods), grey (method-specific detection). B Gene body coverage (left to right equalling 5’
to 3’) of ~3000 genes detected by Smart-seq/C1 and/or Smart-seq2 (right panel) versus a
random control set of 3000 genes detected by all methods. C Method-specific detected
genes are shown as scatter plots with their rate of detection and mean counts over all cells.
D For genes and their transcript variants of at least 2 kb length, we calculated the fraction of
reads mapping to positions relative to the 3’ end. For each method, we show mapping
positions and a fit line per replicate. The dashed line indicates theoretical even distribution of
reads across the 2.5 kb window. (E) Gene expression values were normalized as transcripts
per million TPM or UMIs per million UPM. Principal component analysis was performed on
the 1000 most variable genes to display the major variance between single cells. The 200
genes with the highest loading for PC1 were analysed and neither showed significant
enrichment in GO categories (GOrilla) nor in technical properties such as gene length or GC

content.
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Figure S4 (related to Figure 3) | Detection probabilities were estimated from ERCC
dropouts, where the RNA molecule number is known. A Thick lines indicate the maximum-
likelihood estimate of the detection probability with the thin lines showing the
95% confidence interval of the fit. B Shown are per-method maximum-likelihood estimates of
mRNA detection probabilities. C Sensitivity per method estimated as the 50% probability to

detect a transcript. The 95% confidence interval of estimate is displayed as error bars.

Figure S5 (related to Figure 4) | A Exemplary correlations of ERCC expression values
(transcripts per million TPM or UMIs per million UPM) with annotated concentrations. For
each method, we chose a representative cell/bead with a linear model correlation coefficient
close to the median of all cells. B Detection of ERCC genes (>= 1 count) in relation to
sampling depth. Each boxplot represents the median, upper and lower quartile of all cells
within each method. C Accuracy of scRNA-seq methods. ERCC expression values were
correlated to their annotated molarity. Shown are the distributions of correlation coefficients
(adjusted R2 of linear regression model) across methods for for bins of ERCC molarity. Each

boxplot represents the median, first and third quartile for the R2 in the indicated bin.

Figure S6 (related to Figure 5) | Gene detection sparsity. A For all detected genes (>= 1
CPM) per method, we calculated the rate of detection. Histograms show this measure for
detection sparsity. Filled bars represent the genes detected in at least 25% of cells of each
method along with the number of these reproducibly detected genes. B For genes detected

in at least 25% of cells of any method, we calculate the rate of detection in 65 random cells.

Figure S7 (related to Figure 5) | Variation in scRNA-seq data. A Gene-wise mean and
coefficient of variation from all cells are shown as scatterplots for all methods. The black line
indicates variance according to the poisson distribution. The two populations of genes seen
for read-count data are unamplified genes (close to Poisson, one or very few reads per UMI)
and amplified genes (higher CV for a given mean, several reads per UMI). B Gene-wise
coefficient of variation (CV) of scRNA-seq data were calculated for all cells including
detection dropouts. Violin plots are shown for UMI and read-count based quantification
indicating the density of the distribution.

Figure S8 (related to Figure 6) | A-B Power simulation parameters estimated from 1 million
reads per cell. A Mean expression and size parameters were estimated for each method
and their functional relation was approximated by a smooth spline fit. B The dropout

probability p0 was calculated per gene and shown in relation to mean expression levels. We

fitted this relationship using a local polynomial regression. C-D Validation of power
simulation framework. C Gene-wise Extra-Poisson Variability was calculated from empirical
data and simulated data without addition of differentially expressed genes. Shown are the
distributions with the black line indicating the median. D Gene-wise dropout rate distributions
are shown from empirical data and simulated data. The black line indicates the median

dropout rate.

Figure S9 (related to Figure 6 and Table 1) | A FDR. Simulations were performed using
empirical mean, dispersion and dropout relationships (see Figure S8). For variable sample
sizes of n=16, n=32, n=64, n=128, n=256 and n=512, we show points representing the mean
FDR of 100 simulations with standard error. B | Stratified analysis of power. Shown are TPR
for 1 million reads per cell for sample sizes n=16, n=32, n=64, n=128, n=256 and n=512 per
group. Genes are grouped in five percentiles of mean expression with lines representing the

median TPR of 100 simulations.

Figure S10 (related to Figure 6) | A-D Batch effects A For each method, we test for
differential expression between random subsets of 25 cells per group (left box) and subsets
of 25 cells of each batch (right box) in 20 permutations using limma. Shown are the number
of significantly differentially expressed genes (FDR <0.01) as boxplots. B Sensitivity is
shown as the number of detected genes (>= 1 count) per batch. C Accuracy is shown per
batch as the correlation coefficient of observed expression (TPM/UPM) to annotated ERCC
molecule numbers. D Precision is shown per batch as the Extra-Poisson Variability for the
common 13,361 genes. For 3’ counting methods, UMI quantification is shown. The
distribution was only shown between values of 0 and 3 to make differences more visible. D
Cell cycle analysis. For each method, we show the coefficient of variation (CV) for a set of
19 cell cycle genes previously found to be variable in 2i/LIF cultured mESCs (Kolodziejczyk,
2015) (left violin) compared to 19 ribosomal and pluripotency genes. Numbers above the

violins indicate p-values of a t-test between the two groups.
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Supplementary Tables

Method CEL-seq2/C1 Drop-seq MARS-seq SCRB-seq Smart-seq/C1 Smart-seq2
Single-cell automated in  droplets  FACS FACS automated in  FACS
isolation the C1 the C1

system system
ERCC yes no yes yes yes yes
spike-ins
umi 6 bp 8 bp 8 bp 10 bp no no
Full-length no no no no yes yes
coverage
1st strand oligo-dT oligo-dT  oligo-dT oligo-dT oligo-dT oligo-dT
synthesis
2nd strand RNAseH / template RNAseH/ template template template
synthesis DNA Pol switching DNA Pol switching switching switching
Amplification  IVT PCR \28 PCR PCR PCR
Imaging of  yes no no no yes no
cells possible
Protocol yes no yes yes yes yes
usable for
bulk
Sequencing  paired-end paired- paired-end paired-end single-end single-end

end

Library ~9.5€ ~0.1€ ~1.3€ ~2€ ~25€ ~3/30"

cost /cell

Table S1 (related to Figure 2): Overview of single-cell RNA-seq methods.

* in-house produced Tn5 / commercial Th5
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Abstract

Summary: Power analysis is essential to optimize the design of RNA-seq experiments and to as-
sess and compare the power to detect differentially expressed genes in RNA-seq data. PowsimR is
a flexible tool to simulate and evaluate differential expression from bulk and especially single-cell
RNA-seq data making it suitable for a priori and posterior power analyses.

Availability and implementation: The R package and associated tutorial are freely available at

https:/github.com/bvieth/powsimR.
Contact: vieth@bio.Imu.de or hellmann@bio.Imu.de

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

RNA-sequencing (RNA-seq) is an established method to quantify
levels of gene expression genome-wide (Mortazavi et al., 2008).
Furthermore, the recent development of very sensitive RNA-seq
protocols, such as Smart-seq2 and CEL-seq (Hashimshony et al.,
2012; Picelli ez al., 2014) allows transcriptional profiling at single-
cell resolution and droplet devices make single cell transcriptomics
high-throughput, allowing to characterize thousands or even mil-
lions of single cells (Klein et al., 2015; Macosko et al., 2015; Zheng
etal., 2017).

Even though technical possibilities are vast, scarcity of sample
material and financial consideration are still limiting factors
(Ziegenhain et al., 2017), so that a rigorous assessment of experi-
mental design remains a necessity (Auer and Doerge, 2010; Conesa
et al., 2016). The number of replicates required to achieve the
desired statistical power is mainly determined by technical noise and
biological variability (Conesa et al., 2016) and both are considerably
larger if the biological replicates are single cells. Crucially, it is com-
mon that genes are detected in only a subset of cells and such drop-
out events are thought to be rooted in the stochasticity of single-cell
library preparation (Kharchenko et al., 2014). Thus dropouts in
single-cell RNA-seq are not a pure sampling problem that can be
solved by deeper sequencing (Bacher and Kendziorski, 2016). In
order to model dropout rates it is absolutely necessary to model the

©The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com

mean-variance relationship inherent in RNA-seq data. Even though
current power assessment tools use the negative binomial or similar
models that have an inherent mean-variance relationship, they do
not explicitly estimate and model the observed relationship, but ra-
ther draw mean and variance separately (reviewed in Poplawski and
Binder, 2017).

In powsimR, we have implemented a flexible tool to assess
power and sample size requirements for differential expression
(DE) analysis of single cell and bulk RNA-seq experiments.
Even though powsimR does not evaluate clustering of cells, we
believe that powsimR can provide information also for RNA-seq
experiment with unlabeled cells: The power for cluster ana-
lysis should be proportional the power to detect differentially ex-
pressed genes. For our read count simulations, we (i) reliably
model the mean, dispersion and dropout distributions as well as
the relationship between those factors from the data. (ii) Simulate
read counts from the empirical mean-variance- and dropout rela-
tions, while offering flexible choices of the number of differen-
tially expressed genes, effect sizes and DE testing method.
(iii) Finally, we evaluate the power over various sample sizes. We
use the embryonic stem cell data from Kolodziejezyk et al. (2015)
to illustrate powsimR’s utility to plan and evaluate RNA-seq
experiments.
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Fig. 1. powsimR schematic overview. (A) The mean-dispersion relationship is estimated from RNA-seq data, which can be either single cell or bulk data. The user
can provide their own count tables or one of our five example datasets and choose whether to fit a negative binomial or a zero-inflated negative binomial. The
plot shows the mean-dispersion estimated, assuming a negative binomial for the Kolodziejczyk-data, the red line is the loess fit, that we later use for the simula-
tions. (B) These distribution parameters are then used to set-up the simulations. For better comparability, the parameters for the simulation of differential expres-
sion are set separately. (C) Finally, the TPR and FDR are calculated. Both can be either returned as marginal estimates per sample configuration (top), or stratified
according to the estimates of mean expression, dispersion or dropout-rate (bottom)

2 powsimR

2.1 Estimation of RNA-seq characteristics

An important step in the simulation framework is the reliable repre-
sentation of the characteristics of the observed data. In agreement
with others (Griin et al., 2014; Lun et al., 2016; Mi et al., 2015), we
find that the read distribution for most genes is sufficiently captured
by the negative binomial. We analyzed 18 single cell datasets using
unique molecular identifiers (UMIs) to control for amplification du-
plicates and 20 without duplicate control. The negative binomial pro-
vides an adequate fit for 54% of the genes for the non-UMI-methods
and 39% of the genes for UMI-methods, while the zero-inflated nega-
tive binomial was only adequate for 2.8% of the non-UMI-methods.
In contrast, for the UMI-methods a simple Poisson distribution fits
well for some studies (Soumillon et al., 2014; Ziegenhain et al., 2017)
(Supplementary File S2). Furthermore, when comparing the fit of the
other commonly used distributions, the negative binomial was most
often the best fitting one for both non-UMI (57%) and UMI-methods
(66%), while the zero inflated negative binomial improves the fit for
only 19% and 1.6% (Supplementary Fig. S4). Therefore the default
sampling distribution in powsimR is the negative binomial (Fig. 1),
however the user has also the option to choose the zero-inflated nega-
tive binomial.

2.2 Simulation of read counts and differential
expression
Simulations in powsimR can be based on provided data or on user-
specified parameters. We first draw the mean expression for each
gene. The expected dispersion given the mean is then determined
using a locally weighted polynomial regression fit of the observed
mean-dispersion relationship and to capture the variability of the
observed dispersion estimates, a local variability prediction band
(6=1.96) is applied to the fit (Fig. 1A). Note, that using the fitted
mean-dispersion spline is the feature that critically distinguishes
powsimR from other simulation tools that draw the dispersion
estimate for a gene independently of the mean. Our explicit model
of mean and dispersion across genes allows us to reproduce the
mean-variance as well as mean-dropout relationship observed
(Supplementary Fig. S2, Supplementary File S2).

To simulate DE genes, the user can specify the number of genes
as well as the fraction of DE genes as log, fold changes (LFC). Here,

we assume that the grouping of samples is correct. For the
Kolodziejczyk data, we found that a narrow gamma distribution
mimicked the observed LFC distribution well (Supplementary Fig.
S3). The set-up for the expression levels and differential expression
can be re-used for different simulation instances, allowing an easier
comparison of experimental designs.

Finally, the user can specify the number of samples per group as
well as their relative sequencing depth and the number of simula-
tions. The simulated count tables are then directly used for DE ana-
lysis. In powsimR, we have integrated 8 R-packages for DE analysis
for bulk and single cell data (limma (Ritchie et al., 2015), edgeR
(Robinson et al., 2010), DESeq2 (Love et al., 2014), ROTS
(Seyednasrollah et al., 2015), baySeq (Hardcastle, 2016), DSS (Wu
et al., 2013), NOISeq (Tarazona et al., 2015), EBSeq (Leng et al.,
2013)) and five packages that were specifically developed for single-
cell RNA-seq (MAST (Finak et al., 2015), scde (Kharchenko et al.,
2014), BPSC (Vu et al., 2016), scDD (Korthauer et al., 2016), mon-
ocle (Qiu et al., 2017)). For a review on choosing an appropriate
method for bulk data, we refer to the work of others e.g. Schurch
et al. (2016). Based on our analysis of the single-cell data from
Kolodziejczyk et al. (2015), using standard settings for each tool we
found that MAST performed best for this dataset given the same
simulations as compared to results of other DE-tools.

2.3 Evaluating statistical power

Finally, powsimR integrates estimated and simulated expression dif-
ferences to calculate marginal and conditional error matrices. To
calculate these matrices, the user can specify nominal significance
levels, methods for multiple testing correction and gene filtering
schemes. Amongst the error matrix statistics, the power (True
Positive Rate; TPR) and the False Discovery Rate (FDR) are the
most informative for questions of experimental design. For easy
comparison, powsimR plots power and FDR for a list of sample size
choices either conditional on the mean expression (Wu et al., 2014)
or simply as marginal values (Fig. 1). For example for the
Kolodziejezyk data, 384 single cells for each condition would be suf-
ficient to detect > 80% of the DE genes with a well controlled FDR
of 5%. Given the lower sample sizes actually used in Kolodziejezyk
et al. (2015), our power analysis suggests that only 60% of all DE
genes could be detected.
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3 Conclusion

In summary, powsimR can not only estimate sample sizes necessary
to achieve a certain power, but also informs about the power to detect
DE in a dataset at hand. We believe that this type of posterior analysis
will become more and more important, if results from different stud-
ies are compared. Often enough researchers are left to wonder why
there is a lack of overlap in DE-genes when comparing similar experi-
ments. powsimR will allow the researcher to distinguish between ac-
tual discrepancies and incongruities due to lack of power.
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1 Determining the best fitting distribution per gene

To determine the best fitting distribution to the observed RNA-seq count data, we compare the theoretical
fit of the Poisson, negative binomial (NB), zero-inflated Poisson (ZIP) and zero-inflated negative binomial
(ZINB) and Beta-Poisson (BP) distribution to the empirical RNA-seq read counts [2, 8, 3]. We used the

following statistics to evaluate which distribution fits best:

goodness of fit (GOF) statistics based on Chi-square statistic using residual deviances and degrees of

freedom (Chi-square test).

Akaike Information Criterium (AIC).

.

Likelihood Ratio Test (LRT) for nested models, i.e. testing whether estimating a dispersion parameter

in the NB models is appropriate.

Vuong Test (VT) for non-nested models, i.e. testing whether assuming zero-inflation results in a better

fit.

Comparing the observed dropouts to the zero count prediction of the models.

Note that the goodness of fit statistics could not be calculated for the BP, however, since it already the
AIC statistic suggested that the BP fit worse than the other distributions and could neither predict the
dropouts correctly (Figure S1, Supplementary File S2), we did not follow this further.

We analyzed 8 published single cell RNA-seq studies ([1, 9, 11, 6, 7, 14, 13, 15]) produced using 9 different
RNA-seq library preparation methods (Smart-seq/C1, Smart-seq2, MARS-seq, SCRB-seq, STRT, STRT-
UMI, Drop-seq, 10XGenomics, CEL-seq2). For illustrative purposes, we focus on Kolodziejczk et al. (2015)
[9]. but the distribution analysis for all can be found in Supplementary File S2.

For the Kolodziejezk et al. (2015) data, we found that the NB distribution is an adequate fit (Figure
S1): The Chi-Square test indicates that the NB is appropriate for at least 40 % of the genes (Figure S1 A).
Moreover, the AIC suggests that the NB is in 60% of the cases better than the Poisson, ZIP, ZINB and BP
(Figure S1 B). The ZINB is the only of the commonly used distributions that comes close, providing the best,
fit for 40% of all compared genes, however this difference is only significant for 6% (Figure S1D).

One of the major differences between the methods is the use of Unique Molecular Identifiers (UMIs) that
allow for confident removal of PCR-duplicates [5, 15]. For all protocols considered, we evaluated the fit of
the 5 different distributions, and for the vast majority the NB would be the distribution of choice (Figure
S2). This is especially true for the UMI-methods: Here no zero-inflation is needed for modeling the gene
expression distribution. On the contrary, also a simple Poisson often provides the best fit (Figure S4).

Next, we assess the fit of the dropout rate by comparing expected and predicted zero counts per gene.
Interestingly, even though the negative binomial does not model dropouts explicitly, the deviation of predicted

zero counts from the expected under the NB distribution is relatively small (Figure S1 C). The ZINB only gives
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a small advantage with respect to dropouts. The comparison of models by LRT and VT illustrates the small
improvement of the model fit by assuming a ZINB distribution (10%) (FigureS1 D) for the Kolodziejezk
data, which is comparable to the average for non-UMI methods, and much lower for the UMI-methods
(<5%)(Figure S4 and Figure S3).

We thus refrain from using a mixture distribution, however for some of the protocols that do not utilize
UMIs, such as e.g. Smart-Seq2, the ZINB might provide a better fit and should be used as a sampling

distribution in the power simulations.
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Figure S1: A) Goodness of fit of the model per gene assessed with a Chi-square test based on residual
deviance and degrees of freedom. B) The fraction of genes for which the respective distribution has the
lowest AIC and additionally the distribution with the lowest AIC as well as not rejected by the goodness of
fit statistic. C) Observed versus predicted dropouts per distributional model and gene. D) Model assessment
per gene based on Likelihood Ratio Test for nested models and Vung Test for non-nested models.
The same plot representing other datasets can be found in Supplementary File S2.

10XGenomics Cel-seq Drop-seq

0%
Percentage
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Figure S2: The negative binomial gives the best fit for the majority of genes (i.e. lowest AIC) for all
UMI datasets. For protocols that do not account for PCR duplicates, the zero-inflated negative binomial
often has a lower AIC, however this is mainly due to genes that cannot be fitted very well in general (GOF
p-value<=0.05).

2 Read Count Simulation Framework

We have implemented a read count simulation framework assuming an underlying negative binomial distri-
bution. To predict the dispersion # given a random draw of an observed mean expression value y, we apply a
locally weighted polynomial regression fit. Furthermore, to capture the variability of the observed dispersion
estimates, a local variability prediction band is applied (R package msir [12]). The read count for gene i in

sample j is then given by:

Xij ~ NB(u,0)

=

bl

The mean, dispersion and dropout rates of an ple read count simulation closely res s the observed

estimates for the Kolodziejezk data set (Figure S5).

For bulk RNA-seq experiments, the negative binomial alone is not able to capture the observed number
of dropouts appropriately. Here, we predict the dropout probability (pg) using a decreasing constrained
B-splines regression (CRAN R package cobs [10]) of dropout rate against mean expression to determine the

mean expression value tpps, where the dropout probability is expected to fall below 5%. For all genes with
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Figure S3: Model assessment per gene based on likelihood ratio test for nested models and Vuong test for
non-nested models shows that zero-inflated negative binomial significantly improves the fit for maximally
25% of the genes (STRT protocol).

i < ptpps we do not estimate a gene specific dropout probability, but sample the dropout probability from
all genes with < ppps. With these parameters, the read count for a gene i in a sample j is modeled as a
product of a negative binomial multiplied with an indicator whether that sample was a dropout or not, which

is determined using binomial sampling:

Xij ~ I« NB(p,0), where I € {0,1} ®)
P(I=0) = B(1 - po) ®)

The necessity of this apparently unintuitive zero inflation for bulk data is illustrated by the dataset from
Eizirik et al. 2012 [4]. Note that dropouts occur across genes with different mean expression levels so that
there is only a very weak relationship between mean expression and dropout probabilities (Figure S6).

For the simulations of expression changes, the user can freely define a distribution, a list of logs-fold
changes or simply a constant. We recommend to simulate with a realistic logs-fold change distribution, which
we determined for the Kolodziejezyk et al. (2015) [9] as a narrow I'(a, 3)- distribution plus —1 x I'(a, )
(Figure ST7).
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Figure S4: 6 UMI-protocols (STRT-UMI, Cel-SEq2, Drop-seq, MARS-seq, SCRB-seq,10XGenomics) are
compared to 3 protocols not using UMIs (Smartseq/C1, SmartSeq2, STRT), showing that zero-inflation is
only relevant for non-UMI-methods. A) The fraction of genes for which the respective distribution has the
lowest AIC and additionally the distribution with the lowest AIC is not to rejected by the goodness of fit
statistic. D) Model assessment per gene based on likelihood ratio test for nested models and Vuong test for
non-nested models.
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Figure S5: A) Dispersion versus mean. B) Dropout versus mean.

o

06

SYMSoY g



Log, Dispersion

Estimated

B

Dropout Fraction

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

Estimated

Simulated with Dropout

Simulated without Dropout

.o .

10 15
Log, (Mean)

20

5 10 15 20 25
Log, (Mean)

Figure S6: For bulk RNA-seq, the simulations include dropout sampling to better mimic the observed
mean-dropout relation. A) Dispersion versus mean with locally weighted polynomial regression fit (orange
line) and variability prediction band (dashed orange line).
genes with < ppps from which the dropout probability will be sampled from.
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Figure S7: Log2 fold changes between serum+LiF and 2i+LiF cultured cells (Kolodziejczk et al. 2015).
Red line indicates the density of a theoretical narrow gamma distribution (shape and rate equal to 3).

3 Included RNA-seq Experiments

We provide raw count matrices for several published single cell data sets (Table S1 on github (https://github.

com/bvieth/powsimRData). Furthermore, the vignette gives an example on how to access RNA-seq datasets

in online repositories such as recount (https://jhubiostatistics.shinyapps.io/recount/).

Table S1: Key properties of the example data-sets included in powsimR.

Study Accession  Species No.  Cel- Library  UMI  Remarks
Cells  type* prepara-
tion
T Kolodziejczk et al. E-MTAB-  Mouse 869  ESC  Smartseq no  different growth me-
(2015) [9] 2600 dia
2 Islam et al. (2011) GSE29087 Mouse 48 ESC  STRT-seq no -
6]
3 Islam et al. (2014) GSE46980 Mouse 96 ESC  STRT-seq yes -
17 c1
4 Buettner et al. E-MTAB- Mouse 288 ESC  Smart-seq no  FACs-sorted  for
(2015) [1] 2805 g cell-cycle
5 Soumillon et al. GSE53638 Human 12,000 adipo- SCRB- yes  time-series
(2014) [13] cytes seq
* ESC - embryonic stem cells
7
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2.3.1 Updates to powsimR

I have continued to develop the powsimR package, improving the package infrastructure
and implementing additional methods. This section briefly describes changes to the software
since its publication. The most significant changes include the extension of the simulation
framework as well as implementing additional methods. There is now the possibility to

L0 s now

simulate technical batches of samples or cells. The simulation of spike-in ERCCs
also possible so that users can now utilize spike-in-aware normalisation and DE testing
methods. In addition, I implemented additional normalisation and DE testing methods so
that the user can now choose between 12 and 15 methods, respectively. Due to the increased
attention for imputing scRNA-seq data, I included five imputation methods that can be
applied prior to normalisation as well as DE testing can now be run on the imputed data.
While working on “A Systematic Evaluation of scRNA-seq pipelines”, T considered additional
performance metrics related to DE testing results which are now also available in the package.
Besides the traditional metrics of statistical power analysis (TPR, FPR, FDR, etc.), users
can also use composite measures such as TPR versus FDR curve as advocated by Soneson
and Robinson 2016“%M, Estimating the deviance in simulated versus estimated library size
factors as well as the error in log2 fold changes is now also available to evaluate normalisation,
imputation and DE-testing choices. Given the increased throughput of scRNA-seq in the
last couple of years, researchers might be interested in statistical power analysis where more

cells are included but without an increase in total sequencing. Thus, I have included flexible

downsampling of simulated read counts.



94

2. Results




2.4 zUMIs 95

2.4 zUMIs - A fast and flexible pipeline to pro-

cess RN A sequencing data with UMIs

Parekh S*, Ziegenhain C*, Vieth B, Hellmann I, Enard W:

"'zUMIs: A fast and flexible pipeline to process RNA sequencing data with UMIs." (2018)
GigaScience 7 (6).giy059.

doi: 10.1093/gigascience/giy059

Supplementary Information is freely available at the publisher’s website:

https://academic.oup.com/gigascience/article/7/6/giy059/5005022#supplementary—-data


https://academic.oup.com/gigascience/article/7/6/giy059/5005022#supplementary-data

96

2. Results




2.4 zUMIs

97

n
CIS AN &

TECHNICAL NOTE

GigaScience, 7, 2018, 1-9

doi: 10.1093/gigascience/giy059
Advance Access Publication Date: 26 May 2018
Technical Note

zUMISs - A fast and flexible pipeline to process RNA

sequencing data with UMIs

Swati Parekh
Ines Hellmann

"', Christoph Ziegenhain'', Beate Vieth, Wolfgang Enard and

Anthropology and Human Genomics, Department of Biology II, Ludwig-Maximilians University,

Grosshaderner Str. 2, 82152 Martinsried, Germany

*Correspondence address. Ines Hellmann. E-mail: hellmann@bio.Imu.de
sparekh@age.mpg.de © https://orcid.org/0000-0002-4826-1651
fContributed equally.

http://orcid.org/0000-0003-0588-1313 and Swati Parekh. E-mail:

‘Present address: Max Planck Institute for Biology of Ageing, 50931 Cologne, Germany.
iPresent address: Department of Cell & Molecular Biology, Karolinska Institutet, 171 77 Stockholm, Sweden.

Technical Note

Abstract

Background: Single-cell RNA-sequencing (scRNA-seq) experiments typically analyze hundreds or thousands of cells after
amplification of the cDNA. The high throughput is made possible by the early introduction of sample-specific bar codes
(BCs), and the amplification bias is alleviated by unique molecular identifiers (UMIs). Thus, the ideal analysis pipeline for
scRNA-seq data needs to efficiently tabulate reads according to both BC and UMI. Findings: zUMIs is a pipeline that can
handle both known and random BCs and also efficiently collapse UMIs, either just for exon mapping reads or for both exon
and intron mapping reads. If BC annotation is missing, zUMIs can accurately detect intact cells from the distribution of
sequencing reads. Another unique feature of zUMISs is the adaptive downsampling function that facilitates dealing with
hugely varying library sizes but also allows the user to evaluate whether the library has been sequenced to saturation. To
illustrate the utility of zUMIs, we analyzed a single-nucleus RNA-seq dataset and show that more than 35% of all reads map
to introns. Also, we show that these intronic reads are informative about expression levels, significantly increasing the
number of detected genes and improving the cluster resolution. Conclusions: zUMIs flexibility makes if possible to
accommodate data generated with any of the major scRNA-seq protocols that use BCs and UMIs and is the most
feature-rich, fast, and user-friendly pipeline to process such scRNA-seq data.

Keywords: single-cell RNA-sequencing; digital gene expression; unique molecular identifiers; pipeline

Introduction

The recent development of increasingly sensitive protocols al-
lows for the generation of RNA-sequencing (RNA-seq) libraries
of single cells [1]. The throughput of such single-cell RNA-seq
(scRNA-seq) protocols is rapidly increasing, enabling the pro-
filing of tens of thousands of cells [2, 3] and opening exciting
possibilities to analyze cellular identities [4, 5]. As the required
amplification from such small starting amounts introduces sub-
stantial amounts of noise [6], many scRNA-seq protocols incor-

porate unique molecular identifiers (UMIs) to label individual
cDNA molecules with a random nucleotide sequence before am-
plification [7]. This enables the computational removal of am-
plification noise and thus increases the power to detect expres-
sion differences between cells [8, 9]. To increase the throughput,
many protocols also incorporate sample-specific bar codes (BCs)
to label all cDNA molecules of a single cell with a nucleotide se-
quence before library generation [10]. This allows for early pool-
ing, which further decreases amplification noise [6]. Addition-

Received: 17 October 2017; Revised: 16 March 2018; Accepted: 15 May 2018

© The Author(s) 2018. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

610Z AeIN 20 uo Jasn uaydlien|y yeulolqigsieeNsIaniun Aq Zz0S00S/650A16/9/. 108nsqe-ajonie/eousiosehiB/woo dno-olwapese//:sdyy woly pepeojumoq




98

2. Results

2 | zUMIs - RNA-seq with UMIs

Table 1: Features of available UMI pipelines for the quantification of gene expression data.

Compatible
Open Quality UMI BC Down- UMI library
Name Reference source filter collapsing Mapper detection Intron sampling protocols
Cell Ranger [2] yes BC+UMI Hamming STAR A no yes [2]
distance
CEL-seq [15] yes BC+UMI Identity bowtie2 WL no no [15, 46]
only
dropEst [16] yes BC Frequency- TopHat2 or ‘WL,top- yes no [2, 13, 19]
based Kallisto n,EM
Drop-seq- [13] no BC+UMI Hamming STAR WL,top-n no no [13, 15, 17]
tools distance
scPipe [47] yes BC+UMI Hamming subread WL,top-n no no [13,17, 18, 46]
distance
umis [14] yes BC Frequency- Kallisto WL,top- no no [2, 13, 17-19,
based n,EM 46, 48]
UMI-tools [25] yes BC+UMI Network- BWA WL no no [17,19]
based
zUMIs This work yes BC+UMI Hamming STAR AWL,top-n yes yes [2,3,12,13,
distance 15,17, 18, 21,
46, 48]

We consider whether the pipeline is open source, has sequence quality filters for cell BCs and UMIs, mappers, UMI-collapsing options, options for BC detection (A,
automatically infer intact BCs; WL, extract only the given list of known BCs; top-n, order BCs according the number of reads and keep the top n BCs; EM, merge BCs
with given edit distance), whether it can count intron mapping reads, whether it offers a utility to make varying library sizes more comparable via downsampling,

and finally with which RNA-seq library preparation protocols is it compatible

ally, for cell types such as primary neurons, it has been proven
to be more feasible to isolate RNA from single nuclei rather than
whole cells [11, 12]. This decreases mRNA amounts further so
that it has been suggested to count intron mapping reads origi-
nating from nascent RNAs as part of single-cell expression pro-
files [11]. However, the few bioinformatic tools that process RNA-
seq data with UMIs and BCs have limitations (Table 1). For ex-
ample, the Drop-seg-tools is not an open source [13]. While Cell
Ranger is open, it is exceedingly difficult to adapt the code to
new or unknown sample BCs and other library types. Other tools
are specifically designed to work with one mapping algorithm
and focus mainly on transcriptome references [14, 15]. Further-
more, the only other UMI-RNA-seq pipeline providing the utility
to also consider intron mapping reads, dropEst [16], is only appli-
cable to droplet-based protocols. Here, we present zUMIs, a fast
and flexible pipeline that overcomes these limitations.

Findings

zUMIs is a pipeline to process RNA-seq data that were mul-
tiplexed using cell BCs and also contain UMIs. Read-pairs are
filtered to remove reads with low-quality BCs or UMIs based
on sequence and then mapped to a reference genome (Fig.1).
Next, zUMIs generates UMI and read count tables for exon and
exon+intron counting. We reason that very low input material
such as from single nuclei sequencing might profit from in-
cluding reads that potentially originate from nascent RNAs. An-
other unique feature of zUMIs is that it allows for downsampling
of reads before collapsing UMIs, thus enabling the user to as-
sess whether a library was sequenced to saturation or whether
deeper sequencing is necessary to depict the full mRNA com-
plexity. Furthermore, zUMIs is flexible with respect to the length
and sequences of the BCs and UMIs, supporting protocols that
have both sequences in one read [2, 3, 12, 13, 15, 17, 18] as well
as protocols that provide UMI and BC in separate reads [19-21].
This makes zUMIs the only tool that is easily compatible with all
major UMI-based scRNA-seq protocols.

Implementation and Operation
Filtering and mapping

The first step in our pipeline is to filter reads that have low-
quality BCs according to a user-defined threshold (Fig.1). This
step eliminates the majority of spurious BCs and thus greatly
reduces the number of BCs that need to be considered for count-
ing. Similarly, we also filter low-quality UMIs.

The remaining reads are then mapped to the genome using
the splice-aware aligner STAR [22]. The user is free to customize
mapping by using the options of STAR. Furthermore, if the user
wishes to use a different mapper, it is also possible to provide
zUMIs with an aligned bam file instead of the fastq file with the
cDNA sequence, with the sole requirement that only one map-
ping position per read is reported in the bam file.

Transcript counting

Next, reads are assigned to genes. In order to distinguish exon
and intron counts, we generate two mutually exclusive an-
notation files from the provided gtf, one detailing exon posi-
tions, the other introns. Based on those annotations, Rsubread
featureCounts [23] is used to first assign reads to exons and af-
terward to check whether the remaining reads fall into introns,
in other words, if a read is overlapping with intronic and ex-
onic sequences, it will be assigned to the exon only. The output
is then read into R using data.table [24], generating count ta-
bles for UMIs and reads per gene per BC. We then collapse UMIs
that were mapped either to the exon or intron of the same gene.
Note that only the processing of intron and exon reads together
allows for properly collapse of UMIs that can be sampled from
the intronic as well as from the exonic part of the same nascent
mRNA molecule.

Per default, we only collapse UMIs by sequence identity. If
there is a risk that a large proportion of UMIs remains under-
collapsed due to sequence errors, zUMIs provides the option to
collapse UMIs within a given Hamming distance. We compare
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Figure 1: Schematic of the zZUMIs pipeline. Each of the gray panels from left to right depicts a step of the zUMIs pipeline. First, fastq files are filtered according to
user-defined bar code (BC) and unique molecular identifier (UMI) quality thresholds. Next, the remaining cDNA reads are mapped to the reference genome using STAR.
Gene-wise read and UMI count tables are generated for exon, intron, and exon+intron overlapping reads. To obtain comparable library sizes, reads can be downsampled
to a desired range during the counting step. In addition, zZUMIs also generates data and plots for several quality measures, such as the number of detected genes/UMIs
per BCe and distribution of reads into mapping feature categories.
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the two zUMIs UMI-collapsing options to the recommended di-
rectional adjacency approach implemented in UMI-tools [25] us-
ing our in-house example dataset (see Methods section). zUMIs
identity collapsing yields nearly identical UMI counts per cell
as UMI-tools, while Hamming distance yields increasingly fewer
UMISs per cell with increasing sequencing depth (Fig.2C). Smith
et al [25] suggest that edit distance collapsing without consid-
ering the relative frequencies of UMIs might indeed overreach
and overcollapse the UMIs. We suspect that this is indeed what
happens in our example data, where we find that gene-wise dis-
persion estimates appear suspiciously truncated as expected if
several counts are unduly reduce to one, the minimal number
after collapsing (Fig.2D).

However, note that the above-described differences are mi-
nor. By and large, there is good agreement between UMI counts
obtained by UMI-tools [25], the Drop-seq pipeline [13], and zU-
Mis. The correlation between gene-wise counts of the same cell
is >0.99 for all comparisons (Fig. 2B). In light of this, we consider
the >3 times higher processing speed of zUMIs to be a decisive
advantage (Fig.2A).

Cell BC selection

In order to be compatible with well-based and droplet-based
scRNA-seq methods, zUMIs needs to be able to deal with known
as well as random BCs. As default behavior, zUMIs infers which
BCs mark good cells from the data (Fig.3A, 3B). To this end, we
fit a k-dimensional multivariate normal distribution using the
R-package mclust [26, 27] for the number of reads/BC, where k
is empirically determined by mclust via the Bayesian informa-
tion criterion. We reason that only the kth normal distribution
with the largest mean contains BCs that identify reads originat-
ing from intact cells. We exclude all BCs that fall in the lower
1% tail of this kth normal distribution to exclude spurious BCs.
The HEK dataset used here contains 96 cells with known BCs
and zUMIs identifies 99 BCs as intact, including all the 96 known
BCs. Also, for the single-nucleus RNA-seq from Habib et al. [12],
zUMIs identified a reasonable number of cells; Habib et al. report
10,877 nuclei and zUMIs identified 11,013 intact nuclei. However,
we recommend to always check the elbow plot generated by zU-
MiIs (Fig.3B) to confirm that the cutoff used by zUMISs is valid for a
given dataset. In cases where the number of BCs or BC sequences
are known, it is preferable to use this information. If zUMIs is ei-
ther given the number of expected BCs or is provided with a list
of BC sequences, it will use this information and forgo automatic
inference.

Downsampling

scRNA-seq library sizes can vary by orders of magnitude, which
complicates normalization [28, 29]. A straight-forward solution
for this issue is to downsample overrepresented libraries [30].
zUMIs has an built-in function for downsampling datasets to a
user-specified number of reads or a range of reads. By default,
zUMIs downsamples all selected BCs to be within three absolute
deviations from the median number of reads per BC (Fig.3C). Al-
ternatively, the user can provide a target sequencing depth, and
zUMIs will downsample to the specified read number or omit
the cell from the downsampled count table if fewer reads were
present. Furthermore, zUMIs also allows the user to specify a
multiple target read number at once for downsampling. This
feature is helpful if the user wishes to determine whether the
RNA-seq library was sequenced to saturation or whether fur-
ther sequencing would increase the number of detected genes

or UMIs enough to justify the extra cost. In our HEK-cell exam-
ple dataset, the number of detected genes starts leveling off at
1 million reads. Sequencing double that amount would only in-
crease the number of detected genes from 9,000 to 10,600 when
counting exon reads (Fig.3D). In line with previous findings [8,
14], the saturation curve of exon+intron counting runs parallel
to the one for exon counting, both indicating that a sequencing
depth of 1 million reads per cell is sufficient for these libraries.

Output and statistics

zUMIs outputs three UMI and three read count tables: gene-wise
counts for traditional exon counting, one for intron and one for
exon+intron counts. If a user chooses the downsampling option,
six additional count tables per target read count are provided. To
evaluate library quality, zUMIs summarizes the mapping statis-
tics of the reads. While exon and intron mapping reads likely
represent mRNA quantities, a high fraction of intergenic and un-
mapped reads indicates low-quality libraries. Another measure
of RNA-seq library quality is the complexity of the library, for
which the number of detected genes and the number of iden-
tified UMIs are good measures (Fig.1). We processed 227 mil-
lion reads with zUMIs and quantified expression levels for exon
and intron counts on a Unix machine using up to 16 threads,
which took less than 3 hours. Increasing the number of reads
increases the processing time approximately linearly, where fil-
tering, mapping, and counting each take up roughly one third of
the total time (Fig.3E). We also observed that the peak random
access memory usage for processing datasets of 227, 500, and
1,000 million pairs was 42 Gb, 89 Gb, and 172 Gb, respectively.
Finally, zUMIs could process the largest scRNA-seq dataset re-
ported to date with around 1.3 million brain cells and 30 billion
read-pairs generated with 10xGenomics Chromium (see Meth-
ods section) on a 22-core processor in only 7 days.

Intron counting

Recently, it has been shown that intron mapping reads in RNA-
seq likely originate from nascent mRNAs and are useful for gene
expression estimates [31, 32]. Additionally, novel approaches
leverage the ratios of intron and exon mapping reads to infer
information on transcription dynamics and cell states [33]. To
address this new aspect of analysis, zUMIs also counts and col-
lapses intron-only mapping reads as well as intron and exon
mapping reads from the same gene with the same UMI. To as-
sess the information gain from intronic reads to estimate gene
expression levels, we analyzed a publicly available DroNc-seq
dataset from mouse brain ([12]; see Methods section). For the
~11,000 single nuclei of this dataset, the fraction of intron map-
ping reads of all reads goes up to 61%. Thus, if intronic reads
are considered, the mean number of detected genes per cell
increases from 1,041 for exon counts to 1,995 for exon+intron
counts. Next, we used the resulting UMI count tables to investi-
gate whether exon+intron counting improves the identification
of cell types, as suggested by Lake et al. [11]. The validity and ac-
curacy of counting introns for single-nucleus sequencing meth-
ods has recently been demonstrated [34]. Following the Seurat
pipeline to cluster cells [35, 36], we find that using exon+intron
counts discriminates 28 clusters, while we could only discrimi-
nate 19 clusters using exon counts (Fig.4A, 4B). The larger num-
ber of clusters is not simply due to the increase in the counted
UMIs and genes. When we permute the intron counts across
cells and add them to the exon counts, the added noise actu-
ally reduces the number of identifiable clusters (Fig.4E).
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We continue to further characterize the seven clusters that
were subdivided by the addition of intron counts (Fig.4D). First,
we identify DE genes between the newly formed clusters. If we
count only exon reads, there appear to be, on average, only 10
DE genes between the subgroups, while exon+intron counting
yields ~10 times more DE genes, thus corroborating the signal
found with clustering. The log2-fold changes of those additional
DE genes estimated with either counting strategy are generally
in good agreement; especially large log2-fold changes are de-
tected with both exon and exon+intron counting (Fig.4F). Genes
that are detected as DE in only one of our counting strategies
have small log2-fold changes, and there are more of these small
changes detected using exon+intron counting.

Detecting more genes naturally increases the chance to also
detect more informative genes. Here, we cross-reference the
gene list with marker genes for transcriptomic subtypes de-
tected for major cell types of the mouse brain [37] and find that
~5% of the additional genes are also marker genes, which cor-
responds well to the general frequency of marker genes among
the detected genes (4%). In the same vein, we also detect propor-
tionally more DE genes with exon+intron counting compared to
exon counting. Thus, including introns simply allows us to bet-
ter detect present transcripts, while leaving the proportions of
interest unaltered. Having a closer look at cluster 7, it was split
into a bigger (7) and a smaller cluster (24) using exon+intron
counting (Fig.4A-C), we find one marker gene (Ilirapl2) to be
DE between the subclusters using exon+intron counting, while
Il1rapl2 had only spurious counts using exon counts. Il1rapl2 is
a marker for transcriptomic subtypes of GABAergic Pvalb-type

neurons [37], suggesting that the split of cluster 7 might be bio-
logically meaningful (Fig.4E).

In order to evaluate the power gained by exon+intron count-
ingin a more systematic way, we perform power simulations us-
ing empirical mean and dispersion distributions from the largest
and most uniform cluster (~1,500 cells) [9]. For a fair comparison,
we include all detected genes, which is equivalent to the num-
ber of genes detected with exon+intron counting. Also, since we
call a gene detected as soon as one count is associated, exon
counting is necessarily a subset of exon+intron. Thus, there are,
on average, 4 times more genes in the lowest expression quan-
tile for exon counting than for exon+intron counting (Fig.4H). For
those genes, expression is too spurious to be used for differen-
tial expression analysis; for exon+intron counting, we have, on
average, 60% power to detect a DE gene in the first mean expres-
sion bin with a well-controlled false discovery rate (FDR) (Fig.4G).
In summary, the increased power for exon+intron counting and
probably also the larger number of clusters are due to better de-
tection of lowly expressed genes. Furthermore, we think that al-
though potentially noisy, the large number of additionally de-
tected genes makes exon+intron counting worthwhile, espe-
cially for single-nuclei sequencing techniques that are enriched
for nuclear nascent RNA transcripts, such as DroNc-seq [12]. Ad-
ditionally, exon+intron counting may help in extracting as much
information as possible from low coverage data as generated
in the context of high-throughput cell atlas efforts (e.g., 10,000-
20,000 reads/cell [38, 39]. Last, users should always exclude the
possibility of intronic reads stemming from genomic DNA con-
tamination in the library preparation by confirming low inter-
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mark the clusters that were not split when using exon data only. For example, cluster 7 from exon counting, which mainly consists of GABAergic neurons, was split
into clusters 7, 24 (506, 66 cells) when using exon+intron counting. In (D), we show the numbers of genes that were differentially expressed (DE) (limma p-adj <0.05)
between the clusters found only with exon+intron counts. The panel numbers represent the exon counting cluster numbers and the y-axis the exon+intron counting
cluster number. The log2-fold changes corresponding to these contrasts are also used in (G). Among the genes that were additionally detected to be DE by exon+intron
counting was the marker gene Il1rapl2 (limma p-adj = 10-°). In (F), we present a violin plot of the normalized counts for Il1rapl2 in cells of the GABAergic subclusters
7 and 24. Log2-fold changes calculated with exon+intron counts correlate well with exon counts (G). Note that for exon counting only, half as many genes could be
evaluated as for exon+intron counting and thus only half of the exon+intron genes are depicted in (G). Large log, fold changes (LFCs) are found to be significant with
both counting strategies (purple points are close to the bisecting line). We conducted simulations based on mean and dispersion measured using exon cluster 0 (1,616
cells, ~90% exPFC). In (I) we show the expected true positive rate and the false discovery rate for a scenario comparing 300 vs 300 cells. Results for exon and exon+intron
counting were stratified into five quantiles according to the mean expression of genes, where stratum 1 contains lowly expressed genes and stratum 5 the most highly
expressed genes. The numbers of genes falling into each of the bins using exon+intron and exon counting are depicted in (H).

genic mapping fractions using the statistics output provided by Analyzed RNA-seq datasets

zUMIs.
HEK293T cells were cultured in DMEM high glucose with L-
glutamine (Biowest) supplemented with 10% fetal bovine serum
Conclusion (Thermo Fisher) and 1% penicillin/streptomycin (Sigma-Aldrich)

in a 37°C incubator with 5% carbon dioxide. Cells were passaged

zUMIs is a fast and flexible pipeline for processing raw reads to
obtain count tables for RNA-seq data using UMIs. To our knowl-
edge, it is the only open source pipeline that has a BC and
UMI quality filter, allows intron counting, and has an integrated
downsampling functionality. These features ensure that zUMIs
is applicable to most experimental designs of RNA-seq data,
including single-nucleus sequencing techniques, droplet-based
methods where the BC is unknown, as well as plate-based UMI-
methods with known BCs. Finally, zUMIs is computationally ef-
ficient, user-friendly, and easy to install.

Methods

and split every 2 or 3 days. For single-cell RNA-seq, HEK293T
cells were dissociated by incubation with 0.25% Trypsin (Sigma-
Aldrich) for 5 minutes at 37°C. The single-cell suspension was
washed twice with phosphate-buffered saline, and dead cells
were stained with Zombie Yellow (Biolegend) according to the
manufacturer’s protocol. Single cells were sorted into DNA
LoBind 96-well polymerase chain reaction (PCR) plates (Eppen-
dorf) containing lysis buffer with a Sony SH-800 cell sorter in 3-
drop purity mode using a 100-pumnozzle. Next, single-cell RNA-
seq libraries were constructed from one 96-well plate using a
slightly modified version of the mcSCRB-seq protocol. Reverse
transcription was performed as described previously [40], with
the only change being the use of KAPA HiFi HotStart enzyme for
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PCR amplification of cDNA. Resulting libraries were sequenced
using an Illumina HiSeq1500 with 16 cycles in Read 1 to decode
cell BCs (6 bases) and UMIs (10 bases) and 50 cycles in Read 2 to
sequence into the cDNA fragment, obtaining ~227 million reads.
Raw fastq files were processed using zUMIs, mapping to the hu-
man genome (hg38) and Ensembl gene models (GRCh38.84).

In addition, we analyzed data from 1.3 million mouse brain
cells generated on the 10xGenomics Chromium platform [2]. Se-
quences were downloaded from the National Center for Biotech-
nology Information Sequence Read Archive under accession
number SRP096558. The data consist of 30 billion read-pairs
from 133 individual samples. In these data, read 1 contains 16 bp
for the cell BC and 10 bp for the UMI and read 2 contains 114 bp
of cDNA. zUMIs was run using default settings, and we allowed
7 threads per job for a total of up to 42 threads on an Intel Xeon
E5-2699 22-core processor.

Finally, we obtained mouse brain DroNc-seq read data [12]
from the Broad Institute Single Cell Portal [41]. This dataset con-
sists of ~1,615 million read-pairs from ~11,000 single nuclei.
Read 1 contains a 12 bpcell BC and a 8 bpUMI and read 2 60 bpof
cDNA.

The two mouse datasets were mapped to genome version
mm10 and applying Ensembl gene models (GRCm38.75).

Power simulations and DE analysis

We evaluated the power to detect differential expression with
the help of the powsimR package [9]. For the DroNc-seq dataset,
we estimated the parameters of the negative binomial dis-
tribution from one of the identified clusters, namely, cluster
0, compromising 1,500 glutamatergic neuronal cells from the
prefrontal cortex (Fig.4D). Since we detect more genes with
exon+intron counting (4,433 compared to 1,782), we included
this phenomenon in our read count simulation by drawing mean
expression values for a total of 4,433 genes. This means that
the table includes sparse counts for the exon counting. Log,-
fold changes were drawn from a gamma distribution with shape
equal to 1 and scale equal to 2. In each of the 25 simulation it-
erations, we draw an equal sample size of 300 cells per group
and test for differential expression using limma-trend [42] on
log, counts per million (CPM) values with scran [43] library size
correction. The true positive rate and FDR are stratified over the
empirical mean expression quantile bins.

For the differential expression analysis between clusters, we
use the same DE estimation procedure as in the simulations:
scran normalization followed by limma-trend DE-analysis (c.f.
[44).

Cluster identification

After processing the DroNc-seq data [12] with zUMIs as de-
scribed above, we cluster cells based on UMI counts derived from
exons only and exons+introns reads using the Seurat pipeline
[35, 36]. First, cells with fewer than 200 detected genes were fil-
tered out. The filtered data were normalized using the LogNor-
malize function. We then scale the data by regressing out the
effects of the number of transcripts and genes detected per cell
using the ScaleData function. The normalized and scaled data
are then used to identify the most variable genes by fitting a
relationship between mean expression (ExpMean) and disper-
sion (LogVMR) using the FindVariableGenes function. The iden-
tified variable genes are used for principle component analysis,
and the top 20 principle components are then used to find clus-
ters using graph-based clustering as implemented in FindClus-
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ters. To illustrate that the additional clusters found by count-
ing exon+intron reads are not spurious, we use intron-only UMI
counts from the same data to add to the observed exon-only
counts. More specifically, to each gene we add scran-size factor-
corrected intron counts from the same gene after permuting
them across cells. We assessed the cluster numbers from 100
such permutations.

Comparison of UMI collapsing strategies

In order to validate zUMIs and compare different UMI collaps-
ing methods, we used the HEK dataset described above. We ran
zUMIs (1) without quality filtering, (2) filtering for onebase un-
der Phred 17, and (3) collapsing similar UMI sequences within a
hamming distance of 1. To compare with other available tools,
we ran the same dataset using the Drop-seq-tools version 1.13
[13] and quality filter “1 base under Phred 17” without edit dis-
tance collapsing. Last, the HEK dataset was used with UMI tools
[25] in (1) “unique” and (2) “directional adjacency” mode with
edit distance set to 1. Also, we compared the output of zU-
Mis from the DroNc-seq dataset when using default parame-
ters (“1 base under Phred 20”) to UMI-tools in (1) “unique,” (2)
“directional adjacency,” and (3) “cluster” settings. For each set-
ting and tool combination, we compared per-cell/per-nuclei UMI
contents in a linear model fit.

Availability of source code and requirements

* Project name: zUMIs

Project home page: https:/github.com/sdparekh/zUMIs
Operating system(s): UNIX

Programming language: shell, R, perl

Other requirements: STAR >= 2.5.3a, R >= 3.4, Rsubread >=
1.26.1, pigz >= 2.3 & samtools >= 1.1

License: GNU GPLv3.0

Research Resource Identification Initiative ID: SCR.016139

Availability of supporting data

All data that were generated for this project were submitted to
GEO under accession GSE99822. An archival copy of the source
code and test data are available via the GigaScience repository
GigaDB [45].

Abbreviations

BC: barcode; DE: differentially expressed; FDR: false discovery
rate; MAD: median absolute deviation; PCR: polymerase chain
reaction; PFC: prefrontal cortex; scRNA-seq: single-cell RNA se-
quencing; UMI: unique molecular identifier.
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with UMIs

SUPPLEMENTARY INFORMATION
by

Swati Parekh 2%, Christoph Ziegenhain '*, Beate Vieth!, Wolfgang Enard ! and Ines

Hellmann '+

! Anthropology & Human Genomics, Department of Biology II,

Ludwig-Maximilians University, Munich, Germany

*Contributed equally

2Corresponding author

1 Tools for UMI counting in RNA-seq

Name Reference Open Quality Mapper intron  Down-  Compatibility with UMI li-
Source  UMI/BC sampling brary protocols

Cell Zheng yes yes STAR no yes Zheng et al.|[2017

Ranger

Drop- no yes STAR no no
seq
2015,
CEL- Hashimsl yes yes bowtie2 mno no
seq et al.||2016]
umis Vensson yes no Kallisto no no
UMI- yes yes BWA no no
tools
zUMIs  This work  yes ves STAR  yes yes

Hochgerner et N .
Habib et al.|[2017], 5
.| [2017|, |Zheng et al.

Table S1: Features of available tools that can handle UMIs for the quantification of gene
expression data. The evaluated features are whether the tool is open source, it considers the sequence
quality for cell barcode (BC) and UMI, which mapper it uses, whether it can consider intron mapping reads
for counting, whether it offers a utility to make varying library sizes more comparable via downsampling and
finally with which RNA-seq library preparation protocols it is compatible.
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2 Characterization of zUMIs

To demonstrate the utility of zUMIs, we processed data generated from 96 HEK cells using the SCRB-seq

protocol [Soumillon et al.| [Ziegenhain et al]

227 million read-pairs of sequencing data were processed on a linux workstation running at light load using

up to 16 threads. The processing was complete after 173 minutes (Figure We observe that runtime for

2UMISs scales linearly, as does RAM usage. The peak RAM usage for processing datasets of 227, 500 and
1000 million pairs was 42 Gb, 89 Gb and 172 Gb, respectively.

15
@ 10 =&- Counting
3 " N
é_-o, ® =&~ Filtering
g =& Mapping
g =& Summarizing
= 5 =&~ total

(]
0
200 400 600 800 1000

million read—pairs

Figure S1: 2zUMIs runtime for three datasets with 227, 500 and 1000 million read-pairs. The
runtime is divided in the main steps of the zUMIs pipeline: Filtering, Mapping, Counting and Summarizing.
Each dataset was processed using up to 16 threads ("-p 167).

3 zUMIs example dataset

At the end of each run, zUMIs optionally generates statistical output and plots. Shown here are the generated

plots for the exemplary HEK cell dataset (Figure
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1e+01

Figure S2: Reads per barcode. Bars show the number of reads assigned to each sample barcode.
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Figure S3: Summary statistics. The boxplot in the left panel shows number of genes (left) and number of
UMISs(right) detected per barcode while considering only intronic/exonic counts and intornic+exonic counts.
The horizontal relative barplot in the middle indicates total fraction of reads assignment to each feature in
the dataset and the boxplot in the lower panel colored by features show fraction of reads assigned in each
category where each data point is one cell.

4 Downsampling

2zUMTIs has inbuilt functionality for downsampling datasets to a user-specified number of reads. When the
option "-d” is set, zUMIs will attempt to downsample all sample barcodes to the specified number. In case
the requested read number is not available for some of the barcodes, only those barcodes will be reported
that fulfilled the requirement. In any case, the full data will be output alongside the downsampled data.
This basic downsampling is useful to make the often hugely varying library sizes for single cell data more
comparable @E . Another application of the downsampling function is to
evaluate whether the current sequencing depth was sufficient to reach saturation of gene and UMI detection.

To illustrate the downsampling functionality, we sample several fixed read depths for our exemplary HEK

dataset and display the number of detected genes at given depth per cell (Figure

12500 e

10000 .

7500

5000 o

Genes detected

2500

0 500000 1000000 1500000 2000000 2500000 3000000
Sequencing depth

Figure S4: Downsampling. Cells were downsampled to six depths from 100,000 to 3,000,000 reads.
For each sequencing depth the reads detected per cell is shown. Here the increase in the number of genes
detected using 1 million as compared to 3 million reads is small, suggesting that 1 million reads per sample
are sufficient.
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5 Cell barcode selection

In order to be compatible with well-based and droplet-based scRNA-seq methods, zUMIs is flexible with
handling of cell barcodes. As default behavior, zZUMISs tries to estimate the relevant barcodes from the data

using the cumulative read distribution presented as “knee plot”™ in (Figure For this, the cumulative

read numbers of all observed barcodes are calculated, ordered descending by number of obtained reads per
barcode. Only those barcodes are retained as real, as long as their difference to the neighboring barcode
accounts for at least 1% of the maximal difference observed. If this does not account for at least 90% of

total sequenced reads, the threshold is lowered to 0.1%. The dataset used in this paper has known 96 cells

and when we let zUMIs select the barcodes with this method, it correctly identifies these cells. To override

automatic detection of barcodes, users can either give a fixed number of barcodes to consider using ”-b 100"
key or refer to a plain text file containing known expected barcodes as ”-b barcodefile.txt” where the file

contains a list of barcodes without a header.

1.0e+08 1.5e+08

Cumulative number of reads

5.0e+07
1

T T T T T
0 1000 2000 3000 4000

0.0e+00

Cell Index

Figure S5: Knee plot. The plot shows cumulative read distribution in the example HEK dataset where
the barcodes in red are the selected cells.
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2.4.1 Updates to zUMIs

My colleagues Swati Parekh, Christoph Ziegenhain and Ines Hellmann regularly improve

and update zUMis since its publication. I help with testing implementations and changes as

well as with documentation.

The most significant changes are listed below:

Minor

Setup of all parameters in a convenient YAML config file, also implemented as a R

shiny app.

Compatibility with non-UMI protocols, such as Smart-seq2, and paired end cDNA

reads.

Increased processing speed (at least 2x faster)
Parallelize filtering step

Parallelize Hamming distance UMI collapsing

Extensive use of the R package data.table and its pipes for constructing gene expression

matrices
Mapping by piping STAR SAM output into threaded samtools BAM compression

Possibility to integrate transgenes or external references like ERCC spike ins on the

fly.

changes include:

Optional downstream velocyto analysis (La Manno et al. 2018)

Optional output of zUMISs results in loomR format (Butler et al. 2018)
Automatic barcode detection guided by incorporating cell barcode whitelists

Extracting cell barcode sequences from fastq files with frameshifts (e.g. ddSeq protocol

212)
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The recent rapid spread of single cell RNA sequencing (scRNA-seq) methods has created a
large variety of experimental and computational pipelines for which best practices have not
yet been established. Here, we use simulations based on five scRNA-seq library protocols in
combination with nine realistic differential expression (DE) setups to systematically evaluate
three mapping, four imputation, seven normalisation and four differential expression testing
approaches resulting in ~3000 pipelines, allowing us to also assess interactions among
pipeline steps. We find that choices of normalisation and library preparation protocols have
the biggest impact on scRNA-seq analyses. Specifically, we find that library preparation
determines the ability to detect symmetric expression differences, while normalisation
dominates pipeline performance in asymmetric DE-setups. Finally, we illustrate the impor-
tance of informed choices by showing that a good scRNA-seq pipeline can have the same
impact on detecting a biological signal as quadrupling the sample size.
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any experimental protocols and computational analysis

approaches exist for single cell RNA sequencing

(scRNA-seq). Furthermore, scRNA-seq analyses can
have different goals including differential expression (DE) ana-
lysis, clustering of cells, classification of cells and trajectory
reconstruction!. All these goals have the first analysis steps in
common in that they require expression counts or normalised
counts. Here, we focus on these important first choices made in
any scRNA-seq study, using DE-inference as performance read-
out. Benchmarking studies exist only separately for each analysis
step, which are library preparation protocols??, alignment®3,
annotations®, count matrix preprocessing’® and normalisation®.
However, the impact of the combined choices of the separate
analysis steps on overall pipeline performance has not been
quantified. In order to achieve a fair and unbiased comparison of
computational pipelines, simulations of realistic data sets are
necessary. This is because the ground truth of real data is
unknown and alternatives, such as concordance analyses are
bound to favour similar and not necessarily better methods.

To this end, we integrate popular methods for each analysis
step into our simulation framework powsimR!(. As the basis for
simulations, powsimR uses raw count matrices to describe the
mean-variance relationship of gene expression measures. This
includes the variance introduced during the experiment itself as
well as extra variance due to the first to computational steps of
expression quantification. Adding DE then provides us with
detailed performance measures based on how faithfully DE-genes
can be recovered.

One main assumption in traditional DE-analysis is that dif-
ferences in expression are symmetric. This implies that either a
small fraction of genes is DE while the expression of the majority
of genes remains constant or similar numbers of genes are up-
and down-regulated so that the mean total mRNA content does
differ between groups!!. This assumption is no longer true when
diverse cell types are considered. For example, Zeisel et al.! find
up to 60% DE genes and differing amounts of total mRNA levels
between cell types. This issue of asymmetry is conceptually one of
the characteristics that distinguishes single cell from bulk RNA-
seq and has not been addressed so far. Therefore, we simulate
varying numbers of DE-genes in conjunction with small to large
differences in mRNA content including the entire spectrum of
possible DE-settings.

Realistic simulations in conjunction with a wide array of
scRNA-seq methods, allow us not only to quantify the perfor-
mance of individual pipeline steps, but also to quantify inter-
dependencies among the steps. Moreover, the relative importance
of the various steps to the overall pipeline can be estimated.
Hence, our analysis provides sound recommendations regarding
the construction of an optimal computational scRNA-seq pipe-
line for the data at hand.

Results

scRNA-seq data and simulations. The starting point for our
comprehensive pipeline comparison is a representative selection
of scRNA-seq library preparation protocols (Fig. 1a). Here, we
included one full-length method (Smart-seq2!3) and four UMI
methods?14-16, The UMI strategies encompass two plate-based
(SCRB-seq, CEL-seq2) and the most common non-commercial
and commercial droplet-based protocols (Drop-seq, 10X Chro-
mium). CEL-seq2 differs from SCRB-seq in that it relies on linear
amplification by in vitro transcription, while SCRB-seq relies on
PCR amplification using the same strategy as 10X Chromium (see
Ziegenhain et al.217 for a detailed discussion). We then combine
the library preparation protocols with three mapping approa-
ches!8-20 and three annotation schemes?!-23 resulting in 45

distinct raw count matrices (see “Methods”). We simulated 27
distinct DE-setups per matrix, each with 20 replicates, resulting in
a total of 19,980 simulated data sets (Fig. 1b).

Genome-mapping quantifies gene expression with high accu-
racy. We first investigated how expression quantification is
affected by different alignment methods using our selection of
scRNA-seq experiments. For each of the three following strategies
we picked one the most popular methods (Supplementary Fig. 2):
(1) alignment of reads to the genome using splice-aware align-
ment (STAR!®), (2) alignment to the transcriptome (BWA!?) and
(3) pseudo-alignment of reads guided by a transcriptome (kal-
listo?4).We then combined these with three annotation schemes
including two curated schemes (RefSeq?! and Vega?®) and the
more inclusive GENCODE?? (Supplementary Table 2).

First, we assessed the performance by the number of reads or
UMIs that were aligned and assigned to genes (Fig. 2a and
Supplementary Fig. 3). Alignment rates of reads are comparable
across all scRNA-seq protocols. Assignment rates on the other
hand show some interaction between mapper and protocol. All
mappers, aligned and assigned more reads using GENCODE as
compared to RefSeq annotation, whereas the pseudo-aligner
kallisto profited most from the more comprehensive annotation
of GENCODE and here in particular the 3’UMI protocols (Figure
2A). Generally, STAR in combination with GENCODE aligned
(82-86%) and assigned (37-63%) the most reads, while kallisto
assigned consistently the fewest reads (20-40%) (Figure 2D).
BWA assigned an intermediate fraction of reads (22-44%), but—
suspiciously—these were distributed across more UMIs. As reads
with the same UMI are more likely to originate from the same
mRNA molecule and thus the same gene, the average number of
genes with which one UMI sequence is associated, can be seen as
a measure of false mapping. Indeed, we find that the same UMI is
associated with more genes when mapped by BWA than when
mapped by STAR (Fig. 2b). This indicates a high false mapping
rate, that probably inflates the number of genes that are detected
by BWA (Fig. 2c and Supplementary Fig. 4).

This said, it remains to be seen what impact the differences in
read or UMI counts obtained through the different alignment
strategies and annotations have on the power to detect DE-genes.

As already indicated from the low fraction of assigned reads,
kallisto has the lowest mean expression and the highest gene
dropout rates (Fig. 2d and Supplementary Figs. 7 and 8) and, as
expected from a high fraction of falsely mapped reads, BWA has
the largest variance. To estimate the impact that these statistics
have on the power to detect DE-genes, we use the mean-variance
relationship to simulate data sets with DE-genes (Fig. 2d, e). As
previously reported?, UMI protocols have a noticeably higher
power than Smart-seq2 (Fig. 2f). Moreover for Smart-seq2, we find
that kallisto, especially with RefSeq annotation, performs slightly
better than STAR, while for UMI-methods STAR performs better
(Fig. 2f and Supplementary Fig. 9).

In summary, using BWA to map to the transcriptome
introduces noise, thus considerably reducing the power to detect
DE-genes as compared to genome alignment using STAR or the
pseudo-alignment strategy kallisto, but given the lower mapping
rate of kallisto STAR with GENCODE is generally preferable.

Many asymmetric changes pose a problem without spike-ins.
The next step in any RNA-seq analysis is the normalisation of the
count matrix. The main idea here is that the resulting size factors
correct for differing sequencing depths. In order to improve
normalisation, spike-ins as an added standard can help, but are
not feasible for all scRNA-seq library preparations. Another
avenue to improve normalisation would be to deal with sparsity
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Fig. 1 Study Overview. a The data sets yielding raw count matrices: We use scRNA-seq data sets216 representing 5 popular library preparation protocols.
For each data set, we obtain multiple gene count matrices that result from various combinations of alignment methods and annotation schemes (see also
Supplementary Figs. 1and 2, and Supplementary Tables 1and 2). b The simulation setup: Using powsimR© distribution estimates from real count matrices,
we simulate the expression of 10,000 genes for two groups with 384 vs 384, 96 vs. 96 and 50 vs. 200 cells, where 5, 20 or 60% of genes are DE between
groups. The magnitude of expression change for each gene is drawn from a narrow gamma distribution (X ~I'(a =1, #=2)) and the directions can either
be symmetric, asymmetric or completely asymmetric. To introduce slight variation in expression capture, we draw a different size factor for each cell from
a narrow normal distribution. € The analysis pipeline: The simulated data sets are then analysed using combinations of four count matrix preprocessing,
seven normalisation and four DE approaches. The evaluation of these pipelines focuses on the outcome of the confusion matrix and its derivatives (TPR,
FDR, pAUC, MCC), deviance in library size estimates (RMSE) and computational run time

by imputing missing data prior to normalisation as discussed in
the next chapter (Fig. 1c). To begin with, we compare how much
the estimated size factors deviate from the truth. As long as there
is only a small proportion of DE-genes or if the differences are
symmetric, estimated size factors are not too far from the simu-
lated ones and there are no large differences among methods
(Fig. 3a and Supplementary Figs. 10 and 11). However with
increasing asymmetry, size factors deviate more and more and the
single cell methods scran?> and SCnorm?® perform markedly
better than the bulk methods TMM?7, MR?8 and Positive Counts
as well as the single cell method Linnorm?°. Census®’ is an outlier
in that it has a constant deviation of 0.1, which is due to filling in
1 when library sizes could not be calculated.

To determine the effect of these deviations on downstream
analyses, we evaluated the performance of DE inference using
different normalisation methods (Fig. 3b and Supplementary
Figs. 12-15). Firstly, the differences in the TPR across normal-
isation methods are only minor, only Linnorm performed
consistently worse (Supplementary Fig. 13). In contrast, the
ability to control the FDR heavily depends on the normalisation

method (Supplementary Fig. 14). For small numbers of DE-genes
or symmetrically distributed changes, the FDR is well controlled
for all methods except Linnorm. However, with an increasing
number and asymmetry of DE-genes, only SCnorm and scran
keep FDR control, provided that cells are grouped or clustered
prior to normalisation. In our most extreme scenario with 60%
DE-genes and complete asymmetry, all methods except Census
loose FDR control. SCnorm, scran, Positive Counts and MR
regain FDR control with spike-ins for 60% completely asym-
metric DE-genes (Supplementary Fig. 14). Given similar TPR of
the methods, this FDR control determines the pAUC (Fig. 3b, c).

Since in real data it is usually unknown what proportion of
genes is DE and whether cells contain differing levels of mRNA,
we recommend a method that is robust under all tested scenarios.
Thus, for most experimental setups scran is a good choice, only
for Smart-seq2 data without spike-ins, Census might be a better
choice.

Imputation has little impact on pipeline performance. If the
main reason why normalisation methods perform worse for
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scRNA-seq than for bulk data is the sparsity of the count matrix,
reducing this sparsity by either more stringent filtering or
imputation of missing values should remedy the problem3!. Here,
we test the impact of frequency filtering and three imputation
approaches (DrImpute32, scone®3, SAVER3#) on normalisation
performance. Note, that we use the imputation or filtering only to

obtain size factor estimates, that are then used together with the

raw count matrix for DE-testing.

We find that simple frequency filtering has no effect on
normalisation results (Fig. 3d). Performance as measured by
PAUC is identical to using raw counts. In contrast, imputation
can have an effect on performance and there are large differences
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Fig. 2 Expression Quantification. a Read alignment and assignment rates per library preparation protocol stratified over aligner and annotation. The lighter
shade represents the percentage of the total reads that could be aligned and the darker shade the percentage that also was uniquely assigned (see also
Supplementary Fig. 3). For comparability, cells were downsampled to 1 million reads/cell, with the exception of 10x Genomics data that were only
sequenced to on average 60,000 reads/cell. Hence, these data are farther from saturation and have a higher UMI/read ratio. b Number of genes per UMI
with >1 reads for BWA and STAR alignment using the SCRB-seq data set and GENCODE annotation. Colours denote number bins of UMIs. € Number of
genes detected per Library Preparation Protocol stratified over Aligner and Annotation (i.e. at least 10% nonzero expression values) (see also
Supplementary Fig. 4). d Estimated mean expression, dispersion and gene dropout rates for SCRB-seq and Smart-seq2 data using STAR, BWA or kallisto
alignments with GENCODE annotation (see also Supplementary Fig. 7). e Mean-dispersion fitting line applying a cubic smoothing spline with 95%
variability bands for SCRB-seq and Smart-seq?2 data using STAR, BWA or kallisto alignments with GENCODE annotation (see also Supplementary Fig. 8).
f The effect of quantification choices on the power (TPR) to detect differential expression stratified over library preparation and aligner. The expression of
10,000 detected genes over 768 cells (384 cells per group) were simulated given the observed mean-variance relation per protocol. Five percent of the
simulated genes are differentially expressed following a symmetric narrow gamma distribution. Unfiltered counts were normalised using scran. Differential

expression was tested using limma-trend (see also Supplementary Fig. 9)

among methods. Imputation with DrImpute and scone rarely
increased the pAUC and occasionally as in the case of SCRB-seq
with MR normalisation, the pAUC even decreased by 100 and
76%, respectively due to worse FDR control relative to using raw
counts (Supplementary Fig. 18). In contrast, these two imputation
methods achieved an appreciable increase in pAUC together with
scran normalisation, ~28, 4 and 9% for 10x Genomics, SCRB-seq
and Smart-seq2 data, respectively. SAVER on the other hand
never made things worse, irrespective of data set and normal-
isation method but was able to rescue FDR control for
MR normalisation of UMI data, even in a completely asymmetric
DE-pattern.

These observations suggest that data sets with a high gene
dropout rate might benefit more from imputation than data
sets with a relatively low gene dropout rate (Supplementary
Figs. 16-18). In order to further investigate the effect of
imputation on sparse data, we downsampled the Smart-seq2
and SCRB-seq data, which were originally based on 1 million
reads/cell, to make them more comparable to the 10X-HGMM
data with on average of 60,000 reads/cell. A radical down-
sampling to 10% of the original sequencing depth decreases the
number of detected genes for SCRB-seq by only 1%, suggesting
that the original RNA-seq library was sequenced to saturation.
In contrast, the Smart-seq2 data were much less saturated at 1
million reads/cell: Downsampling reduced the number of
detected genes by 34%. However, the relative effect of
imputation on performance remains small. This is probably
due to the fact that the main effect of downsampling is a
reduction in the detected genes, which also cannot be imputed.
Thus, if a good normalisation method is used to begin with
(e.g. scran with clustering), the improvement by imputation
remains relatively small.

Good normalisation removes the need for specialised DE-tools.
The final step in our pipeline analysis is the detection of DE-
genes. Recently, Soneson et al.>! benchmarked 36 DE approaches
and found that edgeR27, MAST35, limma-trend3% and even the T-
Test performed well. Moreover, they found that for edgeR, it is
important to incorporate an estimate of the dropout rate per cell.
Therefore, we combine edgeR here with zingeR37.

Both edgeR-zingeR and limma-trend in combination with a
good normalisation reach similar pAUCs as using the simulated
size factors (Fig. 4). However, in the case of edgeR-zingeR this
performance is achieved by a higher TPR paid while loosing FDR
control (see Supplementary Figs. 19-21), even in the case of
symmetric DE-settings (Supplementary Figs. 22-24).

Nevertheless, we find that DE-analysis performance strongly
depends on the normalisation method and on the library
preparation method. In combination with the simulated size
factors or scran normalisation, even a T-Test performs well.

Conversely, in combination with MR or SCnorm, the T-Test has
an increased FDR (Supplementary Fig. 20). SCnorms bad
performance with a T-Test was surprising given SCnorms good
performance with limma-trend (Fig. 3b). One explanation could be
the relatively large deviation of SCnorm derived size factors (Fig. 3a
and Supplementary Fig. 11) which inflate the expression estimates.

Furthermore, we find that MAST performs consistently worse
than the other DE-tools when applied to UMI-based data, but
-except in combination with SCnorm- it is doing fine with Smart-
seq2 data. Interestingly, Census normalisation in combination
with edgeR-zingeR outperformed limma-trend with Smart-seq2
(Supplementary Fig. 25).

In concordance with Soneson et al.3!, we found that limma-
trend, a DE-tool developed for bulk RNA-seq data showed the
most robust performance. Moreover, library preparation and
normalisation appeared to have a stronger effect on pipeline
performance than the choice of DE-tool.

Normalisation is overall the most influential step. Because
we tested a nearly exhaustive number of ~3000 possible scRNA-
seq pipelines, starting with the choice of library preparation
protocol and ending with DE-testing, we can estimate the
contribution of each separate step to pipeline performance for
our different DE-settings (Fig. 1b). We used a beta regression
model to explain the variance in pipeline performance with
the choices made at the seven pipeline steps (1) library pre-
paration protocol, (2) spike-in usage, (3) alignment method, (4)
annotation scheme, (5) preprocessing of counts, (6) normal-
isation and (7) DE-tool as explanatory variables. We used the
difference in pseudo-R?> between the full model including
all seven pipeline steps and leave-one-out reduced models to
measure the contribution of each separate step to overall
performance.

All pipeline choices together (the full model) explain ~50 and
~60% of the variance in performance, for 20 and 60% DE-genes,
respectively (Fig. 5a). Choices of preprocessing the count matrix
contribute very little (AR? < 1%). The same is true for annotation
(AR?<2%) and aligner choices (AR?<5%). For aligner and
annotation, it is important to note that these are upper bounds,
because our simulations do not include differences in gene
detection rates (Fig. 2c).

Surprisingly, the choice of DE-tool only matters for symmetric
DE-setups (ARB;_,, = 15%; AR} o = 11%), and the choice of
library preparation protocol has an even bigger impact on
performance for symmetric DE-setups (ARéymmcm'c =17 — 29%)
and additionally for 5% asymmetric changes (ARZ,, Asymmetric = 17%).
Normalisation choices have overall a large impact in all DE-settings
(AR? = 12-38%), where the importance increases with increasing
levels of DE-genes and increasing asymmetry. Spike-ins are
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only necessary if many asymmetric changes are expected and
have little or no impact if only 5% of the genes are DE or the changes
are symmetric (Fig. 5a). Moreover, for completely asymmetric
DE-patterns, the regression model did not converge without
normalisation and spike-ins, because their absence or presence alone
pushed the MCCs to the extremes.

For the best performing pipeline [SCRB-seq+ STAR +
GENCODE + SAVER imputation + scran with clustering +
limma-trend], using 384 cells per group instead of 96 improves

6 NATURE
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performance only by 6.5-8%. Sample size is more important if a
naive pipeline is used. For [SCRB-seq + BWA + GENCODE +
no count matrix preprocessing + MR + T-Test] the perfor-
mance gain by increasing sample size is 10-12% and even
worse, for many asymmetric DE-genes, lower sample sizes
occasionally appear to perform better (Fig. 5b and Supplemen-
tary Fig. 26). Next, we tested our pipeline on publicly available
10x Genomics data set containing the expression profiles of
approx. 1000 human peripheral mononuclear blood cells
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Fig. 3 Normalisation choices determines DE-analysis performance, not count preprocessing. The data in panels a-c are based on Smart-seq2 data, all
panels are based on two groups of 384 cells, STAR alignment with GENCODE annotation was used for quantification. a The root mean squared error
(RMSE) of estimated library size factors per normalisation method is plotted for 20% asymmetric DE-genes (see also Supplementary Fig. 11) (Box and
whisker plot with centre line = median, bounds of box = 25th and 75th percentile, whiskers = 1.5 * interquartile range from the lower and upper bounds of
the box). b The discriminatory ability determined by the partial area under the curve (mean pAUC %s.d.) based on DE testing with limma-trend for
normalisation without spike-ins per DE-pattern. The grey ribbon indicates the mean pAUC +s.d. given simulated size factors (see also Supplementary
Figs. 13-15). ¢ Using spike-ins for normalisation for 60% completely asymmetric DE-genes. d Effect of preprocessing the count matrix for 20% asymmetric
DE-genes without spike-ins. Counts were either left asis (‘none’), filtered or imputed prior to normalisation. The derived scaling factors were then used for
normalisation and DE testing was performed on raw counts using limma-trend (see also Supplementary Figs. 16-18). This procedure was applied to the full
count matrix (circle) and to the count matrix downsampled to 10% of its original sequencing depth (triangular). Missing data points are due to failing
imputation runs with the sparser data
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10X - HGMM SCRB-seq Smart-seq2
edgeR-zingeR o [ ] o
)
MAST - So
o8
c e
Limma-trend - [ ) [ ) () 2=
T-test
edgeR-zingeR - [ ] ._ ._
MAST - %]
<]
0 8 B
Limma-trend - [ ) ° ° =
T-test
edgeR-zingeR - ) ~ >
[ ] @ s,
MAST EX
Q 3
° e 3
Limma-trend <
[ ] [ ] s
T-test
edgeR-zingeR - - PS — o —
MAST -
4
@ 8 I
Limma-trend - o P o
T-test
edgeR-zingeR L ] o o
2. o
MAST + SR
=c
g5
Limma-trend - o L ] L ] sg
@
T-test
T T T T T T T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
pAUC

Fig. 4 Evaluation of DE tools. The expression of 10,000 genes over 768 cells (384 cells per group) were simulated given the observed mean-variance
relation per protocol. Twenty percent of the simulated genes are differentially expressed following an asymmetric narrow gamma distribution. Unfiltered
counts were normalised using simulated library size factors or applying normalisation methods. Differential expression was tested using T-Test, limma-
trend, MAST or edgeR-zingeR. The discriminatory ability of DE methods is determined by the partial area under the curve (mean pAUC £ s.d.) for the TPR-
FDR curve (see also Supplementary Figs. 19-25)

(PBMC)®. First, we classified the cells using SingleR8 into the
celltypes available in the Blueprint Epigenomics Reference®®
distinguishing Monocytes, NK-cells, CD8 + T-cells, CD4 + T-
cells and B-cells (Fig. 5¢, d). We applied the previously defined
good (STAR + gencode + SAVER imputation + scran  with
clustering + limma-trend) and naive (BWA + gencode + no
preprocessing + MR + T-Test) pipeline to identify DE-genes
between the cell types. Cross-referencing the identified
VATURE C

DE-genes with known differences in marker gene expression®,
we find that the good pipeline always identifies a higher fraction
of the marker genes as DE than the naive pipeline (Fig. 5e).
Comparing NK-cells and CD8 + T-cells, the good pipeline
identifies 148 known markers as DE, while the naive pipeline
finds only 54. The diminished separation between those two
cell-types using the naive pipeline is already visible in the
UMAP (Fig. 5d).
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In summary, we identify normalisation and library preparation
influential choices and the observation that
differences in computational steps alone can significantly lower
the required sample size nicely illustrates the importance of

as the most

bioinformatic choices.

Discussion

Here we evaluate the performance of complete computational
pipelines for the analysis of scRNA-seq data under realistic
conditions with large numbers of DE-genes and differences in

total mRNA contents between groups (Fig. 1). Furthermore, our
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Fig. 5 Evaluation of analysis pipeline. a, b The expression of 10000 genes over 768 cells were simulated and 5, 20 or 60% of the genes were differentially
expressed following a symmetric or asymmetric narrow gamma distribution. This simulation setup was applied to protocols, alignments, annotations,

preprocessing of counts, normalisation and DE tools. For each analysis set, the Matthew Correlation Coefficient (mean MCC £s.d.) was averaged over
20 simulations and rescaled to [0, 1] interval. The MCC was used as a response variable in beta regression models with log-log link function. a The

contribution of each covariate in the full model (~-Protocol + Aligner + Annotation + Preprocessing + Normalisation + DE-Tool). b Performance according
to sample size, 1 good and 1 naive pipeline (see also Supplementary Fig. 26). c-e The expression of ~1000 human PBMcs profiled with 10x Genomics were
processed using the good and naive pipeline. Cell types were identified with SingleR classification using the Blueprint Epigenomics Reference. Cell types are
represented in a UMAP, for good ¢ and naive d pipeline, respectively. True marker genes, i.e., given by the reference, per pairwise comparison of cell types

for the good and naive pipeline are given in e where genes needed to have a adjusted p-value < 0.1, absolute log2 fold change threshold (>0.1) and
expressed in at least 10% of the cells to be considered. f Pipeline recommendations for UMI and Smart-seq2 data

simulations allow us not only to investigate the influence of
choices made at each pipeline step separately, but also to estimate
the relative importance and interactions between different steps
of an entire scRNA-seq analysis pipeline. We implemented all
assessed computational methods and more in powsimR, so that
users can easily evaluate pipeline performance given their own
data and expected DE-settings.

Beginning with the creation of the raw count matrix, we find
that transcriptome mapping with BWA!? appears to recover the
largest number of genes. However, many of these are probably
due to falsely mapped reads, also increase expression variance
which ultimately results in a lower sensitivity (Fig. 2c-f). In
contrast, the pseudo-alignment method kallisto?* appears to
assign reads precisely, but looses a lot of reads leading to a lower
mean expression. Finally, a genome mapping approach using the
splice-aware aligner STAR!® in conjunction with GENCODE
annotation recovers the most reads with the highest accuracy
(Fig. 5.

Concerning the preprocessing of the count matrix, we found in
concordance with Andrews et al.40 that in particular for sparse
data such as 10X, SAVER** imputation before normalisation
improves performance, while filtering genes has no effect with
our data sets and combinations of normalisation and DE-testing
methods.

The choice that had the largest impact on performance
throughout all tested DE-settings is the choice of normalisation
method. Only for symmetric changes, the choice of library pre-
paration protocol had a slightly larger impact than normalisation.
In line with Evans et al. (2018)!!, we found that normalisation
performance of bulk methods and also some of the single cell
methods declined with asymmetry (Fig. 3b). In particular, for
60% completely asymmetric DE-genes only Census retained FDR
control. Unfortunately, Census is not recommended for the use
with UMI-counts. Thus, for UMI-counts and 60% completely
asymmetric changes, only the use of spike-ins could restore test
performance. In the debate about the usefulness of spike-ins!741,
we land on the pro side: Our simulations clearly show that spike-
ins are useful in DE-testing settings with asymmetric changes
which is likely to be a common phenomenon in scRNA-seq data.
Due to good performance across DE-settings and its speed
(Supplementary Figs. 22 and 27) we would recommend scran
with prior clustering as the best choice for normalisation (Fig. 5f).

The choice in DE-testing method, our final pipeline step had
relatively little impact on overall pipeline performance. A good
normalisation prior to DE-testing alleviates the need for more
complex and thus vulnerable methods, such as for example
MASTs hurdle model which implicitly assumes that the CPM
values were generated from zero inflated negative binomial count
distribution. Indeed, we previously showed that also scRNA-seq
data fit a negative binomial distribution rather well and that the
previously reported zero-inflation in scRNA-seq data is mainly
due to amplification noise which is removed in UMI-datal?.
Hence, it is not surprising that in concordance with Soneson
VATURE C

et al3!, we find that relatively straight forward DE-testing
methods adapted from bulk RNA-seq perform well with scRNA-
seq data.

Finally, we want to remark that paying attention to the details
in a computational pipeline and in particular to normalisation
pays off. The effect of using a good pipeline as compared to a
naively compiled one has a similar or even greater effect on the
potential to detect a biological signal in scRNA-seq data as an
increase in cell numbers from 96 to 384 cells per group (Fig. 5b).

Methods

Single cell RNA-seq data sets. The starting point for our comprehensive pipeline
comparison is the scRNA-seq library preparation (Fig. 1a). In our comparison, we
included the gene expression profiles of mouse embryonic stem cells (mESC) as
published in Ziegenhain et al.? (Supplementary Fig. 1). We selected four data sets
for our comparison: Smart-seq2!® a well-based full-length scRNA-seq protocol,
CEL-seq2!5 a well-based 3’ UMI-protocol using linear amplification, SCRB-seq a
well-based 3" UMI-protocol with PCR amplification®2 and Drop-seq!4 a droplet-
based 3" UMI-protocol. In addition, 92 poly-adenylated synthetic RNA transcripts
of known concentration designed by the External RNA Control Consortium
(ERCCs)*? were spiked in for all methods except Drop-seq. All raw cDNA
sequencing reads were cut to a length of 45 bases and downsampled to one million
cDNA reads per cell (Supplementary Table 1 and Supplementary Fig. 1).

Finally, we added a 10X Chromium data set sequencing mouse NIH3T3 cells'6,
yielding ~400 good cells with on average ~60,000 reads/cell and another 10X data
set analysing ~1000 human peripheral blood mononuclear cells (PBMCs).

These choices of library preparation protocols cover the diversity in current
protocols without imposing partiality due to biological differences and technical
handling.

Gene expression quantification. For genome mapping and quantification of the
UMI-data with a splice-aware aligner, we used the zZUMIs** (v.0.0.3) pipeline with
STAR!® (v.2.5.3a) and the mouse genome (Mus_musculus.GRm38) together with
annotation files (gtf) for GENCODE (vM15), Vega (VEGA68) and RefSeq (Release
85) (Supplementary Table 2). zZUMIs is a fast and flexible pipeline for processing
scRNA-seq data where cell barcode or UMI reads with low sequence quality reads
are filtered out prior to UMI collapsing by sequence identity which yields identical
count results as UMI-tools*#*>. For Smart-Seq2 we use the same pipeline settings
as in zZUMISs, simply omitting the UMI collapsing step (Supplementary Table 3).

For transcriptome alignment, we downloaded transcriptome fasta files
corresponding to the annotations listed above. We used BWA!? (v0.7.12) to align
the scRNA-seq reads to these transcriptomes. We only removed reads that aligned
equally well to transcripts of different genes as truly multi-mapped. The remaining
reads were tallied up per gene. For UMI data, the reads were collapsed per gene by
identity, similar to the strategy recommended in zZUMIs.

For kallisto?* (v0.43.1), a transcriptome-guided pseudo-alignment method, we
followed the recommended quantification procedure for scRNA-seq data to yield
abundance estimates per equivalence class. To be comparable with other alignment
methods, the counts per equivalence class were collapsed per gene. The counts of
equivalence classes representing multiple genes were filtered out. For SCRB-seq,
CEL-seq2, Drop-seq and 10x Genomics libraries, we chose the UMI-aware
quantification option. The ERCC spike-in sequences were appended to the genome
or transcriptome sequences for quantification.

Simulations. We used powsimR to estimate, simulate and evaluate single cell
RNA-seq experiments!'). PowsimR has been independently validated for bench-
marking DE-approaches®! and consistently reproduces the mean-variance rela-
tionship and dropout rates of genes of scRNA-seq data (see also Supplementary
Fig. 28). The gene expression quantification using three different aligners in
combination with three annotations per library preparation protocol produced 45
count matrices. These count matrices are the basis for our estimation in powsimR.
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Genes needed at least one read or UMI count in at least one cell to be considered in
the estimation for simulation parameters. Since we!? and others*®47 have found
previously, we assume that UMI counts follow a negative binomial distribution and
only Smart-seq2 needs the inclusion of zero-inflation. To simulate spike-in data, we
added an implementation of the simulation framework for pure technical variation
of spike-ins described in Kim et al.#3 to powsimR. The parameters required for
these simulations were estimated from 92 ERCC spike-ins in the SCRB-seq, CEL-
seq2 and Smart-seq2 data, respectively?. To evaluate the effect of differing
sequencing depths, we added a new module to powsimR that estimates the degree
of PCR amplification for UMI data. This allows the user to downsample a read
count matrix by binomial thinning as implemented in edgeR thinCounts()?” and
then to reconstruct the corresponding UMI count matrix base on the estimated
PCR amplification rates.

For a detailed evaluation of the pipelines, we simulated two groups of cells for
pairwise comparisons with the following three sample size setups: 96 vs. 96, 384 vs.
384 or 50 vs. 200 cells (Fig. 1b). For simplicity, we kept the number of genes that we
simulated constant at 10,000. To introduce slight variation in expression capture,
we draw a different size factor for each cell from a narrow normal distribution (X ~
N(u=1, 0=0.1)) (Fig. 1b). This distribution fits the considered data sets well,
irrespective of the applied library preparation method. Furthermore, the two
groups of cells can have 5, 20 or 60% differentially expressed genes. To capture the
asymmetry of observed expression differences, we considered three setups of DE-
patterns: symmetric (50% up- and 50% downregulated), asymmetric (75% up- and
25% downregulated) or completely asymmetric (100% upregulated). The
magnitude of expression change is drawn from a narrow gamma distribution (X ~
T(a =1, =2)) defining the log2 fold change, which is then added to the sampled
mean expression. The combination of these parameters results in a total of 27 DE-
setups that were then applied to the parameter estimates from 37 different count
matrices to simulate 20 replicates for each setting, producing a total of
19,980 simulated data sets.

These data sets were then analysed by a nearly exhaustive number of
combinations of four imputation strategies (scone, SAVER, DrImpute), gene
dropout filtering (remove genes with more than 80% zero expression values)
together with seven normalisation approaches (TMM, MR, Linnorm, Census,
Linnorm, scran, SCnorm) with or without spike-ins, depending on library
preparation protocol and method (Fig. 1c). Normalisation factors were then
derived as described in Soneson et al.’! and used in conjunction with the raw count
matrices for DE-testing using four representative approaches (T-Test, limma-trend,
edgeR-zingeR, MAST). The resulting p-values were corrected for multiple testing
with Benjamini-Hochberg FDR and we applied a threshold level of 10% to define
positive test results. All these steps were seamlessly implemented into powsimR
(github: https://github.com/bvieth/powsimR). In total we analysed 2,979 different
RNA-seq pipelines.

Evaluation metrics. To evaluate the normalisation results, we determined the root
mean squared error (RMSE) of a robust linear model using the difference between
estimated and simulated library size factors as response variable in rlm() imple-
mented in R-package MASS# (v.7.3-51.1) (Supplementary Fig. 10)°.

All other measures are based on the final results of an entire scRNA-seq
pipeline ending with DE-testing. Knowing the identity of the genes that were
simulated to show differing expression levels and the results of the DE-testing, we
used a number of metrics related to the confusion matrix tabulating the number of
true positives, false positives, true negatives and false negatives. We define the
power to detect DE with the TPR (TPR = TPT}PN) The false discovery rate is
defined as FDR = 5. We combine these two measures in a TPR versus FDR
curve to quantify the trade-off between true and false discoveries in a genome-wide
multiple testing setup as advocated by>). We then summarise these curves by their
partial area under curve (pAUC) of TPR versus observed FDR that still ensures
FDR control at the nominal level of 10% (Supplementary Fig. 11). This way of
calculating the AUC is ideal for data with relatively high true negative rates as the
partial integration does not punish methods that are over-conservative, i.e. that stay
way below the nominal FDR.

To summarise the whole confusion matrix in one representative value we chose

the Matthews Correlation Coefficient (MCC = TP=TN
(TP + FP)(TP + FN)( TN FP)(T\I n n\)

because it is a balanced measure ensuring a reliable comparison of method
performance across all DE-settings®»>!. As for the pAUC, we calculated the maximal
value of MCC where the cutoff still ensured FDR control at the nominal level of 10%.
To quantify the relative contribution of each step in the analysis pipeline, we
used the MCC as a response variable in a beta regression model implemented in R-
package betareg (v.3.1-1)32 with each individual pipeline step. Because the MCC
assumes the extremes of 0 and 1 in some DE-settings, we applied the recommended
transformation, namely MCCi,,tormed = w, where n is the sample
size?3. The contribution is then given by the difference between the full model
pseudo-R? containing all covariates versus a model leaving one step out at a time.
This is then scaled to the total variance explained to give relative AR? percentages.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
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Data availability

Any relevant data are available from the authors upon reasonable request. The scRNA-
seq data used in this manuscript are all publicly available, and they are summarised in
Supplementary Table 1. The SCRB-seq, Smart-seq2, Drop-seq, CEL-seq2 data are
available at the Gene Expression Omnibus (GEO) under accession code GSE75790. The
HGMM and PBMC data sets are available at 10x Genomlcs s official website (https://
support.10 om/single-cell-g d ). The data produced by
the analysis in this manuscript is freely avallable from the following zenodo data
repository (https://doi.org/10.5281/zenodo.3364466).

Code availability

The software and code used are summarised in Supplementary Tables 3 and 4. A
compendium containing processing scripts and detailed instructions to reproduce the
analysis for this manuscript is freely available from the following GitHub repository
(https://github.com/bvieth/scRNA-seq-pipelines).
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Supplementary Figure 1: Schematic overview of scRNA-seq data sets. In our comparison, we in-
cluded the gene expression profiles of mouse embryonic stem cells (mESC) as published in'. Briefly, the
mESC were cultured under two inhibitor/leukemia inhibitory factor (2i /LIF) conditions to ensure rather
homogeneous cell populations?. We selected four scRNA-seq methods (Smart-seq2, SCRB-seq, Drop-seq,
CEL-seq2) that were used to construct libraries in two independent replicate batches. In addition, 92
poly-adenylated synthetic RNA transcripts of known concentration designed by the External RNA Con-
trol Consortium (ERCCs)? were spiked in for all methods except Drop-seq. All raw sequencing reads
were cut and downsampled to 45 base long one million cDNA reads per cell. We included two commonly
used expression quantification approaches, namely reference-guided alignment in STAR and bwa as well
as pseudoalignment in kallisto in combination with three annotations. Furthermore, we downloaded a
scRNA-seq data set from 10X Genomics Support, namely the 1k 1:1 Mixture of Fresh Frozen Human
(HEK293T) and Mouse (NH3T3) Cells* generated using the v2 gene expression chemistry. We proceeded
with approx. 400 mouse cells with 70000 reads/cell on average.
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Supplementary Figure 2: Schematic overview of alignment and annotation. Left The annotation
RefSeq, Vega and GENCODE for the mm10 genome Middle Alignment of reads to the genome using
STAR allowing alignment to genic and intergenic sequences; Alignment of reads to the transcriptome
using BWA; Pseudo-alignment of reads to de Bruijn Graph representation of the transcriptome using
kallisto (figure adapted from®). Right STAR: Estimation of expression as read/UMI counts per gene
(GC) using featureCounts for genome alignments; BWA: Estimation of expression as read/UMI counts
per gene by summarising counts over transcripts (TC) belonging to one gene; kallisto: Estimation of
expression given as equivalence class counts (ECC) converted to trancript counts (TC) and summarised
to gene counts (GC).
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Supplementary Figure 3: Read Alignment and Assignment Rates per Library Preparation Protocol
stratified over Aligner and Annotation. The lighter shade represents the percentage of the total reads
that could be aligned and the darker shade the percentage that also was uniquely assigned.
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Supplementary Figure 4: Gene Detection Rates. Number of genes detected per Library Preparation
Protocol stratified over Aligner and Annotation (i.e. at least 10% nonzero expression values).
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Supplementary Figure 6: Differences in genes detected with RefSeq and Gencode annotation. We used

Supplementary Figure 5: Properties of genes detected by the different mapping strategies. Mappa-
bility is represented as 1025, where M25 is the lower quartile of the mappability scores® across the gene.
All other gene properties were extracted from the corresponding annotation file. Genes detected by all
three mappers tend to have higher expression levels. The only other consistent pattern is that genes only
detected by kallisto have on average a lower expression and genes that escape detection by kallisto have
slightly lower mappability. Box and whisker plot with centre line = median, bounds of box = 25th and
75th percentile, whiskers = 1.5 * interquartile range from the lower and upper bounds of the box.

the matching between RefSeq and Gencode transcript annotations that is provided by Gencode and then
summarise detection at the gene level. Comparing the genes found using Gencode vs. RefSeq annotation,
we find that for the 3-prime method SCRB-seq both annotations yield approximately the same number
of genes, but ~1,000 appear annotation-specific. The Gencode annotation is more comprehensive, in
that it contains more and often longer transcripts and indeed the Gencode-specific genes are longer and
thus 3 mapping reads are easily lost. The RefSeq specific transcripts are more puzzling and the only
distinguishing feature that we see is that they appear more GC-rich. For full-length data generated with
Smart-seq2, Gencode detects 2,500 more genes than RefSeq and there are almost no RefSeq specific genes.
Genes detected with Gencode only are longer and have on average more exons and transcripts. Box and
whisker plot with centre line = median, bounds of box = 25th and 75th percentile, whiskers = 1.5 *
interquartile range from the lower and upper bounds of the box.
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Supplementary Figure 7: Distribution Estimates. Estimated mean expression, dispersion and dropout
rates per Library Preparation Protocol stratified over Aligner and Annotation. Black line indicates
median value.
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Supplementary Figure 9: The effect of quantification choices on detecting differential expression. The
expression of 10,000 genes over 768 cells (384 cells per group) was simulated and 5% of the genes were
differentially expressed following an asymmetric narrow gamma distribution. Any gene correctly called
differentially expressed at FDR 10% contributed to the True Positive Rate (TPR). The TPR per library
preparation method stratified over aligner and annotation is plotted. Box and whisker plot with centre
line = median, bounds of box = 25th and 75th percentile, whiskers = 1.5 * interquartile range from the
lower and upper bounds of the box.
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Supplementary Figure 10: Tllustration for RMSE evaluation of library size factors. The expression
of 10,000 genes over 768 cells (384 cells per group (red and cyan points) were simulated and 20% of the
genes were differentially expressed following an asymmetric narrow gamma distribution. To compare the
estimated library size factors with the simulated library size factors, the factors were centred and scaled.
The root mean squared error (RMSE) of a robust linear regression represents the deviation between
estimated and simulated size factors.
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A Deviance between estimated and simulated library size factors (RMSE) for Smart-seq2 data
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Supplementary Figure 11: Deviation between simulated and estimated library size factors. The
expression of 10,000 genes over 768 cells (384 cells per group) were simulated and 5%, 20% or 60% of
the genes were differentially expressed following a symmetric, an asymmetric or a completely asymmetric
narrow gamma distribution. The root mean squared error (RMSE) of estimated scaling factors per
normalisation method is plotted.Box and whisker plot with centre line = median, bounds of box = 25th
and 75th percentile, whiskers = 1.5 * interquartile range from the lower and upper bounds of the box.
A Smart-seq2 data B UMI data.
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Supplementary Figure 12: Illustration for pAUC calculation used as an evaluation metric for per-
formance. The expression of 10,000 genes estimated from SCRB-seq data over 768 cells (384 cells per
group were simulated and 20% of the genes were differentially expressed following an asymmetric narrow
gamma distribution. The power to detect DE (TPR) versus observed FDR based on DE-testing with
limma-trend using scran with clustering (A) or Median-Ratio (B) is plotted”. The dashed line indicates
the level at the which the observed stays below the nominal level of 10% which defines the right side
boundary for the partial area under this curve®. The corresponding proportion and rates for a selection
of nominal FDR thresholds are given in C, D. Since we do not want to punish conservative FDR control
of methods, the test results using scran normalisation for example is extended to observed FDR of 10%
whereas median ratio only ensures FDR control at a lower observed FDR.
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Supplementary Figure 13: Power to detect true differential expression per normalisation method.
The expression of 10,000 genes over 768 cells (384 cells per group) were simulated and 5%, 20% or 60% of
the genes were differentially expressed following a symmetric, an asymmetric or a completely asymmetric
narrow gamma distribution. The power to detect DE (mean TPR + s.d.) based on DE-testing with
limma-trend per normalisation method is plotted. The lighter shade indicates the usage of spike-ins for
normalisation. The grey ribbon indicates the TPR given simulated size factors (mean TPR =+ s.d.).
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A Control over false discoveries (FDR) for Smart-seq2 data
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A Trade-off between power and false discoveries (PAUC) for Smart-seq2 data Power of normalisation methods using filtered or imputed counts
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Supplementary Figure 15: Trade-off between power and false discoveries per normalisation method.
The expression of 10,000 genes over 768 cells (384 cells per group) were simulated and 5%, 20% or 60% of
the genes were differentially expressed following a symmetric, an asymmetric or a completely asymmetric
narrow gamma distribution. The discriminatory ability determined by the partial area under the curve
(pAUC) based on DE-testing with limma-trend for normalisation per DE-setup is plotted (mean pAUC
+ s.d.). The lighter shade indicates the usage of spike-ins for normalisation. The grey ribbon indicates
the pAUC given simulated size factors (mean pAUC =+ s.d.).
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FDR control of normalisation methods using filtered or imputed counts
10X Genomics SCRB-seq Smart-seq2
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Supplementary Figure 17: FDR control of normalisation method using filtered or imputed counts.
The expression of 10,000 genes over 768 cells (384 cells per group) were simulated and 20% of the
genes were differentially expressed following an asymmetric narrow gamma distribution. The BH-FDR
control based on DE-testing with limma-trend per count preprocessing approach stratified over library
preparation protocol and normalisation method is plotted (mean FDR + s.d.). The dashed line indicates
the nominal FDR level of 10%.

Performance of normalisation methods using filtered or imputed counts (pAUC)
10X Genomics SCRB-seq Smart-seq2
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Supplementary Figure 18: Trade-off between power and false discoveries per normalisation method
using filtered or imputed counts. The expression of 10,000 genes over 768 cells (384 cells per group) were
simulated and 20% of the genes were differentially expressed following an asymmetric narrow gamma
distribution. The discriminatory ability determined by the partial area under the curve (pAUC) based
on DE-testing with limma-trend per count preprocessing approach stratified over library preparation
protocol and normalisation method is plotted (mean pAUC =+ s.d.).
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Power of DE methods to detect 20% Asymmetric

10X Genomics SCRB-seq Smart-seq2
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Supplementary Figure 19: Power of DE-tools for 20% Asymmetric. The expression of 10,000 genes

over 768 cells (384 cells per group) were simulated given the observed mean-variance relation per protocol.
20% of the simulated genes are differentially expressed following an asymmetric narrow gamma distri-
bution. Unfiltered counts were normalised using simulated library size factors or applying normalisation
methods. Differential expression was tested using T-Test, limma-trend, MAST or edgeR-zingeR. The
power to detect differential expression is plotted (mean TPR #+ s.d.).
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FDR control of DE methods in the presence of 20% Asymmetric

10X Genomics. SCRB-seq Smart-seq2
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Supplementary Figure 20: FDR control of DE-tools for 20% Asymmetric. The expression of 10,000
genes over 768 cells (384 cells per group) were simulated given the observed mean-variance relation
per protocol. 20% of the simulated genes are differentially expressed following an asymmetric narrow
gamma distribution. Unfiltered counts were normalised using simulated library size factors or applying
normalisation methods. Differential expression was tested using T-Test, limma-trend, MAST or edgeR-
zingeR. The FDR control of the DE-methods is plotted (mean FDR + s.d.). The dashed line indicates
the nominal FDR level of 10%.
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Performance of DE methods to detect 20% Asymmetric Power of DE methods to detect 20% Symmetric
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edgeR-zingeR . . . . edgeR-zingeR . . .
wast 2y wasT 8
& Fy
limma-trend . . . z immatrend o . . g
T-Test rest
edgeR-zingeR . . .
£ edgeR-zingeR . . .
MAST Sy B
FEH MAST 3
limma-trend . . . 23 25
B limma-trend . . . £
T-Test 3
T-Test
0 0
edgeR-zingeR . ~ x S >
At . edgeR-zingeR . ® »
imma-trend . . ? E MAST &
® g
orest limma-trend . 4
T-Test
edgeR-zingeR . . —
£ edgeR-zingeR . e *
MAST 58 igeR~zinge 'y * B
2g 9
limmac-trend . e 23 MAST 58
) ° ® 2
T-Test limma-trend . e ® 23
T-Test
edgeR-zingeR . e - p
)
MAST 28 edgeR-zingeR . B
3
limma-trend . . 2 % 3 MAST 58
T-Test limma-trend . % 3
edgeR-zingeR — > - . TTest
MAST 3 . 3 edgeR-zingeR .
imma-tiend - —e— s = 3 AsT 5
T-Test ° ° H
limma-trend - o & 3
edgeR-zingeR . —— - T-Test
MAST -
E edgeR-zingeR . . .
limma-trend - —— —— =
MAST
T-Test s H
limma-trend . . . =
edgeR-zingeR —— + . + . . TTest
MAST g
®
limma-end - + * & * H edgeR-zingeR . = .
Torest waAST g
e g
s 3 limma-trend . e s
edgeR-zingeR —— @
geReang - inas T-Test
MAST s
imma-trend - » edgeR-zingeR . e =
T-Test
MAST i z
edgeR-zingeR . . . v immastrend M .
52 T-Test
MAST 22
limma-trend . . . ik [ o . T
T-Test asT
000 025 050 075 100000 025 050 075 100000 025 050 075 100
PAUC limma-trend . . .
T-Test
Supplementary Figure 21: The trade-off between power and false discoveries of DE-tools for 20% 50% 60% 70% 80% 90% 100%50% 60% 70% 80% 90% 100%50% 60% 70% 80% 90% 100%
Asymmetric. The expression of 10,000 genes over 768 cells (384 cells per group) were simulated given TPR
the observed mean-variance relation per protocol. 20% of the simulated genes are differentially expressed . . )
following an asymmetric narrow gamma distribution. Unfiltered counts were normalised using simulated Supplementary Figure 22: Power of DE-tools for 20% Symmetric. The expression of 10,000 genes
library size factors or applying normalisation methods. Differential expression was tested using T-Test, over 768 cells (384 cells per group) were simulated given the observed mean-variance relation per protocol.
limma-trend, MAST or edgeR-zingeR. The discriminatory ability determined by the partial area under 20% of the simulated genes are differentially expressed following a symmetric narrow gamma distribution.
the curve (pAUC) based on the TPR-FDR curve is plotted (mean pAUC =+ s.d.) Unfiltered counts were normalised using simulated library size factors or applying normalisation methods.
Differential expression was tested using T-Test, limma-trend, MAST or edgeR-zingeR. The power to
detect differential expression is plotted (mean TPR + s.d.).
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FDR control of DE methods in the presence of 20% Symmetric
10X Genomics. SCRB-seq Smart-seq2
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Supplementary Figure 23: FDR control of DE-tools for 20% Symmetric. The expression of 10,000
genes over 768 cells (384 cells per group) were simulated given the observed mean-variance relation
per protocol. 20% of the simulated genes are differentially expressed following a symmetric narrow
gamma distribution. Unfiltered counts were normalised using simulated library size factors or applying
normalisation methods. Differential expression was tested using T-Test, limma-trend, MAST or edgeR-
zingeR. The FDR control of the DE-methods is plotted (mean FDR =+ s.d.). The dashed line indicates
the nominal FDR level of 10%.
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Performance of DE methods to detect 20% Symmetric

10X Genomics. SCRB-seq Smart-seq2
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Supplementary Figure 24: The trade-off between power and false discoveries of DE-tools for 20%
Symmetric. The expression of 10,000 genes over 768 cells (384 cells per group) were simulated given the
observed mean-variance relation per protocol. 20% of the simulated genes are differentially expressed
following a symmetric narrow gamma distribution. Unfiltered counts were normalised using simulated
library size factors or applying normalisation methods. Differential expression was tested using T-Test,
limma-trend, MAST or edgeR-zingeR. The discriminatory ability determined by the partial area under
the curve (pAUC) based on the TPR-FDR curve is plotted ( mean pAUC =+ s.d.).
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Supplementary Figure 25: Performance of DE-tools using Census normalisation. The expression of
10,000 genes over 768 cells (384 cells per group) were simulated given the observed mean-variance relation
of Smart-seq2 data. 20% of the simulated genes are differentially expressed following an asymmetric nar-
row gamma distribution. Unfiltered counts were normalised using Census method. Differential expression
was tested using T-Test, limma-trend, MAST or edgeR-zingeR. The lighter shade indicates the usage of
spike-ins for normalisation.

A) The discriminatory ability determined by the partial area under the curve (pAUC) based on the
TPR-FDR curve is plotted (mean pAUC =+ s.d.). B) FDR control (mean FDR =+ s.d.). The dashed line
indicates the nominal FDR level of 10%. C) The power (TPR) to detect differential expression (mean
TPR =+ s.d.).
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Performance of representative pipelines
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Supplementary Figure 26: Performance of pipelines. The expression of 10000 genes in 184, 250 or 768
cells were simulated and 5%, 20% or 60% of the genes w differentially expressed following a symmetric,
asymmetric or completely asymmetric narrow gamma distribution. This simulation setup was applied to
one good pipeline (SCRB-seq + STAR + GENCODE + no preprocessing + scran + limma-trend) and
one naive pipeline (SCRB-seq + STAR + GENCODE + no preprocessing + MR + T-Test). For each
analysis set, the Matthew Correlation Coefficient was averaged over 20 simulations (mean MCC =+ s.d.)
and rescaled to [0,1] interval.
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Supplementary Figure 28: Comparison of simulated and observed parameters. The marginal distri-
bution of the observed and simulated log2 mean, log2 dispersion and gene dropout rate for Smart-seq2,
SCRB-seq and 10X Genomics HGMM scRNA-seq data. For Smart-seq2 the mean and dispersion value
excluding zeroes is plotted since a ZINB distribution is assumed. Black line indicates the median value.
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Supplementary Tables

Protocol

Description

Cell Pro-
cessing

Full UMI
Length

Number
of cells

ERCC
Spike-ins

Raw reads
per cell

CEL-seq2

Drop-seq

SCRB-seq

Smart-

seq2

10X
Genomics

10X
Genomics

J1 mESC
cultured
in 2i/LIF
medium
(two
batches)
J1 mESC
cultured
in 2i/LIF
medium
(two
batches)
J1 mESC
cultured
in 2i/LIF
medium
(two
batches)
J1 mESC
cultured
in 2i/LIF
medium
(two
batches)
NH3T3
mouse
cells
(origi-
nally 1:1
mixture

mouse
cells with
a total of
1k cells)
Peripheral
blood
mononu-
clear cells
(PBMC)

Fluidigm
C1

Droplets

FACS

FACS

10X Ge-
nomics
Chromium

10X Ge-
nomics
Chromium

- +

- +

- +

48 4 48

45 + 34

44 + 49

40 + 45

473

1022

+

1 million

1 million

1 million

1 million

760 thou-

sand

“54 thou-
sand

Name Version Number Number Number Number Transcript ~ Gene
of Tran- of Genes of Exons of Tran- Length Length
scripts per Tran-  scripts

seript per Gene

GENCODE M15 131195 52636 6 2 1690 2348

Vega 68 110696 41175 6 3 1718 2671

RefSeq 85 34890 - 9 - 2852 -

(curated)

Supplementary Table 1:

Description of single cell RNA-sequencing data sets.
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Supplementary Table 2: Description of Mus musculus transcript annotations.

Name Command Ver- Ref.
sion
BWA bwa index -p [annotation_transcriptome.ercc.fa] 0.7.12 o
kallisto kallisto index -i [annotation_transcriptome_ercc.fal 0.43.1 R
BWA bwa aln -t [bwa-index] [protocol_cDNA_reads.fastq] > 0.7.12 o
[protocol.reads.sai]
BWA bwa samse [reads.sai] [protocol.-cDNA.reads.fastq] > 0.7.12 o
[aligned.sam]
Kallisto kallisto pseudo -i [kallisto-index] -o 0.43.1
&Smart- [outputpath] -b [protocol cDNA_reads.fastq] N
seq2 --single -1 [Mean FragmentLength Protocol] -d
[SD_FragmentLength Protocol]
kallisto & kallisto pseudo -i [kallisto-index] -o 0.43.1
UMI [outputpath] -b [protocol cDNA_reads.fastq] N
--single --umi -1 [MeanFragmentLength Protocol] -d
[SD_FragmentLength Protocol]
STAR zU- STAR --runThreadN 12 --runMode genomeGenerate 2.5.3a 0
MIs --genomeDir /index/star/[annotation]
--genomeFastaFiles [mml0.genome.annotation.ercc.fa])
--sjdbGTFfile [mml0_genome_annotation.ercc.gtf]
--sjdbOverhang 44
zUMIs bash <path-to-zUMIs>/zUMIs-master.sh -y 0.0.3

n
parameters.yaml ter.sh —f [protocol barcode.reads.fq.gz]

-r [protocol_ cDNA_reads.fq.gz] -n [protocol-batch] -g
[star-index] -a [mmlO_genome_annotation_ercc.gtf]

-c [cell-barcode-range] -m [umi-barcode-range]

-1 [read-length] -b [expected-cell-barcodes.txt]

-0 [outputpath] -d 1000000 -R no -S yes -s 0 -i
[zUMIs-pipeline-path]

Supplementary Table 3: Alignment and assignment commands for expression quantification.
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Pipeline Step  Method Name Version Reference
Preprocessing  Gene Dropout Filtering - -
Preprocessing  Drlmpute 1.0 12
Preprocessing ~ scone 1.6.1 13
Preprocessing  SAVER 1.1.1 1
Normalisation MR in DESeq2 1.22.2 15
Normalisation ~PosCounts in DESeq2 1.22.2 5
Normalisation TMM in edgeR 3.24.3 16
Normalisation ~ Census in monocle 2.10.1 7
Normalisation ~ Linnorm 2.6.1 18
Normalisation ~ SCnorm 1.4.3 1
Normalisation — scran 1.10.1 20
DE-tool T-Test in stats 3.5.3 2t
DE-tool limma-trend 3.38.3 2
DE-tool MAST 182 2
DE-tool edgeR-zingeR 0.1.0 2

Supplementary Table 4: Description of implemented methods in powsimR.
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3 Discussion

The recent development of single-cell RNA sequencing protocols enables the quantification of
genome-wide expression profiles of thousands to millions of single cells opening up possibilities
to systematically characterize cells and the underlying developmental and regulatory mecha-
nismg/2l38ei2l42100 - Gince the first publication on single-cell transcriptomics by Tang and
coworkers in 200944, hundreds of single-cell RNA-seq data sets from a variety of sources have

1750

been released, profiling gene expression of sorted cells“t992) tumors , whole dissociated

58102 1301131

organs and even complete organisms Currently, it is also the main tool to
systematically characterize cells in several Atlas Projects like the Human Cell Atlas40%218
Furthermore, scRNA-seq provides a powerful tool to reconstruct developmental patterns

219220145

by sampling cells during differentiation processes and to characterize intratumoral

heterogeneity#4L,

As scRNA-seq is increasingly used by many labs but still very novel, best practices are not
vet defined, neither for wet lab protocols nor for computational analysis tools. Quantitative
and independent investigations of scRNA-seq workflows is urgently needed to guide important
decisions on experimental design choices. I contributed to these efforts during my PhD by
developing realistic simulations for single-cell RNA-sequencing experiments, powsimR, and
showed that statistical power analysis is an ideal framework not only to determine the best
experimental design in terms of sample size plans but is also integral for evaluation and

comparison of all steps in a RNA-seq workflow.



144 3. Discussion

Establishing realistic simulations for statistical

power analysis of scRINA-seq experiments
(Manuscript IIT)

An integral first step in designing a simulation framework based on probability distributions
is finding the most appropriate sampling distribution for count data. Thus we evaluated
the fit of five distributions, namely the negative binomial (NB), the zero inflated negative
binomial (ZINB), Poisson (P), zero-inflated Poisson (ZIP) and the Beta-Poisson (BP) for a
total of 8 published studies that utilized 9 different RNA-seq library preparation methods1%,
Similar to previous studies®*? we found that even though single-cell data are very sparse
with low mean expression values compared to bulk data, the majority of gene expression
distributions is still best modeled by a negative binomial distribution. The zero-inflated
negative binomial is only the best fitting distribution for at most a quarter of the genes,
if amplification noise cannot be removed by experimental means®*2 We thus refrain
from using a mixture distribution, however for some of the protocols that do not utilize
UMIs, such as e.g. Smart-Seq2, the ZINB might provide a better fit and should be used
as a sampling distribution in the simulations of scRNA-seq experiments. In any case, both
distributions, NB and ZINB, are implemented in powsimR. Given the chosen distributions,
we estimate the observed mean, dispersion and zero, also called gene dropout, expression
values per gene. We then explicitly model the observed mean-dispersion relationship by a
locally weighted polynomial regression fit to simulate expression values closely mimicking
the observed mean-variance distribution as well as the gene dropout rates.

This simulation framework is the core of powsimR, on which we then build a flexible tool
to assess statistical power and sample size requirements for differential expression analysis
of RNA-seq experiments. Firstly, we include all integral steps of a typical DE analysis
pipeline: We have implemented 8 preprocessing and imputation, 9 normalisation methods
and 14 DE-tools. Secondly, we offer a flexible framework to define effect sizes, sample
size and sequencing depth designs, and possible batch effects. Thirdly, the test results are

integrated to calculate error matrices for evaluation, where the True Positive Rate (TPR)

and False Discovery Rate (FDR) are the most informative in relation to experimental design
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question of RNA-seq experiments. Particularly, these matrices can be conditional on mean,
dispersion and dropout values so that for example sample size designs can also be evaluated
in terms of power to detect a significant biological differences for lowly expressed or highly
variable expressed genes. In addition to providing a framework to design sample size plans
ensuring sufficient statistical power, powsimR can also inform about the power to detect
a biological signal in a data set at hand. This is particularly useful for posterior power
analyses to compare conducted experiments in order to rule out lack of power as the reason
for incongruities in DE genes. Furthermore, the quality of synthetic data generated by
powsimR has been independently validated?4? and the simulation framework has also been
used to conduct a comprehensive evaluation of differential testing algorithms??3. powsimR’s
simulation and statistical power analysis capabilities formed an integral part of our analyses

in the following research studies which also contributed significantly to its ongoing further

development and extension.

Power of scRNA-seq library preparation proto-
cols is determined by capture efficiency and am-
plification noise (Manuscript I & II)

We used a preliminary version of powsimR in two other studies?2#21Y  In Parekh et al.
2016, we investigated the impact of whole transcriptome amplification by PCR on the
sensitivity, accuracy and precision of gene expression quantification. PCR amplification is
an essential step in single-cell RNA-sequencing because single cells contain only very small
amounts of mRNA that results in many duplicates. To that end, we analysed bulk and
single-cell data sets generated with three library preparation protocols which differ in amount
of starting material, fragmentation method, number and occurrence of amplification cycles
as well as cellular and molecular barcoding abilities. At that time, one strategy to deal
with amplification bias was to identify so called PCR duplicates computationally, based on
their 5 end mapping position?#225 Based on this definition, we identified read duplicates
as a common phenomenon, especially in the common single-end sequencing read design

which can be explained by a random sampling model. However, we could show that this
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strategy for RNA-seq data introduces more problems than it solves, because fragmentation
in RNA-seq libraries is non random and thus the same sequence fragment could also have
originated from distinct RNA molecules and is not a result of biased amplification. These
natural duplicates have also previously been observed in high fractions in other data sets
226, We determined that the chance to incorrectly remove natural duplicates instead of PCR
duplicates by mapping position increases with higher expression levels of the gene and deeper
sequencing depths. In addition, and fragmentation bias of the library preparation method.
Given these findings, we evaluated the impact of PCR duplicates and their computational
removal on the accuracy of transcript quantification using ERCC spike-ins and could prove
that in no case does the removal of read duplicates improve relative abundance estimation of
gene expression.

Most importantly, we investigated how much noise or bias PCR amplification introduces,
how this affects the power to detect differential expression and whether duplicate removal
has a positive or negative effect on error rates. To this end, we used a preliminary version of
powsimR to simulate differential expression using the observed mean-variance relationship of
count data with and without duplicates. We could prove that tagging sequences originating
from the same RNA molecule by unique molecular identifiers (UMIs) did significantly
lower the technical variance compared to computational removal. This decrease in variance
contributed to the larger statistical power of UMI libraries while ensuring control over false
detections. On the other hand, the computational removal of PCR-duplicates resulted in a
decrease in power and an FDR exceeding the nominal level. In conclusion, we advise against
the pure computational removal of read duplicates due to the associated loss of natural
duplicates arising from sampling of real independent molecules. Instead, we recommend the

early pooling and tagging of RNA molecules by UMIs.

Following up on this, we conducted an in-depth comparison of six popular single-cell
RNA-seq library preparation protocols in Ziegenhain et al. 2017 (Smart-seq®?, Smart-seq2
220 CEL-seq2® SCRB-seq®”, Drop-seq®® and MARS-seq“<®). Four of the methods use
UMIs of which one protocol utilizes in vitro transcription for linear amplification (IVT)
instead of exponential amplification by polymerase chain reaction (PCR). In their current

implementation, three protocols are well-plate based while two were run on a microfluidic
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system and one utilizes droplets. The protocols were applied to identically processed mouse
embryonic stem cells in two batches supplemented with ERCC spike-ins®®, providing an
ideal benchmarking data set to quantitatively measure and compare sensitivity, accuracy

and precision.

The capacity of a protocol to observe the transcriptome as completely as possible, i.e.
its sensitivity, is especially important in scRNA-seq experiments. Here, the limiting step is
mainly the reverse transcription and second strand synthesis reactions of minute starting RNA
material. Currently, the estimated efficiency to capture mRNA molecules is between 10 to
50%8546380 While it was found that reaction volumes in the nanoliter range, as implemented

GAIR0IZZ9I55

in microfluidic devices, can improve sensitivity , we found that the currently most

sensitive protocols are still plate-based, particularly Smart-seq2, in our comparison as well

12041150229

as other benchmarks . Another important aspect of scRNA-seq protocols is the

accuracy of gene expression estimates. Exogenous RNA molecules (ERCC,SIRV )= 038230
spanning various known concentration ranges are spiked into single-cell lysates, can be used

229 we found scRNA-seq methods are

for accuracy estimation. Similar to another study
accurate and thus quantify expression levels well. However, spike-ins have their limitations
and in how far the accuracy estimation based on spike-ins can be translated to cellular gene
expression is still under debate. Lastly, precision describes the variability of measured gene
expression estimates. As discussed earlier, considerable amplification from the minute starting
material is needed in single-cell RNA-seq experiments, introducing amplification noise as we
showed previously?23. This technical variation exceeding the expectation of Poisson sampling
of molecules is Extra-Poisson variability. As we showed previously, incorporating unique
molecular identifiers (UMIs) makes it possible to distinguish read duplicates from natural
duplicate molecules and thus technical noise generated during amplification can be removed.

However, we found here that the variability is more pronounced in PCR-based methods with
exponential amplification than in linear IVT amplification.

Nevertheless, accuracy and precision are not independent parameters, both are strongly
coupled to sensitivity. For accuracy measured by spike-ins, the correlation coefficient is largely
dependent on the number of ERCC transcripts detected in the cell, and thus is strongly

linked to sensitivity. Similarly, accuracy is not strongly affected by sequencing depth2?, as
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long as transcripts remain detected. Likewise, precision is not an independent entity. For
full-length scRNA-seq protocols, where UMIs cannot yet be easily accommodated to remove

2227 show significantly lower

amplification noise, more sensitive protocols like Smart-seq
Extra-Poisson Variability as the larger initial cDNA complexity requires less amplification.
On the other hand, IVT amplified libraries showed the highest sensitivity at lower sequencing

depth among the UMI methods.

In summary, given our findings concerning these parameters individually as well as their
interdependencies, no single best library preparation protocol exists. Thus, as the more
simple descriptive statistics have limitations in comparing performance, we chose simulations
in order to investigate the combined effects of sensitivity and precision on the power of
each method to detect a meaning biological expression difference®®. As a first step, we
selected a common subset of genes for estimation and simulation in powsimR. Of note, we
included the presence of undetected genes in our simulations, so that the power simulations
considered the full range of observed gene dropout rates and is not biased against more
sensitive methods. Given the low technical variance of the methods, we chose to draw effect
sizes from the observed distribution of fold changes with moderate differences between two
microglial subpopulations as previously profiled by Zeisel et al. 2015%%2, We found that
the UMI well-plate based library preparation protocol SCRB-seq achieved 80% power with
the smallest sample size of 64 cells per group. This is most likely due to the fairly high
sensitivity, second to Smart-seq2, and reduced amplification noise due to the use of UMIs. In
addition, we investigated in how far the power depends on sequencing depth. Interestingly,
UMI protocols utilizing in vitro amplification were less affected by downsampling due to
the lower technical noise in our comparison. Indeed, a recent benchmark of scRNA-seq
protocols also applied downsampling and found that IVT amplified libraries retained a high
sensitivity as well as high accuracy in cell type classification?. Sequencing costs are still

substantial in large scale cell atlas projects (e.g. mouse cell atlas?2?)

, even with the strong
decrease in sequencing costs®?. Therefore, finding an optimal balance between replication
and sequencing depth under sample availability and budget constraints has recently received

considerable attentionT8823TI Tn this comparison, we could show that achieving uniform

amplification contributes to information content maximization obtained by scRNA-seq.
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In conclusion, we conducted the first comprehensive comparison of scRNA-seq library
preparation protocols. With our power simulations, we were able to translate our findings
into experimental costs for a given setup and in that way enumerate the cost efficiency of

each method in a meaningful way. This enables researchers to make informed choices.

Quantification of intronic expression supplements
power of UMI scRNA-seq methods
(Manuscript 1V)

The novelty of the recent scRNA-seq methods containing UMIs and cell barcodes also poses
a challenge for the basic data processing to yield UMI count matrices from sequencing reads.
At the time, no analysis pipeline existed that included all functionalities that we wished for
in a fast manner. Therefore, we developed a fast and flexible pipeline for the analysis of
scRNA-seq data, zZUMIs%#, zUMIs can handle data from all kinds of scRNA-seq protocols:
Firstly, it can use known cell barcodes and also automatically identify the barcodes that
are likely to be associated with intact cells. Specifically, we fit a k-dimensional multivariate
normal distribution to the number of reads per cellular barcode and choose only the last
peak with the largest average to automatically select the barcodes with the most number of
associated reads. This straight-forward approach is able to differentiate viable cells from
debris which is particularly important for droplet-based methods and microfluidic devices that
contain unknown numbers of barcoded cell transcriptomes®* ™. In addition, we evaluated
several methods to reliably identify cellular barcodes and UMIs and found that sequencing
quality (PHRED score) filtering is a fast and accurate approach. Secondly, users can flexibly
define the locations and lengths of cell barcode, UMI and ¢cDNA sequences in the input
sequencing files. Lastly, zZUMIs provides basic summary statistics for quality control as well as
more specialised analyses. Particularly, zUMis is the only pipeline that offers a downsampling
utility that allows users to assess whether the library has been sequenced to saturation.
Specifically, we have implemented adaptive downsampling of overrepresented libraries that
are within three absolute median deviations of all sequenced libraries®?. Apart from library

saturation analysis, downsampling of UMI data has been suggested as a normalisation
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approach for relative expression comparisons across single cells233,

Recently, a number of scRNA-seq library preparation protocols have been developed and
applied to isolated single nuclei of cells@345235:236237  Nyclei can usually be rapidly and easily
isolated from lightly fixed, frozen tissues and archived without the extended incubation and
processing required for isolating single cells. On the other hand, the sequenced libraries of
single nuclei contain a significant fraction of nascent, unspliced mRNAs. We were therefore
interested in extending gene expression estimation with intronic mapping reads in zUMIs.
We could show that including intronic reads in gene expression quantification achieved an
increased resolution of identifiable clusters and an increased number of marker genes detected
thereby improving the sensitivity and precision of gene expression estimation in scRNA-seq
data sets. In order to evaluate the power gained by counting exon as well as intron mapping
reads in gene expression quantification, we performed power simulations using powsimR. We
could show that the power to detect differential expression differences of lowly expressed
genes is higher when intronic mapping reads are considered.In addition, this increase in
power does not come at the cost of an increased false detection rates. In conclusion, this
makes exon plus intron counting worthwhile, especially from low coverage data enriched
with nuclear nascent RNA transcripts. Furthermore, there is the exciting possibility with
RNA velocity to reconstruct cell lineage and developmental trajectories®ss. For that, the
abundance of unspliced and spliced RNA needs to be estimated from scRNA-seq data, and

zUMIs is one of the few tools providing this functionality.

Library preparation and normalisation methods
have the biggest impact on the performance of
scRINA-seq studies (Manuscript V)

Many experimental protocols and computational analysis approaches exist for scRNA-seq.
Often, computational pipelines used in scRNA-seq studies are pieced together without
thorough quantitative evaluation. If such benchmarking efforts exists, they at best cover only
separate and distinct analysis steps of a pipeline. As the performance measures differ among

the comparisons they do not allow to quantify how the steps interact and how individual
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steps impact the performance of an entire computational pipeline. Especially the impact
of the combined choices of the separate analysis steps on overall pipeline performance has
not been quantified yet. At a minimum, this includes choices of (1) library preparation
protocols, (2) mapping and annotation, (3) preprocessing of the count matrix by filtering or
imputation, and (4) normalisation to allow comparisons across cells. The resulting filtered
and normalised count matrix is the most downstream standard output of any scRNA-seq
pipeline. From here on out the types of analyses diverge, ranging from differential expression

(DE) analysis, cluster analysis, classification of cells to the analysis of trajectories®.

In order to achieve a fair and unbiased comparison of computational pipelines, simulations
of realistic data sets are necessary. This is because the ground truth for real data sets is
unknown and alternatives, such as concordance analyses are bound to favor similar methods
and not necessarily better methods. To this end, we integrated frequently used methods for
each analysis step into our simulation framework powsimR"%5#210 Ag the basis for realistic
simulations, powsimR uses a raw count matrix to define the technical variance and model the
mean-variance relationship of gene expression levels. By adding varying levels of differential
expression, we can measure the sensitivity and specificity of each pipeline based on how

faithfully DE-genes are recovered.

A number of publications already conducted detailed performance evaluations of RNA-seq
to genome mapping “23% therefore we chose to rather evaluate BWAB2, STAR®! and kallisto
™ three popular aligners that reflect the overall breadth in current approaches. Similarly, we

tried to cover several preprocessing approaches including the imputation methods SAVER164,

169 2

DrImputed? and scone24?, while other imputation methods turned out to be prohibitively

slow (e.g. scImpute’®®). Finally, the sparsity of scRNA-seq count matrices poses a formidable

challenge to normalisation and several methods have been developed to tackle this problem,
ranging from applying bulk methods such as TMM"% DESeq’s Median-Ratio (MR)*" and
adaptations thereof (PosCounts), converting relative RNA-seq expression levels into absolute

transcript counts as in Census®%, pooling and deconvoluting with scran? to regression based

10 241

methods implemented in SCnorm™¥ and Linnorm#*!, Additionally, there are a number
of studies evaluating the performance of differential gene expression analysis methods for

scRNA-seq data 47242053 Baged on these comparisons, we chose four representative methods:
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two methods usually applied to bulk data, T-Test and limma?43 and two methods developed
for scRNA-seq, MAST™Y and zingeR™2Y.

One main assumption in traditional DE-analysis is that differences in expression are
symmetric, preferably only a small fraction of genes of interest is DE while the expression
of the majority of genes remains constant and hence that the total mRNA content is
approximately the same in all samples?®. This is no longer true when diverse cell types are
considered, e.g. in the brain“%?. Thus, in contrast to other studies, we simulated varying
numbers of DE-genes in conjunction with small to large differences in mRNA content, thus
covering the entire spectrum of possible DE-settings.

Our realistic simulations in conjunction with the wide array of methods, allow us not only
to quantify the performance within each pipeline step, but also to quantify interdependencies
among the pipeline steps and their relative importance within the whole pipeline. We
found that library preparation and normalisation methods have the biggest impact on the
performance of scRNA-seq studies. More specifically, library protocols determine the ability
to detect small symmetric differences. On the other hand, normalisation choices have the
biggest effect when comparing asymmetric and very diverged expression profiles, where
prior cell clustering or the usage of spike-ins improves performance. Interestingly, choices of
imputation has little effect on performance, even for very sparse data. More markedly, it
actually increased the false detection in our comparison. In line with previous findings?3, we
could show that DE-tools specifically developed for scRNA-seq experiments were not superior
to bulk tools. Rather, a good normalisation prior to testing alleviates the need for more
complex approaches assuming zero-inflated distributions. Another recent benchmarking effort
of scRNA-seq pipeline identified another interdependence, namely between normalisation
and trajectory reconstruction as well as data integration methods?Y. Thus, normalisation
determines the performance of many downstream analyses.

In addition, we investigated the effect on marker gene detection in a complex mixtures
of cells using our recommended pipeline and could show that it performed better than the
naive approach of using established bulk RNA-sequencing analysis techniques to single-cell
RNA-seq expression data. Thus we could prove that our simulation and evaluation using DE

testing results of pairwise comparisons can be translated to more complex tasks such as cell
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type classification and marker gene detection in unknown cell mixtures.

Optimizing single-cell RN A sequencing

With our analyses we can provide sound recommendations for constructing an optimal scRNA-
seq pipeline covering all essential steps from library preparation to differential expression
analysis
a universally applicable pipeline that will fit any and all research questions.

Validation of new library preparation protocols by external sources such as smFISH
are essential in method development and evaluation of new library preparation protocols,
but only two protocols out of the eleven considered in a recent benchmark®™® included this
63159 Benchmarking efforts have recently extended the evaluation of library preparation
methods to the capture efficiencies particularly of rare, but well-defined cell types using
complex mixtures of cellst2U13 highlighting the importance of more upstream processes of
the scRNA-seq pipeline. Attempts to improve the single cell capture rate can also been seen
in the recent development of new well-plate technologies spanning low cost, easy installable
methods like Microwell-seq28 and Seq-Well?44 to commercial automated systems like Celsee

235 and ICELL8"%4°,

In any case, the increased number of cells profiled, particularly in cell atlas projects
461129 covering millions of cells across tissues and subjects, necessitates the development
of reproducible and reliable computational pipelines beginning with the preprocessing of
sequencing reads to generate count matrices of gene expression?4”. For example, pseudoalign-
ment quantification show promising trade-offs in terms of efficiency, accuracy and processing
speed?48123 Byt the evaluation of these alternative methods is limited to comparing gene
detection and accuracy of expression estimates. Therefore, read sequencing simulations

239 need to be extended to the current designs of library preparation

(e.g. Flux simulator
protocols, including options for transposome mediated fragmentation, 3’ prime coverage of
transcripts and most importantly simulation of sequencing reads of cellular barcodes and

UMTIs used for tagging mRNA molecules and cells (Valtierra et al., unpublished). Generating

these realistic read sequences could further help to systematically compare different alignment
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approaches and in how far these methods are sensitive to differences in library generation.
In any case, one possible limitation of pseudoalignments already evident is that if the gene
expression of cells in species with subpar annotations are profiled, the k-mer read matching
might be biased. Classical genome alignments to closely related species with good genome
annotations should then be considered®®. Another route, albeit associated with an increase
in costs and still under active development, is the construction of reference transcriptomes
for example by Nanopore native RNA sequencing?252, Tong-read sequencing technologies
in general allow the identification of new isoforms and isoform features such as splice sites,
transcription start and polyA sites, thereby helping to unambiguously annotate and quantify
transcriptomes#>3, Nevertheless, given the overall decrease in sequencing costs, other types
of measurements besides scRNA-seq can be useful supplements. Conventional bulk RNA-seq
for example should be regarded as a reference for estimating the likelihood of dropout events
and data smoothing approaches??* and not only as an outdated averaging of gene expression
profiles.

In summary, single-cell omics technologies are rapidly evolving and more widely applicable.
Single-cell RN A-sequencing in particular is integral to characterizing cellular phenotypes. By
developing realistic simulations for scRNA-seq experiments with powsimR, we have provided
an excellent framework for benchmarking efforts, conducted detailed method comparisons

and provided guidance in setting up experiments.
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Single-cell RNA sequencing is clearly a transformative tool with wide applicability to biological
and biomedical questions but researchers need more guidance to choose an appropriate
library preparation method and computational analysis pipeline for their experiment. My
contribution to this effort is in developing a realistic and versatile simulation framework for
scRNA-seq. Using this framework, we were able to generate synthetic data closely resembling
observed expression profiles that we used to conduct statistical power analysis and evaluate
computational as well as library preparation methods for scRNA-seq. In that regard, I have
made a significant contribution to the new field of single-cell RNA sequencing data analysis
with my thesis work. The increase in throughput of scRNA-seq has been tremendous, making
cell atlases projects realistic, feasible and fast endeavors. Given the mission statement of the
Human Cell Atlas, namely profiling and mapping of cell types, the precise definition of a cell
type and in particular how expression governs cellular identity and makes it unique to all
other cells, is paramount. Therefore, we will extend our realistic simulation framework to
complex cell mixtures to determine the signal-to-noise ratio needed to delineate distinct cell
types and thereby contribute to the ongoing efforts of cell atlas projects. Very recently, many
protocols have been developed to enable multiple measurements from the same individual
cells, including methylation, chromatin state, protein expression, lineage tracing or spatial
location>117 These advancements offer exciting new possibilities to characterize individual
cells at an even greater resolution but also pose great challenges with regard to multi-omics
data integration?>%. T am confident that simulations of realistic synthetic multi-omics data
will be integral to method development and systematic benchmarking efforts, and by that

ultimately help us in our endeavors to better understand the cell.
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