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Abstract
Background  Normalization is a critical step in the analysis of single-cell RNA-sequencing (scRNA-seq) datasets. Its 
main goal is to make gene counts comparable within and between cells. To do so, normalization methods must 
account for technical and biological variability. Numerous normalization methods have been developed addressing 
different sources of dispersion and making specific assumptions about the count data.

Main body  The selection of a normalization method has a direct impact on downstream analysis, for example 
differential gene expression and cluster identification. Thus, the objective of this review is to guide the reader in 
making an informed decision on the most appropriate normalization method to use. To this aim, we first give 
an overview of the different single cell sequencing platforms and methods commonly used including isolation 
and library preparation protocols. Next, we discuss the inherent sources of variability of scRNA-seq datasets. We 
describe the categories of normalization methods and include examples of each. We also delineate imputation 
and batch-effect correction methods. Furthermore, we describe data-driven metrics commonly used to evaluate 
the performance of normalization methods. We also discuss common scRNA-seq methods and toolkits used for 
integrated data analysis.

Conclusions  According to the correction performed, normalization methods can be broadly classified as within and 
between-sample algorithms. Moreover, with respect to the mathematical model used, normalization methods can 
further be classified into: global scaling methods, generalized linear models, mixed methods, and machine learning-
based methods. Each of these methods depict pros and cons and make different statistical assumptions. However, 
there is no better performing normalization method. Instead, metrics such as silhouette width, K-nearest neighbor 
batch-effect test, or Highly Variable Genes are recommended to assess the performance of normalization methods.
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Background
Single-cell RNA-sequencing (scRNA-seq) has become a 
powerful approach to simultaneously quantify the tran-
scription of hundreds or even thousands of features 
(genes, transcripts, exons) at an unprecedented reso-
lution. This high-throughput transcriptomic profiling 
assays have helped scientists to study important bio-
logical questions, for example, cellular heterogeneity, 
dynamics of cellular processes and pathways, novel cell 
type discovery, and cell fate decisions and differentiation 
[1–4].

While the expression matrices obtained from bulk 
RNA-seq are structurally very similar to those derived 
from scRNA-seq experiments, there are distinct fea-
tures that characterize scRNA-seq datasets mainly due 
to the scarcity of starting material and the high resolu-
tion. These features include an unusually high abundance 
of zeros, an increased cell-to-cell variability, and complex 
expression distributions. This high intercellular vari-
ability of read counts or overdispersion is derived from 
biological and technical factors [5]. Understanding the 
contribution of each of these factors to the global disper-
sion is important since technical variability can be con-
founded by biological differences. Thus, statistical and 
computational methods used for analyzing scRNA-seq 
datasets face the challenge of separating wanted from 
unwanted variation.

Many normalization methods exist for bulk RNA-seq 
and have been applied to scRNA-seq. However, the spe-
cific features of scRNA-seq datasets have triggered the 
development of specific normalization strategies. Herein, 
we briefly describe the commonly used methods for 
scRNA-seq, including isolation and library preparation 
protocols. We also discuss the causes and effects of tech-
nical and biological sources of variability, focusing mainly 
on those derived from measurement inefficiencies. Next, 
we summarize state-of-the-art normalization methods, 
incorporating those that have been specifically tailored 
to scRNA-seq datasets. We also delineate imputation 
and batch-effect correction methods. Furthermore, we 
describe data-driven metrics that are commonly used 
to evaluate the performance of normalization methods. 
Finally, we highlight commonly used toolkits and provide 
practical recommendations for scRNA-seq users.

Main text
Single-cell RNA-sequencing methods
The first step in a scRNA-seq experiment is the prepara-
tion of a high-quality single-cell suspension. Single-nuclei 
can also be isolated, however, for simplicity we will refer 
to both as single-cells. The condition of the cells isolated 
is critical for a successful experiment. Isolation methods 
can expose cells to harsh enzymatic methods or chemical 
conditions that can stress cells and generate unwanted 

variations in gene expression [6]. Single-cells can be iso-
lated from suspensions (e.g. blood) or from solid tissues 
(e.g. tumor). Samples can be obtained from fresh (e.g. 
resection surgeries, cell cultures) or preserved sources 
(e.g. postmortem brains). The protocols for preparing 
cell suspensions depend on the source of cells and pilot 
experiments may be required to ensure the optimal con-
dition of cells.

Isolating single-cells
Cells within the suspension need to be isolated or cap-
tured to obtain individual reaction volumes. To date, 
numerous isolation methods have been used including 
manual methods (serial limited dilution, microdissec-
tion or pipetting [7]) and automated technologies (fluo-
rescence/magnetic-activated cell sorting (FACS/MACS) 
[8, 9] or microfluidics [10]). Depending on the research 
question, certain applications are better suited for cell 
isolation. For example, profiling of cancer cells requires 
the exclusion of blood cells, thus FACS or MACS may 
be used to filter the cellular suspension. Applications in 
which an unbiased view of the cellular composition is 
desired do not require filtering. In this case the cellular 
suspension can be directly used as input in a microfluid-
ics system in an adequate dilution. The three most com-
mon workflows used to isolate single cells are microtiter 
plates, microfluidics, and droplets/nanowells, as shown 
in Fig.  1. See Additional file 1 for an extended list of 
methods and characteristics.

The most representative example of microplate-based 
cell-isolation methods is FACS. FACS sorts cells into 
wells or microtiter plates where they are ready for man-
ual or automated library preparation. The advantage 
of this method is that it allows the exclusion of dead or 
damaged cells and the enrichment of cells depicting spe-
cific antibody-labelled proteins. Furthermore, micro-
plates can be imaged to ensure that no doublets or empty 
wells are present. Reagents required for lysis and library 
preparation are then added to each well. Microfluidics 
based cell-isolation methods include the use of integrated 
fluidics circuits (IFCs), typically the Fluidigm C1 System. 
An IFC consists of a chip with miniature lanes that con-
tain traps. The cellular suspension flows through the chip 
and cells are caught in each trap. Then, reagents for lysis 
and library preparation flow through the chip and cells 
are processed in consecutive nanoliter reaction cham-
bers. Another method also uses a microfluidic system but 
instead of using traps, it encapsulates cells in droplets or 
captures them in nanowells. Droplet-based systems use 
a water-in-oil emulsion to encapsulate single-cells. This 
drop of emulsion contains reagents for RT (reverse tran-
scription) as well as randomly introduced barcodes for 
tagging cells. Common droplet-based platforms include 
inDrops [11], Drop-Seq [12] and 10X Genomics [13]. In 
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nanowell platforms cells are loaded into nanowells with 
pre-loaded barcoded beads. A typical example of this 
platform is Seq-Well [14].

Capturing mRNA molecules and generating cDNA
Once the cells are isolated, they are lysed and exoge-
nous spike-in RNA molecules, for example the External 
RNA Control Consortium (ERCCs) spike-ins [15], may 
be added. Spike-in RNAs are used to create a standard 
baseline measurement for counting and normalization 
[16]. As will be described in the next section, the addi-
tion of spike-ins is not feasible for all platforms. After cell 
lysis, poly(A)-tailed mRNA is captured by poly(T) oli-
gonucleotides and then reverse transcribed into cDNA. 
Importantly, the poly(T) oligonucleotides may include 
single-cell-specific barcodes for cell identification and a 
random nucleotide sequence that will be used as a unique 
molecule identifier (UMI). UMIs are used for efficiently 
counting mRNA molecules and correcting PCR-induced 
artifacts [17] as will be described in the next section.

Amplifying cDNA
After RT, cDNA is amplified typically by PCR or T7-based 
in vitro transcription (IVT). PCR amplification is com-
monly performed using two methods: Tang protocol and 
template-switching oligonucleotides (TSO). In the Tang 
protocol [18], mRNAs are reverse transcribed into cDNA 
using poly(T) primers with an anchor sequence (UP1). 
Then poly(A) tails are added to the 3’ ends of cDNAs, 
and second strands are synthesized using poly(T) prim-
ers with another anchor (UP2). Finally, cDNAs are PCR-
amplified using both anchors. In the TSO protocol, the 
reverse transcriptase adds cytosines to the cDNA allow-
ing the template switching reaction and the addition of 
PCR adaptor sequences. Variants of the TSO protocol 
are implemented in single-cell tagged reverse transcrip-
tion sequencing (STRT-seq) [19], switching mechanisms 
at the 5’-end of the RNA transcript sequencing (Smart-
seq) [20], and Smart-seq2 [21]. These sequencing pro-
tocols can be performed in the microtiter plate and IFC 
platforms in combination with tagmentation methods for 
sequencing library preparation. Tagmentation involves 

Fig. 1  Overview of common scRNA-seq workflows and their characteristics. *only in cases where the volumes to be added for each reagent can be 
modified and don’t depend on the design of the reaction chamber. IFC = integrated fluidics circuits, RT = reverse transcription, TSO = template-switching 
oligonucleotide, UMI = unique molecular identifiers, PCR = polymerase chain reaction, IVT = in vitro transcription, NA = not available, KOAc = potassium 
acetate, MgOAc = magnesium acetate. Figure in droplets/nanowells column was adapted from [12]
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using an enzyme that simultaneous generates fragments 
and adds cell indexes.

PCR-based methods are exponential and non-linear 
amplification techniques. They are more efficient than 
IVT methods, however both introduce technical biases 
as will be described. IVT requires the addition of a T7 
promoter in the poly(T) primer and it doesn’t require 
template switching. Numerous platforms use T7-based 
IVT amplification, for example cell expression by lin-
ear amplification and sequencing (CEL-seq) [7], CEL-
seq2 [22], massively parallel single-cell RNA sequencing 
(MARS-seq) [23], and indexing droplets RNA sequenc-
ing (inDrops-seq) [24]. Amplified cDNA or RNA (PCR 
or IVT) is fragmented during library preparation and 
adaptors are added. Different fragmentation methods 
can be used, for example, tagmentation or mechanical 
fragmentation.

Transcript coverage
An important consideration is the transcript coverage 
when selecting the scRNA-seq protocol. Expression pro-
filing of single-cells can be done by sequencing full-length 
transcripts or by merely counting 3’ or 5’ molecule ends, 
referred to as digital counting (see Fig. 1 and Additional 
file 1). Full-length scRNA-seq protocols offers several 
advantages, for example, the detection of low-expressed 
transcripts [25], splice variants and isoforms, single-
nucleotide variants [26, 27], and fusion transcripts [28]. 
However, full-length sequencing methods are limited by 
lower cellular throughputs and higher costs [29]. More-
over, until recently, commercial plate-based full-length 
sequencing protocols did not incorporate UMIs [30]. 
Novel full-length sequencing methods now integrate 
UMI’s in the TSO sequence increasing transcript quan-
tification accuracy. Examples of these methods include 
Smart-Seq3 [31], Smart-seqxpress [32], and Flash-seq 
[33]. Another disadvantage of full-length protocols is that 
they do not allow early cell barcoding and thus, pool-
ing can’t be performed. Droplet-based methods rely on 
digital counting, representing a cost-effective alterna-
tive. However, since these methods sequence only a small 
fragment of the 3’ or 5’ end of transcripts, isoform identi-
fication becomes highly challenging [34, 35]. Methods for 
quantifying isoforms from 3’ droplet-based assays (e.g. 
10X Genomics) are emerging. For example, Scasa [35], a 
method that estimates isoform expression based on tran-
scription clusters and isoform paralogs, and STARsolo 
[36], a mapping/quantification tool that has been used to 
quantify splicing events in 3’ droplet-based datasets.

General scRNA-seq approaches
Overall, there are two common approaches to scRNA-
seq: isolating a large number of cells and sequencing 
libraries in a low depth (e.g. droplet-based) or isolating 

fewer cells and implementing a higher sequencing depth 
(e.g. microplate-based). Detailed descriptions of each 
platform have been reviewed in [25, 37–39]. A promi-
nent multicenter benchmarking study was performed to 
evaluate the performance of 13 commonly used scRNA-
seq protocols including plate-based methods and micro-
fluidic systems (droplets, nanowells, and IFC) [29]. In 
this study, a complex reference sample (high cell-type 
heterogeneity, closely related subpopulations, known 
cell composition and cell markers) was used to com-
pare the capability of these protocols in describing tis-
sue complexity [29]. Authors demonstrated differences 
among the protocols in library complexity and in their 
ability to detect cell subpopulation markers. Therefore, 
users should make informed decisions when designing a 
single-cell RNA-seq study to detect an adequate number 
and complexity of RNA molecules that can predict the 
cell phenotypes and infer their function.

The challenges of single-cell datasets
Compared to bulk RNA-seq, scRNA-seq suffers from a 
high cell-to-cell variability, also referred to as “overdis-
persion”. The dispersion observed in gene counts of cells 
from the same type is a combination of two sources of 
variability, technical and biological (see Fig.  2a). Tech-
nical variability or noise is derived from an imperfect 
measurement process, as is the case of scRNA-seq [40]. 
Sources of technical variability include capture inef-
ficiency (Fig.  2b), zero counts (Fig.  2c), amplification 
bias (Fig.  2d), sequencing depth and coverage (Fig.  2e), 
library size (Fig. 2f ), sequencing inefficiency (Fig. 2g), and 
batch effects. Additionally, individual cell’s read counts 
depict biological variability due to various factors, for 
example, transcriptional bursting, cell subpopulation, 
cell cycle stage, cell size, cell transient stages, and gender 
differences.

Capture inefficiency and zero counts
A typical mammalian cell contains between 50,000 and 
300,000 different transcripts with each molecule depict-
ing between 1 and 30 copies per cell [41, 42]. Due to 
these very low amounts of transcripts per cell, the meth-
ods used to capture, reverse transcribe, amplify, and pre-
pare the sequencing libraries, are inefficient in faithfully 
representing the number of mRNA molecules per gene 
per cell. For example, after cell lysis, mRNA is converted 
into the more stable cDNA generally through RT, also 
known as first strand synthesis. It has been demonstrated 
that the small concentration of initial mRNA increases 
the probability of missing transcripts in the RT stage 
thus, generating “dropout” events [43]. Kharchenko et al. 
referred to dropouts as events in which a gene appears 
highly expressed in one cell but not detected in another 
one, due to inaccuracies in the RT step [43]. In most 
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protocols, RT is initiated from the poly-A tails of mRNAs 
through oligo-(dT) priming, commonly including over-
hangs with adapter sequences, cell barcodes and UMIs. 
Importantly, it has been demonstrated that the efficiency 
by which the oligo-(dT) primers capture mRNAs is cor-
related to the length of the poly-A tails [44] which may 
undergo changes in response to physiological and patho-
logical processes [45]. Thus, the RT process is a source of 
stochasticity.

Dropout events frequently lead to excessive zeros, 
one of the most prominent features of scRNA-seq data-
sets. These are mainly due to the low amounts of start-
ing material, capturing and amplification inefficiencies, 
and the low sequencing depths which are commonly 
used. Intriguingly, even deeply sequenced datasets depict 
up to 50% of expression values with zero counts [46]. 
Overall, the efficiency of capturing an mRNA molecule, 

converting it to cDNA, and successfully amplifying it is 
low and variable, ranging from 10 to 40% [7, 38, 47, 48]. 
This is why genes that depict a low expression have a 
high probability of not being detected and becoming a 
dropout. Thus, scRNA-seq computational methods face 
the challenge of distinguishing real zero counts from 
those generated from technical variations (measurement 
errors) [40].

Amplification bias, sequencing depth, coverage, and library 
size
After RT, second strand synthesis takes place from either 
a random position or from the end of the first-strand 
as part of the amplification process. Importantly, both 
RT and DNA polymerase are processive enzymes that 
can incorporate large numbers of nucleotides in con-
secutive reactions before the reaction stops [49, 50]. 

Fig. 2  Sources of variability in scRNA-seq datasets. (a) Technical and biological variability. (b) Capture inefficiency resulting from selection of single-cells 
and random reverse transcription of mRNA molecules. Colored lines represent different mRNAs. (c) Density plot depicting a typical bimodal distribution 
with a zero inflated behavior representing the number of gene counts across cells. (d) Bias observed in IVT or PCR amplification. Certain mRNA molecules 
are amplified more efficiently than others. (e) Sequencing depth and coverage. (f) Histogram depicting variable library sizes across cells. (g) Sequencing 
inefficiency showing numerous cells sampled but not sequenced due to errors in measurement
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Consequently, the exact stopping points are unknown. 
This introduces complex positional dependencies and 
generates global bias, affecting sequencing coverage 
[49]. Sequencing depth and coverage are closely related 
terms referring respectively to the number of times a 
specific base of the DNA is sequenced and to the pro-
portion of the genome that was sequenced with a certain 
depth (Fig. 2f ). Sequencing depth can be configured as a 
parameter of the sequencer. A higher sequencing depth 
may increase coverage at the expense of cost. However, 
capture inefficiencies and amplification biases have an 
impact on coverage no matter the sequencing depth, and 
they need to be corrected.

Given the minimum amount of starting material, the 
library preparation process requires more than a mil-
lion-fold amplification [43]. This extensive amplification 
(either PCR or IVT) leads to additional technical vari-
ability, given that some genes may experience preferential 
amplification [51–53]. Capture inefficiencies and ampli-
fication biases generate variable library sizes, defined as 
the total number of reads per cell. Normalization meth-
ods aim at estimating a “library size factor” to correct 
cell-specific biases related to the number of reads per cell.

The amplification process can also generate drop-
out events. Thus, UMIs are introduced and they have 
been reported to substantially reduce unwanted varia-
tion due to differences in gene lengths and amplification 
efficiencies [17]. UMIs are random sequences that are 
used for tagging cDNA molecules in the 5’ end during 
RT enabling the accurate quantification of mRNAs by 
establishing a specific identity for each molecule. Add-
ing UMIs to the reactions before PCR amplification also 
allows for the bioinformatic identification of PCR dupli-
cates. To date, the majority of scRNA-seq protocols allow 
transcript UMI-tagging (See Additional file 1).

Batch effects
Another important source of technical variation comes 
with batch effects. Batch effects are common in high-
throughput experiments, and they occur when cells from 
one group or condition are processed (cultured, isolated, 
prepared library and sequenced) separately (space or 
time) from cells of another condition [54]. Batch effects 
also occur when single-cell datasets are compiled from 
multiple experiments, for example, when integrating 
large single-cell atlases [55, 56]. In these cases, experi-
ments are most likely performed with different technolo-
gies, capturing times, handling personnel, reagents, and 
equipment. Removing batch effects is a critical and chal-
lenging step. Furthermore, studies have demonstrated 
that batch effects can be highly nonlinear, therefore it is 
difficult to adjust technical variability without introduc-
ing artifacts or confounding real biological variation [54]. 

Batch effect adjustment methods will be described in the 
next section.

Spike-ins may account for technical variability
An alternative proposed to account for the sources of 
technical variability described is the use of spike-ins [57]. 
Spike-ins are non-biological RNA molecules that are 
added in a fixed concentration to each cell’s lysate and 
undergo the same processing as endogenous transcripts. 
In this way, spike-in transcripts are affected by the same 
inefficient capturing and amplification processes, and 
after sequencing, the number of spike-in molecules can 
be compared to the counts obtained and used as a scaling 
factor for normalization [16, 58, 59]. However, spike-ins 
can’t easily be incorporated into high throughput cell iso-
lation protocols (e.g. Droplet-based) and in other cases, 
it is not feasible to consistently add the same quantity 
of spike-in RNA to every cell [60]. Furthermore, the use 
of spike-ins has been questioned arguing that synthetic 
spike-ins behave differently than endogenous transcripts 
[61].

Sources of biological variability
Biological variability is one of the main interests in 
scRNA-seq and it is the basis of numerous downstream 
analyses, for example, clustering and differential gene 
expression. An important complication in addressing 
biological variability, besides separating it from techni-
cal noise, is that gene expression is inherently stochastic. 
Researchers have demonstrated substantial variability in 
the amount of mRNA even between genetically identi-
cal cells grown under the same conditions [62, 63]. This 
variability has been explained partially by a stochastic 
phenomenon known as transcriptional “bursting” [64]. 
Using gene trap and transgenic cell lines, Suter et al. 
found that most genes appear to have dynamic fluctua-
tions of expression separated by silent intervals, gener-
ating gene-specific temporal transcription patterns [64]. 
Furthermore, it has been established that gene transcrip-
tion and protein translation are regulated by combinato-
rial interactions between molecules undergoing random 
biochemical reactions [63, 65]. Additionally, the same 
gene will not be transcribed simultaneously in different 
cells since individual cells are engaged in dynamic physi-
ological processes, for example, stress response, cell cycle 
or transient cellular states. Overall, scRNA-seq compu-
tational methods must be able to separate the wanted 
from unwanted variability in datasets characterized by 
noise (dispersion), abundant zeros, and high-magnitude 
outliers.

Normalization methods
An essential first step in the analysis of scRNA-seq data 
is normalization, whose main aim is to make expression 
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counts comparable within and between cells. Normaliza-
tion has a strong impact on the detection of differentially 
expressed genes [66–68] and thus in the number of cell 
clusters identified. Adequate normalization methods are 
essential since they underlie the validity of downstream 
analysis. A normalization pipeline generally includes a 
combination of imputation, normalization, and batch 
effect correction processes. However, certain normaliza-
tion methods, for example, ZIMB-WaVE [69] and Seurat 
[70] perform all processes.

An early decision in the normalization pipeline selec-
tion is whether an imputation method should be 
included. Recently developed single-cell isolation meth-
ods, for example, droplet-based methods yield an incred-
ibly high number of zeros (sometimes exceeding 90%) in 
the expression matrix [71]. Thus, imputation methods 
have been proposed. A comprehensive compendium of 
imputation methods is described by Lähnemann et al. 
[72]. The main aim of these methods is to predict read 
counts in cases were experimental or technical noise has 
led to zero counts, thus generating adjusted data values 
that better represent true expression. Data smoothing 
methods, such as Markov Affinity-based Graph Impu-
tation of Cells (MAGIC) [73] detect all zeros as “miss-
ing data” and output a matrix with zeros smoothed out. 
However, the main challenge of these methods is preserv-
ing biological zeros. This is especially important in cases 
where the lack of expression of marker genes is needed to 
identify a subpopulation of cells [74, 75]. In such cases, 
the use of model-based or data reconstruction methods 
that can selectively preserve zeros, for example ALRA 
[75], SAVER [76], and scImpute [77] is suggested [72].

Some imputation tools use raw scRNA-seq UMI or 
read counts as input, while others require a normal-
ized count matrix, typically a log-transformation. A log 
transformation of read counts attempts to reduce the 
skewness. Researchers have demonstrated that directly 
processing an expression matrix with a high incidence 
of zeros may be detrimental for downstream analysis 
such as clustering and visualization [75]. However, an 
extensive evaluation found no improvement in the per-
formance of imputation methods against no imputation 
when comparing clustering and trajectory analysis results 
[78]. Another study found that some imputation methods 
introduced false positive signals when identifying differ-
entially expressed genes [74]. Imputation methods are 
beneficial when the amount of sparsity (biological and 
technical zeros) is unusually high or when downstream 
algorithms can’t handle sparse count data [72]. Never-
theless, there is no consensus on the advantages of using 
imputation algorithms.

Normalization methods are performed after imputa-
tion or at the beginning of the pipeline in case imputation 
was not selected. Broadly, normalization methods can 

be classified as within and between-sample algorithms 
according to the correction performed. In the former, 
counts are adjusted to account for gene-specific features, 
for example GC-content and gene length, yielding com-
parable gene expression values within each cell. In the 
latter, cell-specific features are addressed, for example 
sequencing depth, resulting in comparable gene expres-
sion values across cells [79]. Most methods can use read 
counts or UMI counts. UMI counts remove amplification 
biases in non-zero gene count measurements [17]. How-
ever, UMIs do not recover sampling zeros. The choice of 
normalization method (with or without UMIs) is a sta-
tistical consideration and is not correlated to the propor-
tion of zeros or the distinction between technical and 
biological zeros [80].

According to the mathematical model used, normal-
ization approaches can further be classified into global 
scaling methods, generalized linear models (GLMs), 
mixed methods, and machine learning-based methods. 
Additional examples of methods from each category are 
included in Additional file 2. Furthermore, a compila-
tion of independent benchmarking studies evaluating 
the performance of normalization methods is found in 
Additional file 3. Given the importance of normalization 
methods on the validity of downstream analysis, we will 
describe common methods belonging to each category. 
We also discuss batch effect correction methods as the 
last step in a normalization pipeline.

Global scaling methods
Global scaling normalization methods assume that the 
RNA content is constant for all cells and therefore, a 
scale factor can be applied to all genes so that there is no 
difference in expression between cells. These methods 
are based on the calculation of size factors for each cell 
to account for differences in library size. For each cell, 
counts are divided by their corresponding size factors, 
generating relative abundances. The simplest approach 
using this assumption is library size normalization, for 
example transcripts or counts per million (TPM [81], 
CPM [82]) or reads per kilobase of exon model per mil-
lion mapped reads (RPKM) [83]. However, these meth-
ods are affected by a small proportion of highly expressed 
genes and can bias differential gene expression results 
[66]. Normalization methods that address gene length 
bias, for example TPM and RPKM, are suggested for 
plate-based full-length sequencing methods. In contrast, 
droplet-based methods that use UMIs, tag only 3’ or 5’ 
ends of transcripts and are not affected by gene length 
[84].

A set of global scaling methods rely on the use of 
external spike-ins added in a known concentration and 
processed in parallel with endogenous transcripts. The 
number of read or UMI counts for spike-in transcripts is 
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then used to scale the counts for each cell, making spike-
in gene counts the same across all cells [59]. The cave-
ats of using spike-ins have been previously described. 
An alternative to spike-in normalization is using a set of 
genes that have constant expression across cells. These 
can be housekeeping genes or stably expressed genes. The 
use of housekeeping genes has been criticized because 
they may be affected by transcriptional bursting. Lin et 
al. proposed the ISnorm (Internal Spike-in-like-genes 
normalization) algorithm to select stably expressed genes 
based on their pairwise variance and use them to esti-
mate unbiased size factors [85]. A pioneering approach 
expected to become a gold standard for single-cell RNA 
counting consists on using molecular spikes [86]. Molec-
ular spikes are RNA spike-ins that contain built-in UMIs 
enabling the detection, quantification, and correction of 
artifactual RNA counting even in experiments lacking 
UMIs. Researchers demonstrated that molecular spikes 
allow the accurate estimation of total mRNA counts 
across cells [86].

Other global scaling methods have been adopted from 
bulk RNA-seq analysis, for example DESeq’s median 
of ratios [87] and EdgeR’s trimmed mean of M values 
(TMM) [60]. In DESeq2’s method, a pseudo reference 
sample is created from the geometric mean of genes 
across cells, and it is used to generate a sample-specific 
scaling factor [87, 88]. TMM filters out highly expressed 
genes as well as those with a large variation and a 
weighted average of the remaining genes is used to cal-
culate a normalization factor [60, 88]. These methods rely 
on the assumption that most genes are not differentially 
expressed. Furthermore, the high frequency of zeros in 
scRNA-seq datasets may result in nonsensical scaling 
factors (DESeq2) or undefined M values (TMM) [89].

Most methods implemented for between-sample nor-
malization calculate global scaling factors which are 
applied to all gene counts of a cell to adjust for sequenc-
ing depth. However, these methods fail due to the 
technical biases described. One of the most common sys-
tematic variations observed in scRNA-seq is the unequal 
relationship between transcript expression and sequenc-
ing depth. Global scaling normalization methods can 
not accurately adjust cell counts in respect to sequenc-
ing depth when the ratio is uneven and depends on the 
expression level. These methods will generate an over-
correction for genes with low to moderate expression 
as well as an under-normalization for highly expressed 
genes [66]. To circumvent this problem, some global scal-
ing normalization methods rely on pre-clustering (pool-
ing) strategies as will be described.

One of the first normalization methods specifically 
developed for scRNA-seq was BASiCS (Bayesian Analy-
sis of Single-Cell Sequencing Data) [90]. BASiCS imple-
ments an integrated Bayesian hierarchical model to infer 

cell-specific normalizing constants based on distinguish-
ing technical noise from biological variability [90]. The 
original implementation of BASiCS relied on the use 
of spike-ins to estimate technical noise; however, the 
method was extended to work with multiple indepen-
dent replicates [91]. It is important to note that BASiCS 
was designed to be implemented in scenarios where the 
cell types under study are known a priori, thus unsu-
pervised settings are not recommended (https://github.
com/catavallejos/BASiCS). Another highly used scaling-
based normalization method is scran. Compared to other 
methods, scran groups cells with similar library sizes 
(pre-clustering), estimates a pool-specific factor by sum-
ming expression values across pools, and then estimates 
cell-specific size factors by deconvolving pooled factors 
[89]. This deconvolution method is implemented in the 
computeSumFactors function of the scran R package 
[92].

A study performed by Buttner et al. compared the batch 
correction performance of 7 global scaling normalization 
methods including CPM based on library size, relative 
log expression, TMM, TPM, qsmooth [93], mean ratios, 
and scran size factor estimation, and demonstrated that 
scran outperformed other normalization methods [94]. 
Another benchmarking study assessed the performance 
of scran, SCnorm, Linnorm, Census, MR, and TMM [95]. 
Researchers concluded that scran was the best normal-
ization method due to its good performance in common 
scRNA-seq scenarios with a high number of DEGs and 
differing levels of mRNA between cells [95]. Interest-
ing results were reported by Ahlmann-Eltze and Huber 
in a benchmarking study where 22 transformations were 
applied to UMI-based scRNA-seq datasets [96]. The 
transformations used had the objective of adjusting UMI 
counts for variance stabilization, and they included delta 
method-based, residuals-based, latent gene expression-
based, and count-based factor analysis transformations. 
The best performing transformation was the logarithm 
with a pseudo-count followed by PCA according to 
k-nearest neighbor (k-NN) based metrics.

A major caveat of global scaling factor normalization 
methods is that they assume that RNA content is con-
stant for all cells and use the same scaling factor for all 
genes. Therefore, alternative normalization methods have 
been proposed.

Generalized linear models
Initial comparisons of the expression of genes between 
cells of the same type demonstrated that they were log-
normally [97] or Gamma distributed [98]. Others have 
suggested that models of gene expression should incor-
porate the thermodynamic contribution to technical 
noise, which follows a Poisson distribution [99]. Mixed 
Poisson distributions have been widely used to model 

https://github.com/catavallejos/BASiCS
https://github.com/catavallejos/BASiCS
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non-homogeneous scRNA-seq datasets, for example 
Beta-Poisson [100] and Gamma-Poisson [101–104]. The 
implementations of these models can be extended to 
allow variations between cells using GLMs.

GLMs are a statistical tool used to model the contribu-
tion of systematic and random components to a response 
variable (gene or UMI counts). GLMs include classical 
linear regression models and count-based models. Fur-
thermore, GLMs allow the modeler to express a relation-
ship between covariates, that will be regressed out, and 
a response variable in a linear, additive manner [105]. 
In this sense, covariates account for unwanted techni-
cal variability, for example sequencing depth, while bio-
logical variability is captured in the response variable. A 
commonly used regression model is Linnorm, a linear 
model and normality-based transformation method. 
Linnorm calculates normalization and transformation 
parameters based on stably expressed genes across dif-
ferent cells and fits the log-transformed expression data 
to a linear model [106]. Other common regression-based 
normalization approaches are PsiNorm and SCnorm. 
PsiNorm performs normalization between samples by 
fitting data into a Pareto power-law distribution provid-
ing comparable performance as scran and Linnorm with 
shorter runtime and memory efficiency [107]. SCnorm 
first performs a quantile regression for every gene to 
determine the dependence of gene-specific expression 
on sequencing depth, and then a second quantile regres-
sion estimates scale factors for groups of genes [108]. A 
benchmarking study systematically compared the per-
formance of combinations of methods for normalization 
and imputation, clustering, trajectory analysis, and data 
integration [109]. Authors evaluated 8 popular normal-
ization methods including BASiCS, scran, SCnorm, and 
Linnorm using mixtures of cells or RNA by calculating 
the silhouette width of clusters and the Pearson correla-
tion coefficient of normalized gene expression. This pio-
neering mixology experiment demonstrated that scran 
and Linnorm had consistent satisfactory results and Lin-
norm’s performance was invariant to the input dataset 
[109].

GLMs have also been proposed to model read counts 
using probability distributions. Commonly used count 
distributions to model gene counts across single-cells 
include non-zero inflated: Poisson and negative binomial 
(NB), and zero-inflated: Poisson (ZIP) and NB (ZINB). 
These methods have slight differences in how they calcu-
late the probability of zero counts. Poisson methods have 
only one parameter, λ  corresponding to mean and vari-
ance. The assumption of Poisson normalization meth-
ods is that the frequency of a given transcript is uniform 
across cells and variation is derived from independent 
statistical sampling. However, as previously explained, 
variations in counts are rooted in both technical and 

biological factors, making the use of this distribution 
inappropriate. ZIP and NB incorporate an additional 
parameter each (p, ψ ) to model the proportion of non-
Poisson zeros and overdispersion of variance relative to 
the mean respectively, whereas ZINB incorporates both. 
It has been demonstrated that the sampling distribution 
of UMI counts (plate-based or droplet-based) is not zero 
inflated, as compared to read counts [104, 110]. Thus, if 
UMIs are used, normalization methods involving zero 
inflation are not appropriate [104, 111, 112]. NB provides 
a better approximation to model UMI count data [113]. 
It assumes random transcript frequencies and includes 
a parameter to quantify overdispersion. NB regression 
models account for cell-specific covariates, for exam-
ple sequencing depth [101]. However, researchers have 
demonstrated that modeling single-cell data with a NB 
distribution may lead to overfitting [102]. By comparing 
these four distributions (Poisson, NB, ZIP, ZINB) using 
the same mean, Jiang et al. showed that ZINB depicts 
the highest proportion of zeros (∼ 64%) whereas NB and 
ZINB depict bigger probabilities of finding larger values 
[114].

Variations of count-based GLMs have been proposed. 
Hafemeister et al. developed scTransform, a regular-
ized NB regression in which UMI-based gene counts are 
the response variable and sequencing depth is a covari-
able  [102]. The Pearson residuals from this regularized 
NB regression accurately represent the normalized data 
values and can be used as an input to dimensionality 
reduction algorithms. scTransform v2 effectively per-
forms variance stabilization and performs better than 
others for variable gene identification and differential 
expression analysis [115]. It is available as an R pack-
age and can be used through Seurat toolkit. Researchers 
also modelled gene counts per cell as a random variable 
following a zero-inflated NB (ZINB) distribution how-
ever, allowing the inclusion of cell and gene level covari-
ates [69]. This method was named ZIMB-based Wanted 
Variation Extraction (ZIMB-WaVE) [69]. Covariates are 
introduced as parameters in regression equations, and 
they are inferred through a penalized maximum likeli-
hood procedure. Interestingly, this method can also be 
used for dimensionality reduction. In another approach, 
a Gamma Regression Model (GRM) was proposed to 
reduce the noise in scRNA-seq data [116]. GRM relies 
on spike-ins to train a model that fits a GRM between 
sequencing reads and spike-in concentrations.

Mixed methods
In mixed methods, normalization is performed through 
the combined implementation of different approaches. 
Mixed methods are very important in addressing the 
characteristic bimodal expression pattern of single cells, 
where abundant genes appear to either have a high 
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expression or to be undetected. These methods can 
model various sources of technical variability indepen-
dently using different probability distributions for each. 
One of the first approaches in using this class of nor-
malization was single cell differential expression (SCDE) 
proposed by Kharchenko et al. [43]. SCDE models cell 
counts as a mixture of two probabilistic processes: a neg-
ative binomial corresponding to normal gene amplifica-
tion and detection, and a Poisson distribution accounting 
for zero counts. The optimal parameters corresponding 
to each distribution are then determined through a mul-
tinomial logistic regression. SCDE is implemented in the 
pathway and gene set overdispersion analysis (PAGODA) 
in which cell-specific error models are used to estimate 
residual gene expression variance allowing the identifica-
tion of pathways and gene sets depicting significant coor-
dinated variability [117].

Similarly, the “Model-based Analysis of Single-cell 
Transcriptomics” (MAST) [118], uses a hurdle model 
implemented as a two-part generalized linear model 
that simultaneously models the fraction of genes that are 
detectably expressed in each cell (cellular detection rate: 
CDR) and the positive gene expression values. MAST 
models gene expression rate using a logistic regres-
sion and a Gaussian distribution is used to model the 
expression level depending on a gene being expressed in 
a specific cell. MAST is available as an R library in Bio-
conductor, and it includes functions for cell filtering, 
adaptive noise thresholding, univariate differential gene 
expression with covariate adjustment, gene-gene cor-
relations and co-expression, and gene set enrichment 
analysis.

Deep learning-based methods
Deep learning, a subclass of machine learning, has been 
recently used to analyze high-throughput omics data, 
including scRNA-seq [119]. Deep learning consists of 
neural network architectures to discover latent and infor-
mative patterns in complex data incorporating thousands 
of trainable parameters and finds transformations that 
can effectively normalize counts preserving biological 
information [120]. Deep learning approaches for scRNA-
seq data normalization include autoencoders, variational 
autoencoders, and graph neural networks [121]. Varia-
tional autoencoders are a popular class of unsupervised 
learning methods. For example, single cell variational 
inference (scVI) learns cell-specific scaling factors by 
modeling the expression of a gene in a cell as a sample 
from a ZINB distribution incorporating a batch annota-
tion of each cell and two unobserved random variables 
[122]. Deep learning methods proposed for scRNA-
seq data analysis have been reviewed by Brendel et al. 
[119]. While these emerging methods are promising, 

independent benchmarking studies comparing their 
performance against traditional statistical methods are 
needed.

Batch effect correction methods
Batch effect correction methods aim at removing tech-
nical variability derived from experimental design with-
out altering biological variability. Technical variability is 
systematic, and it is introduced from multiple sources, as 
previously described. This variability can be confounded 
as biological and thus, its removal is essential. Methods 
developed for microarray and bulk RNA-seq data batch 
correction such as ComBat [123] and limma [124] have 
been used. These methods use a linear regression to 
model the relationship between batch and gene expres-
sion. Other methods, for example ZINB-WaVE extend 
the linear model based on a zero-inflated negative bino-
mial distribution, accounting for data sparsity, over-
dispersion, and non-linear batch effects [69]. A caveat 
of linear regression methods is that they assume that 
the composition of cell subpopulations is identical from 
batch to batch, making them prone to overcorrection 
[54]. However, in scRNA-seq, subpopulation composi-
tion is not the same across batches. Therefore, methods 
relying on the identification of shared cell types across 
batches have been developed, for example mutual nearest 
neighbors (MNN) [125]. This method identifies cells with 
similar expression profiles between two batches and then 
estimates a correction vector using the mean differences 
in gene expression between cells in MNN pairs. The cor-
rection vector is then used to align datasets in a shared 
space, eliminating batch effects. Since the MNN search 
is performed in a high dimensional space, this method’s 
caveat is a high memory consumption and CPU runtime. 
To overcome this problem, numerous algorithms have 
been developed with the characteristic that the near-
est neighbor search is performed in a common reduced 
dimensional embedding using for example PCA [126], 
canonical correlation analysis (CCA) [127], non-negative 
matrix factorization (NMF) [128], and singular value 
decomposition (SVD) [129]. Common examples of these 
methods include fastMNN [125] and Harmony [130] 
which use PCA, Seurat MultiCCA [70] that captures 
correlated pairs in a CCA dimensionally reduced space, 
LIGER [131] which uses integrative NMF to transform 
data into a low-dimensional space, and Scanorama [132] 
that implements SVD for neighbor search. These unsu-
pervised methods based on MNN may incorrectly match 
neighboring cells from different clusters across batches, 
leading to spurious results.

Supervised MNN methods have also been proposed, 
for example SMNN [133] and iSMNN [134]. These meth-
ods require the same cell type across batches since they 
incorporate cell-type specific information to restrict the 
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detection of MNNs. Cell type labels across shared cells 
in all batches are determined through prior knowledge 
or inferred by an unsupervised clustering approach. 
Deep learning-based methods have also become popu-
lar for batch effect correction. For example, deepMNN 
[135] attempts to remove batch effects using a residual 
neural network that minimizes batch loss, defined as 
the sum of the Euclidean distances between MNN pairs 
in PCA space. However, most of the methods based on 
MNN only analyze two batches at a time, introducing a 
batch correction order bias. Furthermore, most of these 
algorithms remove batch effect and then cluster cells, 
increasing the probability of missing rare cell types. To 
solve these issues, the batch alignment of single cell tran-
scriptomics data using a deep metric learning (scDML) 
model has recently been proposed [136]. scDML uses 
deep metric learning to remove batch effects, guided 
by the initial clusters and MNN information within and 
between batches.

Normalization performance assessment
Given the prevalence of confounding factors in single-
cell experiments, the lack of gold-standard normalization 
methods and the ambiguity in selecting parameters used 
in such methods, a set of metrics and guidelines have 
been proposed to aid in the selection of the most suitable 
normalization method. Pilot experiments must be per-
formed to evaluate and compare normalization pipelines. 
A list of benchmarking studies and the metrics used for 
evaluating normalization methods is included in Addi-
tional file 3. Popular evaluation metrics are described 
next.

Silhouette width
The silhouette width is an established metric used to 
determine clustering validity [137]. However, it has also 
been used to compare the performance of normalization 
methods [94, 109]. In this method, a silhouette width 
value is calculated for each cluster using the normal-
ized average distance between its cells to cells belong-
ing to other clusters. The first two or three principal 
components (PCs) of normalized counts are generally 
used to calculate the Euclidean distances between cells. 
Larger silhouette widths correspond to a better separa-
tion between clusters. A known mixture of cells should 
be used to identify the best performing normalization 
method according to the experimental conditions.

K-nearest neighbor batch effect test
Performance can also be evaluated through the K-near-
est neighbor batch-effect test (kBET) and a PC regres-
sion [94]. These two methods are used to evaluate batch 
effect correction methods. However, authors have tested 
these methods by sequencing two technical replicates of 

the same cell type and introducing a known batch effect. 
Then, data sets have been processed with combinations 
of imputation, normalization, and batch effect correction 
methods to determine which pipeline better removes the 
batch effect preserving biological variability. The kBET 
relies on the assumption that in a well-mixed replicated 
experiment, subsets of a fixed number of neighboring 
cells have the same distribution of batch labels as the 
complete dataset. To compare batch label distributions, 
a Pearson’s χ2 test is suggested, and a rejection rate is 
calculated. Intuitively, lower rejection rates are obtained 
when batch effects have been properly removed and the 
normalization method is adequate. Alternatively, the 
scaled explained variance of all PCs significantly cor-
related with batch effect may also be used to evaluate 
normalization method performance. In this method, the 
variance explained by the top 50 PCs is used as a scal-
ing factor. Furthermore, a linear regression between 
the loadings of each PC and the batch covariate is used 
to determine a PC’s significance. The amount of scaled 
variance explained is correlated with the degree of batch 
effect present in the dataset.

Highly variable genes
Biological heterogeneity in the datasets should be con-
served even after the implementation of imputation, 
normalization, and/or batch-effect correction methods. 
By comparing Highly Variable Genes (HVG) before and 
after normalization pipelines, scientists may determine 
if biological heterogeneity was preserved [57, 94]. The 
variability of a gene is obtained through the squared 
coefficient of variation (CV2) of normalized read counts 
across cells. HVGs are those whose variation is greater 
than a fixed threshold and they account for the hetero-
geneity between cells. HVGs should be maintained after 
a implementing a normalization pipeline and no new 
HVGs should be introduced. A schematic representation 
of silhouette width, kBET, scaled explained variance, and 
HGV metrics for evaluating normalization pipelines is 
depicted in Fig. 3. Plots such as t-Distributed Stochastic 
Neighbor Embedding (t-SNE) [138] and Uniform Mani-
fold Approximation and Projection (UMAP) [139] are 
generally used to visualize cell clusters before and after a 
normalization pipeline.

Scone, a tool for systematic comparison of normalization 
pipelines
An important tool, Scone, was recently developed by 
Cole et al. for the comparison of normalization pipe-
lines [140]. Scone is a flexible and modular framework 
for preprocessing scRNA-seq datasets using multiple 
normalization strategies and systematically evaluat-
ing them through a panel of data-driven metrics. Inter-
estingly, scone evaluates the performance of a range of 
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normalization pipelines and ranks them according to 
performance metrics, including for example silhouette 
width. Moreover, scone can incorporate a user-defined 
normalization pipeline.

Toolkits
Recently, over 1000 tools for analyzing scRNA-seq data 
have been developed [141, 142]. Based on the procedure, 

Zappia et al., separate single-cell data analysis into four 
analysis phases: data acquisition, data cleaning, cell 
assignment, and gene identification [142]. The majority 
of these tools are developed in R or python, and more 
and more of them will be designed in python in the 
future [141]. Here, we introduce some toolkits which can 
perform complete analysis of scRNA-seq datasets (Addi-
tional file 4).

Fig. 3  Data-driven metrics used to assess the performance of normalization methods. (a) Violin plots depicting the normalized silhouette width obtained 
by different normalization methods. Larger silhouette widths correspond to a better separation between clusters and thus a better normalization. (b) 
HVGs are identified independently from the raw replicates and the normalized combined datasets. The better normalization performing pipeline will de-
pict the number of HVGs in the intersection of all datasets. (c) Schematic representation of the scaled explained variance obtained from the two principal 
components before and after normalization. Counts in the scenario before normalization were log-transformed
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Seurat is widely used by researchers, and it starts from 
a gene expression matrix (read counts) (https://satijalab.
org/seurat/). It can compare scRNA-seq datasets from 
different conditions, technologies, or species. Seurat has 
two main normalization methods (LogNormalize [143] 
and sctransform [102]). For the integration of differ-
ent scRNA-seq datasets, Seurat has two methods (CCA 
(canonical correlation analysis) [143] and RPCA (recip-
rocal PCA)) [144] to remove the batch effect. RPCA is 
an optimization for large numbers of samples and cells 
[144]. Seurat can provide the clusters from all cells, the 
expression of marker genes, and differential expression 
genes among the clusters. Furthermore, Seurat results 
can be transferred to other platforms or pipelines, for 
example, Monocle’s pseudotime analysis [145–147], RNA 
velocity analysis [148], single cell regulation network 
analysis (SCENIC) [149], and cell-cell communication 
analysis (e.g., CellChat [150]).

SCANPY is another similar toolkit for scRNA-seq 
analysis [151]. It is a Python-based tool that starts from 
a gene expression matrix. It integrates many scRNA-seq 
analysis methods, such as gene/cell preprocessing, clus-
tering, pseudotime and trajectory inference, and other 
analysis. The normalization of SCANPY is only based on 
library size. SCANPY can use four algorithms to remove 
batch variations, e.g., Regress_Out [151], ComBat [123], 
Scanorama [132] and MNN_Correct [125, 152]. Com-
pared with R-based Seurat, SCANPY based on Python 
will have more processing efficiency and running speed 
[152]. SCANPY has integrated PAGA [153] in the tool-
kits, so it can directly perform the trajectory analysis.

The use of these toolkits requires programming expe-
rience. With the development of scRNA-seq data analy-
sis, some graphical user interfaces analysis tools have 
also been developed, such as SCorange [154], SCTK 
(Single Cell Toolkit) [155], Granatum [156], and ASAP 
(Automated Single-cell Analysis Pipeline) [157]. These 
web-based analysis tools integrate several normaliza-
tions and batch-effect removing methods. For example, 
Granatum has four normalization methods (e.g., quan-
tile normalization, geometric mean normalization, size-
factor normalization, and Voom) and two batch-effect 
removing methods (e.g., ComBat and Median alignment) 
[156]. SCTK is built in singleCellTK R package, however, 
SCTK could analyze sc/snRNA-seq data with graphical 
user interface (https://sctk.bu.edu/) by Shiny APP [155]. 
It includes several normalization methods from Seurat 
(e.g., LogNormalize, Sctransform) and Scater (e.g., CPM, 
LogNormCounts), and batch-effect removing methods 
(e.g., MNN, scMerge, Scanorama, and ComBatsSeq).

Conclusions
Major advances in single cell sequencing technologies 
have greatly improved our understanding of the com-
plexity of organs and tissues and the dynamism of bio-
logical processes. However, a critical step in scRNA-seq 
data analysis is normalization, a process that aims at 
making gene counts comparable within and between 
cells, and among biological replicates. Recent pioneer-
ing work by Choudhary and Satija demonstrated that the 
degree of overdispersion within 59 scRNA-seq datasets 
varied widely across datasets, systems, and gene abun-
dances, suggesting that the estimation of parameters is 
dataset-specific [115]. Thus, the selection of a normaliza-
tion method is not trivial, and it has a direct impact on 
downstream analysis. For example, a study by Squair et 
al. [158] found that the most frequently used methods for 
differential expression analysis (including each methods’ 
normalization) identified differentially expressed genes 
even when biological differences were absent. Authors 
demonstrated a systematic tendency of single-cell meth-
ods to identify highly expressed unchanged genes as 
differentially expressed. Moreover, false differentially 
expressed genes will affect clustering and trajectory anal-
ysis. These results underscore the importance of select-
ing normalization methods that adequately account for 
technical noise and variability between biological repli-
cates. Furthermore, another intriguing observation dem-
onstrated by benchmarking studies is that normalization 
methods perform differently depending on the input 
dataset. This is likely due to differences in technical noise 
sources and to the heterogeneity of samples. Instead of 
comparing the normalization performance on numerous 
real world or simulated datasets, benchmarking studies 
should use well designed mixture control experiments as 
previously proposed [109].

In scRNA-seq count data, cell-to-cell biological varia-
tion is related to cell type and state and is encoded in 
cellular transcriptomes. This heterogeneity is the main 
source of interest, and it should be modeled to include 
covariates that influence gene expression. To account 
for these sources of technical variability, normalization 
methods depict different approaches. Global normal-
ization methods estimate a size factor for each cell to 
account for differences in library size. Since the size fac-
tor is applied to all genes of a cell, biological variability 
may be affected. Global scaling normalization methods 
that rely on pre-clustering or pooling cells with simi-
lar library sizes and estimating a pool-specific factor, 
for example scran, perform better as demonstrated by 
benchmarking studies [94, 95]. In contrast, generalized 
linear models use probability distributions to model the 
contribution of systematic and random components to a 
response variable, corresponding to gene counts. In this 
way, covariables account for technical variation, such a 
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sequencing depth, and they are regressed out while the 
true biological variability is expected to be captured in 
the response variable. Mixed methods extend linear mod-
els by addressing each technical variability source with 
an independent probability distribution or error model. 
Emerging deep learning-based methods use neural net-
work architectures to learn underlying patterns of gene 
expression with complex and non-linear relationships. 
These methods can efficiently model technical variation 
sources including batch effects and find optimal transfor-
mations that can normalize counts preserving biological 
variability. Studies using mixture control experiments for 
benchmarking deep learning-based normalization meth-
ods are still needed.

The selection of the most appropriate normaliza-
tion method is strongly dependent on the experimental 
design, protocol and platform, and assumptions regard-
ing technical and biological variability need to be made. 
Thus, there is no better performing normalization pipe-
line. Instead, pilot experiments should be made to evalu-
ate the performance of a series of normalization pipelines 
using recommended metrics. These experiments should 
closely resemble the final experiment, for instance, the 
same experimental platform and sequencing technology 
should be used. The selection of the better suited normal-
ization method may be performed through the assess-
ment of data-driven metrics described herein. Moreover, 
the use of frameworks such as Scone are also recom-
mended to simultaneously evaluate the performance of 
numerous normalization pipelines.

Further work is needed to develop new tools that per-
form accurate diagnostics concerning the validity of 
statistical assumptions under the observed data. Novel 
approximations such as the introduction of molecular 
spikes for more accurate molecule counting have the 
potential of becoming a gold-standard and reducing the 
technical variability, facilitating the selection of a normal-
ization method.

Abbreviations
scRNA-seq	� single-cell RNA-sequencing
FACS/MACS	� fluorescence/magnetic-activated cell sorting
IFCs	� integrated fluidics circuits
RT	� reverse transcription
ERCCs	� External RNA Control Consortium
UMI	� unique molecule identifier
IVT	� in vitro transcription
TSO	� template-switching oligonucleotides
STRT-seq	� single-cell tagged reverse transcription sequencing
Smart-seq	� switching mechanisms at the 5’-end of the RNA transcript 

sequencing
CEL-seq	� cell expression by linear amplification and sequencing
MARS-seq	� massively parallel single-cell RNA sequencing
inDrops-seq	� indexing droplets RNA sequencing
GLMs	� generalized linear models
TPM/CPM	� transcripts or counts per million
RPKM	� reads per kilobase of exon model per million mapped reads
ISnorm	� Internal Spike-in-like-genes normalization
TMM	� trimmed mean of M values

BASiCS	� Bayesian Analysis of Single-Cell Sequencing Data
ZINB	� zero-inflated NB
ZIMB-WaVE	� ZIMB-based Wanted Variation Extraction
GRM	� Gamma Regression Model
SCDE	� single cell differential expression
PAGODA	� pathway and gene set overdispersion analysis
MAST	� Model-based Analysis of Single-cell Transcriptomics
MNN	� mutual nearest neighbors
CCA	� canonical correlation analysis
NMF	� non-negative matrix factorization
SVD	� singular value decomposition
PCs	� principal components
kBET	� K-nearest neighbor batch-effect test
t-SNE	� t-Distributed Stochastic Neighbor Embedding
HVG	� Highly Variable Genes
UMAP	� Uniform Manifold Approximation and Projection
RPCA	� reciprocal PCA
SCENIC	� single cell regulation network analysis
SCTK	� Single Cell Toolkit
ASAP	� Automated Single-cell Analysis Pipeline
PCR	� polymerase chain reaction
KOAc	� potassium acetate
MgOAc	� magnesium acetate
NA	� not available

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-024-10364-5.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Acknowledgements
Not applicable.

Author contributions
The corresponding authors RCDD and JQW had the original idea of writing 
a review article on normalization methods of single-cell RNA-seq datasets. 
RCDD and HW performed the literature review, writing, and conceptualization 
of figures and tables. All authors read and approved the final manuscript.

Funding
This work was supported by grants from the NIH, United States (R01 
NS088353, R21 NS113068, and 2RF1NS093652), Amy and Edward Knight 
Fund-a program of the UTHSC Senator Lloyd Bentsen Stroke Center, The 
Staman Ogilvie Fund-Memorial Hermann Foundation, and Mission Connect-a 
program of The Institute for Rehabilitation and Research (TIRR) Foundation.

Data availability
There are no new data associated with this article.

Declarations

Competing interests
The authors declare no competing interests.

Received: 2 September 2023 / Accepted: 29 April 2024

References
1.	 Choi YH, Kim JK. Dissecting Cellular Heterogeneity using single-cell RNA 

sequencing. Mol Cells. 2019;42(3):189–99.

https://doi.org/10.1186/s12864-024-10364-5
https://doi.org/10.1186/s12864-024-10364-5


Page 15 of 18Cuevas-Diaz Duran et al. BMC Genomics          (2024) 25:444 

2.	 He J, Babarinde IA, Sun L, Xu S, Chen R, Shi J, Wei Y, Li Y, Ma G, Zhuang Q, et 
al. Identifying transposable element expression dynamics and heterogeneity 
during development at the single-cell level with a processing pipeline scTE. 
Nat Commun. 2021;12(1):1456.

3.	 Wilkerson BA, Zebroski HL, Finkbeiner CR, Chitsazan AD, Beach KE, Sen N, 
Zhang RC, Bermingham-McDonogh O. Novel cell types and developmental 
lineages revealed by single-cell RNA-seq analysis of the mouse crista ampul-
laris. Elife 2021, 10.

4.	 Jerber J, Seaton DD, Cuomo ASE, Kumasaka N, Haldane J, Steer J, Patel 
M, Pearce D, Andersson M, Bonder MJ, et al. Population-scale single-cell 
RNA-seq profiling across dopaminergic neuron differentiation. Nat Genet. 
2021;53(3):304–12.

5.	 Vallejos CA, Richardson S, Marioni JC. Beyond comparisons of means: under-
standing changes in gene expression at the single-cell level. Genome Biol. 
2016;17:70.

6.	 van den Brink SC, Sage F, Vertesy A, Spanjaard B, Peterson-Maduro J, Baron 
CS, Robin C, van Oudenaarden A. Single-cell sequencing reveals dissoci-
ation-induced gene expression in tissue subpopulations. Nat Methods. 
2017;14(10):935–6.

7.	 Hashimshony T, Wagner F, Sher N, Yanai I. CEL-Seq: single-cell RNA-Seq by 
multiplexed linear amplification. Cell Rep. 2012;2(3):666–73.

8.	 Basu S, Campbell HM, Dittel BN, Ray A. Purification of specific cell population 
by fluorescence activated cell sorting (FACS). J Vis Exp 2010(41).

9.	 Schmitz B, Radbruch A, Kummel T, Wickenhauser C, Korb H, Hansmann ML, 
Thiele J, Fischer R. Magnetic activated cell sorting (MACS)--a new immuno-
magnetic method for megakaryocytic cell isolation: comparison of different 
separation techniques. Eur J Haematol. 1994;52(5):267–75.

10.	 Prakadan SM, Shalek AK, Weitz DA. Scaling by shrinking: empowering single-
cell ‘omics’ with microfluidic devices. Nat Rev Genet. 2017;18(6):345–61.

11.	 Klein AM, Mazutis L, Akartuna I, Tallapragada N, Veres A, Li V, Peshkin L, Weitz 
DA, Kirschner MW. Droplet barcoding for single-cell transcriptomics applied 
to embryonic stem cells. Cell. 2015;161(5):1187–201.

12.	 Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, Tirosh 
I, Bialas AR, Kamitaki N, Martersteck EM, et al. Highly parallel genome-
wide expression profiling of individual cells using Nanoliter droplets. Cell. 
2015;161(5):1202–14.

13.	 Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, Ziraldo SB, 
Wheeler TD, McDermott GP, Zhu J, et al. Massively parallel digital transcrip-
tional profiling of single cells. Nat Commun. 2017;8:14049.

14.	 Gierahn TM, Wadsworth MH 2nd, Hughes TK, Bryson BD, Butler A, Satija R, 
Fortune S, Love JC, Shalek AK. Seq-Well: portable, low-cost RNA sequencing 
of single cells at high throughput. Nat Methods. 2017;14(4):395–8.

15.	 External RNACC. Proposed methods for testing and selecting the ERCC 
external RNA controls. BMC Genomics. 2005;6:150.

16.	 Stegle O, Teichmann SA, Marioni JC. Computational and analytical challenges 
in single-cell transcriptomics. Nat Rev Genet. 2015;16(3):133–45.

17.	 Islam S, Zeisel A, Joost S, La Manno G, Zajac P, Kasper M, Lonnerberg P, Lin-
narsson S. Quantitative single-cell RNA-seq with unique molecular identifiers. 
Nat Methods. 2014;11(2):163–6.

18.	 Tang F, Barbacioru C, Wang Y, Nordman E, Lee C, Xu N, Wang X, Bodeau J, 
Tuch BB, Siddiqui A, et al. mRNA-Seq whole-transcriptome analysis of a single 
cell. Nat Methods. 2009;6(5):377–82.

19.	 Aicher TP, Carroll S, Raddi G, Gierahn T, Wadsworth MH 2nd, Hughes TK, 
Love C, Shalek AK. Seq-Well: a Sample-Efficient, portable Picowell platform 
for massively parallel single-cell RNA sequencing. Methods Mol Biol. 
2019;1979:111–32.

20.	 Ramskold D, Luo S, Wang YC, Li R, Deng Q, Faridani OR, Daniels GA, Khrebtu-
kova I, Loring JF, Laurent LC, et al. Full-length mRNA-Seq from single-cell 
levels of RNA and individual circulating tumor cells. Nat Biotechnol. 
2012;30(8):777–82.

21.	 Picelli S, Bjorklund AK, Faridani OR, Sagasser S, Winberg G, Sandberg R. 
Smart-seq2 for sensitive full-length transcriptome profiling in single cells. Nat 
Methods. 2013;10(11):1096–8.

22.	 Yanai I, Hashimshony T. CEL-Seq2-Single-cell RNA sequencing by Multiplexed 
Linear amplification. Methods Mol Biol. 2019;1979:45–56.

23.	 Jaitin DA, Kenigsberg E, Keren-Shaul H, Elefant N, Paul F, Zaretsky I, Mildner 
A, Cohen N, Jung S, Tanay A, et al. Massively parallel single-cell RNA-
seq for marker-free decomposition of tissues into cell types. Science. 
2014;343(6172):776–9.

24.	 Zilionis R, Nainys J, Veres A, Savova V, Zemmour D, Klein AM, Mazutis L. 
Single-cell barcoding and sequencing using droplet microfluidics. Nat Protoc. 
2017;12(1):44–73.

25.	 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. Mol Cell. 2017;65(4):631–e643634.

26.	 Tirosh I, Izar B, Prakadan SM, Wadsworth MH 2nd, Treacy D, Trombetta 
JJ, Rotem A, Rodman C, Lian C, Murphy G, et al. Dissecting the multicel-
lular ecosystem of metastatic melanoma by single-cell RNA-seq. Science. 
2016;352(6282):189–96.

27.	 Tirosh I, Venteicher AS, Hebert C, Escalante LE, Patel AP, Yizhak K, Fisher 
JM, Rodman C, Mount C, Filbin MG, et al. Single-cell RNA-seq sup-
ports a developmental hierarchy in human oligodendroglioma. Nature. 
2016;539(7628):309–13.

28.	 Giustacchini A, Thongjuea S, Barkas N, Woll PS, Povinelli BJ, Booth CAG, Sopp 
P, Norfo R, Rodriguez-Meira A, Ashley N, et al. Single-cell transcriptomics 
uncovers distinct molecular signatures of stem cells in chronic myeloid 
leukemia. Nat Med. 2017;23(6):692–702.

29.	 Mereu E, Lafzi A, Moutinho C, Ziegenhain C, McCarthy DJ, Alvarez-Varela A, 
Batlle E, Sagar, Grun D, Lau JK, et al. Benchmarking single-cell RNA-sequenc-
ing protocols for cell atlas projects. Nat Biotechnol. 2020;38(6):747–55.

30.	 Picelli S, Faridani OR, Bjorklund AK, Winberg G, Sagasser S, Sandberg 
R. Full-length RNA-seq from single cells using Smart-seq2. Nat Protoc. 
2014;9(1):171–81.

31.	 Hagemann-Jensen M, Ziegenhain C, Chen P, Ramskold D, Hendriks GJ, Lars-
son AJM, Faridani OR, Sandberg R. Single-cell RNA counting at allele and 
isoform resolution using Smart-seq3. Nat Biotechnol. 2020;38(6):708–14.

32.	 Hagemann-Jensen M, Ziegenhain C, Sandberg R. Scalable single-cell RNA 
sequencing from full transcripts with Smart-seq3xpress. Nat Biotechnol. 
2022;40(10):1452–7.

33.	 Hahaut V, Pavlinic D, Carbone W, Schuierer S, Balmer P, Quinodoz M, Renner 
M, Roma G, Cowan CS, Picelli S. Fast and highly sensitive full-length single-
cell RNA sequencing using FLASH-seq. Nat Biotechnol. 2022;40(10):1447–51.

34.	 Tian L, Jabbari JS, Thijssen R, Gouil Q, Amarasinghe SL, Voogd O, Kariyawasam 
H, Du MRM, Schuster J, Wang C, et al. Comprehensive characterization 
of single-cell full-length isoforms in human and mouse with long-read 
sequencing. Genome Biol. 2021;22(1):310.

35.	 Pan L, Dinh HQ, Pawitan Y, Vu TN. Isoform-level quantification for single-cell 
RNA sequencing. Bioinformatics. 2022;38(5):1287–94.

36.	 STARsolo. Accurate, fast and versatile mapping/quantification of single-cell 
and single-nucleus RNA-seq data. bioRxiv; 2021.

37.	 Svensson V, Natarajan KN, Ly LH, Miragaia RJ, Labalette C, Macaulay IC, Cvejic 
A, Teichmann SA. Power analysis of single-cell RNA-sequencing experiments. 
Nat Methods. 2017;14(4):381–7.

38.	 Wu AR, Neff NF, Kalisky T, Dalerba P, Treutlein B, Rothenberg ME, Mburu FM, 
Mantalas GL, Sim S, Clarke MF, et al. Quantitative assessment of single-cell 
RNA-sequencing methods. Nat Methods. 2014;11(1):41–6.

39.	 Zhang X, Li T, Liu F, Chen Y, Yao J, Li Z, Huang Y, Wang J. Comparative analysis 
of Droplet-based Ultra-high-throughput single-cell RNA-Seq systems. Mol 
Cell. 2019;73(1):130–e142135.

40.	 Sarkar A, Stephens M. Separating measurement and expression models 
clarifies confusion in single-cell RNA sequencing analysis. Nat Genet. 
2021;53(6):770–7.

41.	 Marinov GK, Williams BA, McCue K, Schroth GP, Gertz J, Myers RM, Wold BJ. 
From single-cell to cell-pool transcriptomes: stochasticity in gene expression 
and RNA splicing. Genome Res. 2014;24(3):496–510.

42.	 Zenklusen D, Larson DR, Singer RH. Single-RNA counting reveals alternative 
modes of gene expression in yeast. Nat Struct Mol Biol. 2008;15(12):1263–71.

43.	 Kharchenko PV, Silberstein L, Scadden DT. Bayesian approach to single-cell 
differential expression analysis. Nat Methods. 2014;11(7):740–2.

44.	 Cabada MO, Darnbrough C, Ford PJ, Turner PC. Differential accumulation of 
two size classes of poly(A) associated with messenger RNA during oogenesis 
in Xenopus laevis. Dev Biol. 1977;57(2):427–39.

45.	 Weill L, Belloc E, Bava FA, Mendez R. Translational control by changes in 
poly(A) tail length: recycling mRNAs. Nat Struct Mol Biol. 2012;19(6):577–85.

46.	 Andrews TS, Kiselev VY, McCarthy D, Hemberg M. Tutorial: guidelines for 
the computational analysis of single-cell RNA sequencing data. Nat Protoc. 
2021;16(1):1–9.

47.	 Shalek AK, Satija R, Shuga J, Trombetta JJ, Gennert D, Lu D, Chen P, Gertner RS, 
Gaublomme JT, Yosef N, et al. Single-cell RNA-seq reveals dynamic paracrine 
control of cellular variation. Nature. 2014;510(7505):363–9.

48.	 Islam S, Kjallquist U, Moliner A, Zajac P, Fan JB, Lonnerberg P, Linnarsson S. 
Characterization of the single-cell transcriptional landscape by highly multi-
plex RNA-seq. Genome Res. 2011;21(7):1160–7.



Page 16 of 18Cuevas-Diaz Duran et al. BMC Genomics          (2024) 25:444 

49.	 Archer N, Walsh MD, Shahrezaei V, Hebenstreit D. Modeling enzyme Proces-
sivity reveals that RNA-Seq libraries are biased in characteristic and correct-
able ways. Cell Syst. 2016;3(5):467–e479412.

50.	 Von Hippel PH, Fairfield FR, Dolejsi MK. On the processivity of polymerases. 
Ann N Y Acad Sci. 1994;726:118–31.

51.	 Kozarewa I, Ning Z, Quail MA, Sanders MJ, Berriman M, Turner DJ. Amplifica-
tion-free Illumina sequencing-library preparation facilitates improved map-
ping and assembly of (G + C)-biased genomes. Nat Methods. 2009;6(4):291–5.

52.	 Mamanova L, Andrews RM, James KD, Sheridan EM, Ellis PD, Langford CF, Ost 
TW, Collins JE, Turner DJ. FRT-seq: amplification-free, strand-specific transcrip-
tome sequencing. Nat Methods. 2010;7(2):130–2.

53.	 Lahens NF, Kavakli IH, Zhang R, Hayer K, Black MB, Dueck H, Pizarro A, Kim J, 
Irizarry R, Thomas RS, et al. IVT-seq reveals extreme bias in RNA sequencing. 
Genome Biol. 2014;15(6):R86.

54.	 Tran HTN, Ang KS, Chevrier M, Zhang X, Lee NYS, Goh M, Chen J. A bench-
mark of batch-effect correction methods for single-cell RNA sequencing 
data. Genome Biol. 2020;21(1):12.

55.	 Lotfollahi M, Naghipourfar M, Luecken MD, Khajavi M, Buttner M, Wagenstet-
ter M, Avsec Z, Gayoso A, Yosef N, Interlandi M, et al. Mapping single-cell data 
to reference atlases by transfer learning. Nat Biotechnol. 2022;40(1):121–30.

56.	 Luecken MD, Buttner M, Chaichoompu K, Danese A, Interlandi M, Mueller MF, 
Strobl DC, Zappia L, Dugas M, Colome-Tatche M, et al. Benchmarking atlas-
level data integration in single-cell genomics. Nat Methods. 2022;19(1):41–50.

57.	 Brennecke P, Anders S, Kim JK, Kolodziejczyk AA, Zhang X, Proserpio V, Baying 
B, Benes V, Teichmann SA, Marioni JC, et al. Accounting for technical noise in 
single-cell RNA-seq experiments. Nat Methods. 2013;10(11):1093–5.

58.	 Bacher R, Kendziorski C. Design and computational analysis of single-cell 
RNA-sequencing experiments. Genome Biol. 2016;17:63.

59.	 Katayama S, Tohonen V, Linnarsson S, Kere J. SAMstrt: statistical test for dif-
ferential expression in single-cell transcriptome with spike-in normalization. 
Bioinformatics. 2013;29(22):2943–5.

60.	 Robinson MD, Oshlack A. A scaling normalization method for differential 
expression analysis of RNA-seq data. Genome Biol. 2010;11(3):R25.

61.	 Grun D, van Oudenaarden A. Design and analysis of single-cell sequencing 
experiments. Cell. 2015;163(4):799–810.

62.	 Kaern M, Elston TC, Blake WJ, Collins JJ. Stochasticity in gene expression: from 
theories to phenotypes. Nat Rev Genet. 2005;6(6):451–64.

63.	 Raj A, van Oudenaarden A. Nature, nurture, or chance: stochastic gene 
expression and its consequences. Cell. 2008;135(2):216–26.

64.	 Suter DM, Molina N, Gatfield D, Schneider K, Schibler U, Naef F. Mamma-
lian genes are transcribed with widely different bursting kinetics. Science. 
2011;332(6028):472–4.

65.	 Fuda NJ, Ardehali MB, Lis JT. Defining mechanisms that regulate RNA poly-
merase II transcription in vivo. Nature. 2009;461(7261):186–92.

66.	 Bullard JH, Purdom E, Hansen KD, Dudoit S. Evaluation of statistical methods 
for normalization and differential expression in mRNA-Seq experiments. BMC 
Bioinformatics. 2010;11:94.

67.	 Risso D, Schwartz K, Sherlock G, Dudoit S. GC-content normalization for RNA-
Seq data. BMC Bioinformatics. 2011;12:480.

68.	 Dillies MA, Rau A, Aubert J, Hennequet-Antier C, Jeanmougin M, Servant N, 
Keime C, Marot G, Castel D, Estelle J, et al. A comprehensive evaluation of 
normalization methods for Illumina high-throughput RNA sequencing data 
analysis. Brief Bioinform. 2013;14(6):671–83.

69.	 Risso D, Perraudeau F, Gribkova S, Dudoit S, Vert JP. A general and flexible 
method for signal extraction from single-cell RNA-seq data. Nat Commun. 
2018;9(1):284.

70.	 Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell 
transcriptomic data across different conditions, technologies, and species. 
Nat Biotechnol. 2018;36(5):411–20.

71.	 Hicks SC, Townes FW, Teng M, Irizarry RA. Missing data and techni-
cal variability in single-cell RNA-sequencing experiments. Biostatistics. 
2018;19(4):562–78.

72.	 Lahnemann D, Koster J, Szczurek E, McCarthy DJ, Hicks SC, Robinson MD, 
Vallejos CA, Campbell KR, Beerenwinkel N, Mahfouz A, et al. Eleven grand 
challenges in single-cell data science. Genome Biol. 2020;21(1):31.

73.	 van Dijk D, Sharma R, Nainys J, Yim K, Kathail P, Carr AJ, Burdziak C, Moon KR, 
Chaffer CL, Pattabiraman D, et al. Recovering gene interactions from single-
cell data using data Diffusion. Cell. 2018;174(3):716–e729727.

74.	 Andrews TS, Hemberg M. False signals induced by single-cell imputation. 
F1000Res. 2018;7:1740.

75.	 Linderman GC, Zhao J, Roulis M, Bielecki P, Flavell RA, Nadler B, Kluger Y. 
Zero-preserving imputation of single-cell RNA-seq data. Nat Commun. 
2022;13(1):192.

76.	 Huang M, Wang J, Torre E, Dueck H, Shaffer S, Bonasio R, Murray JI, Raj A, Li M, 
Zhang NR. SAVER: gene expression recovery for single-cell RNA sequencing. 
Nat Methods. 2018;15(7):539–42.

77.	 Li WV, Li JJ. An accurate and robust imputation method scImpute for single-
cell RNA-seq data. Nat Commun. 2018;9(1):997.

78.	 Hou W, Ji Z, Ji H, Hicks SC. A systematic evaluation of single-cell RNA-
sequencing imputation methods. Genome Biol. 2020;21(1):218.

79.	 Conesa A, Madrigal P, Tarazona S, Gomez-Cabrero D, Cervera A, McPherson A, 
Szczesniak MW, Gaffney DJ, Elo LL, Zhang X, et al. A survey of best practices 
for RNA-seq data analysis. Genome Biol. 2016;17:13.

80.	 Jiang R, Sun T, Song D, Li JJ. Statistics or biology: the zero-inflation contro-
versy about scRNA-seq data. Genome Biol. 2022;23(1):31.

81.	 Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data 
with or without a reference genome. BMC Bioinformatics. 2011;12:323.

82.	 Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics. 
2010;26(1):139–40.

83.	 Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quanti-
fying mammalian transcriptomes by RNA-Seq. Nat Methods. 2008;5(7):621–8.

84.	 Phipson B, Zappia L, Oshlack A. Gene length and detection bias in single cell 
RNA sequencing protocols. F1000Res. 2017;6:595.

85.	 Lin L, Song M, Jiang Y, Zhao X, Wang H, Zhang L. Normalizing single-cell RNA 
sequencing data with internal spike-in-like genes. NAR Genom Bioinform. 
2020;2(3):lqaa059.

86.	 Ziegenhain C, Hendriks GJ, Hagemann-Jensen M, Sandberg R. Molecu-
lar spikes: a gold standard for single-cell RNA counting. Nat Methods. 
2022;19(5):560–6.

87.	 Love MI, Huber W, Anders S. Moderated estimation of Fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

88.	 Wang T, Li B, Nelson CE, Nabavi S. Comparative analysis of differential gene 
expression analysis tools for single-cell RNA sequencing data. BMC Bioinfor-
matics. 2019;20(1):40.

89.	 Lun AT, Bach K, Marioni JC. Pooling across cells to normalize single-cell RNA 
sequencing data with many zero counts. Genome Biol. 2016;17:75.

90.	 Vallejos CA, Marioni JC, Richardson S. BASiCS: Bayesian Analysis of Single-Cell 
Sequencing Data. PLoS Comput Biol. 2015;11(6):e1004333.

91.	 Eling N, Richard AC, Richardson S, Marioni JC, Vallejos CA. Correcting the 
Mean-Variance dependency for Differential Variability Testing using single-
cell RNA sequencing data. Cell Syst. 2018;7(3):284–e294212.

92.	 Lun AT, McCarthy DJ, Marioni JC. A step-by-step workflow for low-level analy-
sis of single-cell RNA-seq data with Bioconductor. F1000Res. 2016;5:2122.

93.	 Paulson JN, Chen CY, Lopes-Ramos CM, Kuijjer ML, Platig J, Sonawane AR, 
Fagny M, Glass K, Quackenbush J. Tissue-aware RNA-Seq processing and 
normalization for heterogeneous and sparse data. BMC Bioinformatics. 
2017;18(1):437.

94.	 Buttner M, Miao Z, Wolf FA, Teichmann SA, Theis FJ. A test metric for assessing 
single-cell RNA-seq batch correction. Nat Methods. 2019;16(1):43–9.

95.	 Vieth B, Parekh S, Ziegenhain C, Enard W, Hellmann I. A systematic evaluation 
of single cell RNA-seq analysis pipelines. Nat Commun. 2019;10(1):4667.

96.	 Ahlmann-Eltze C, Huber W. Comparison of transformations for single-cell 
RNA-seq data. Nat Methods. 2023;20(5):665–72.

97.	 Bengtsson M, Stahlberg A, Rorsman P, Kubista M. Gene expression profiling 
in single cells from the pancreatic islets of Langerhans reveals lognormal 
distribution of mRNA levels. Genome Res. 2005;15(10):1388–92.

98.	 Taniguchi Y, Choi PJ, Li GW, Chen H, Babu M, Hearn J, Emili A, Xie XS. Quantify-
ing E. Coli proteome and transcriptome with single-molecule sensitivity in 
single cells. Science. 2010;329(5991):533–8.

99.	 Wills QF, Livak KJ, Tipping AJ, Enver T, Goldson AJ, Sexton DW, Holmes C. 
Single-cell gene expression analysis reveals genetic associations masked in 
whole-tissue experiments. Nat Biotechnol. 2013;31(8):748–52.

100.	 Vu TN, Wills QF, Kalari KR, Niu N, Wang L, Rantalainen M, Pawitan Y. Beta-
Poisson model for single-cell RNA-seq data analyses. Bioinformatics. 
2016;32(14):2128–35.

101.	 Grun D, Kester L, van Oudenaarden A. Validation of noise models for single-
cell transcriptomics. Nat Methods. 2014;11(6):637–40.

102.	 Hafemeister C, Satija R. Normalization and variance stabilization of single-cell 
RNA-seq data using regularized negative binomial regression. Genome Biol. 
2019;20(1):296.



Page 17 of 18Cuevas-Diaz Duran et al. BMC Genomics          (2024) 25:444 

103.	 Silverman JD, Roche K, Mukherjee S, David LA. Naught all zeros in sequence 
count data are the same. Comput Struct Biotechnol J. 2020;18:2789–98.

104.	 Svensson V. Droplet scRNA-seq is not zero-inflated. Nat Biotechnol. 
2020;38(2):147–50.

105.	 Nelder JA, Wedderburn RWM. Generalized Linear models. J Royal Stat Soc Ser 
(General). 1972;135(3):370–84.

106.	 Yip SH, Wang P, Kocher JA, Sham PC, Wang J. Linnorm: improved statisti-
cal analysis for single cell RNA-seq expression data. Nucleic Acids Res. 
2017;45(22):e179.

107.	 Borella M, Martello G, Risso D, Romualdi C. PsiNorm: a scalable normalization 
for single-cell RNA-seq data. Bioinformatics. 2021;38(1):164–72.

108.	 Bacher R, Chu LF, Leng N, Gasch AP, Thomson JA, Stewart RM, Newton M, 
Kendziorski C. SCnorm: robust normalization of single-cell RNA-seq data. Nat 
Methods. 2017;14(6):584–6.

109.	 Tian L, Dong X, Freytag S, Le Cao KA, Su S, JalalAbadi A, Amann-Zalcenstein 
D, Weber TS, Seidi A, Jabbari JS, et al. Benchmarking single cell RNA-sequenc-
ing analysis pipelines using mixture control experiments. Nat Methods. 
2019;16(6):479–87.

110.	 Chen W, Li Y, Easton J, Finkelstein D, Wu G, Chen X. UMI-count modeling and 
differential expression analysis for single-cell RNA sequencing. Genome Biol. 
2018;19(1):70.

111.	 Townes FW, Hicks SC, Aryee MJ, Irizarry RA. Feature selection and dimension 
reduction for single-cell RNA-Seq based on a multinomial model. Genome 
Biol. 2019;20(1):295.

112.	 Cao Y, Kitanovski S, Kuppers R, Hoffmann D. UMI or not UMI, that is the ques-
tion for scRNA-seq zero-inflation. Nat Biotechnol. 2021;39(2):158–9.

113.	 Kim TH, Zhou X, Chen M. Demystifying “drop-outs” in single-cell UMI data. 
Genome Biol. 2020;21(1):196.

114.	 Jiang R, Sun T, Song D, Li J. Statistics or biology: the zero-inflation controversy 
about scRNA-seq data. Genome Biol. 2022;23(1);31.

115.	 Choudhary S, Satija R. Comparison and evaluation of statistical error models 
for scRNA-seq. Genome Biol. 2022;23(1):27.

116.	 Ding B, Zheng L, Zhu Y, Li N, Jia H, Ai R, Wildberg A, Wang W. Normalization 
and noise reduction for single cell RNA-seq experiments. Bioinformatics. 
2015;31(13):2225–7.

117.	 Fan J, Salathia N, Liu R, Kaeser GE, Yung YC, Herman JL, Kaper F, Fan JB, Zhang 
K, Chun J, et al. Characterizing transcriptional heterogeneity through path-
way and gene set overdispersion analysis. Nat Methods. 2016;13(3):241–4.

118.	 Finak G, McDavid A, Yajima M, Deng J, Gersuk V, Shalek AK, Slichter CK, Miller 
HW, McElrath MJ, Prlic M, et al. MAST: a flexible statistical framework for 
assessing transcriptional changes and characterizing heterogeneity in single-
cell RNA sequencing data. Genome Biol. 2015;16:278.

119.	 Brendel M, Su C, Bai Z, Zhang H, Elemento O, Wang F. Application of deep 
learning on single-cell RNA sequencing data analysis: a review. Genomics 
Proteom Bioinf. 2022;20(5):814–35.

120.	 Ma Q, Xu D. Deep learning shapes single-cell data analysis. Nat Rev Mol Cell 
Biol. 2022;23(5):303–4.

121.	 Erfanian N, Heydari AA, Feriz AM, Ianez P, Derakhshani A, Ghasemigol M, 
Farahpour M, Razavi SM, Nasseri S, Safarpour H, et al. Deep learning applica-
tions in single-cell genomics and transcriptomics data analysis. Biomed 
Pharmacother. 2023;165:115077.

122.	 Lopez R, Regier J, Cole MB, Jordan MI, Yosef N. Deep generative modeling for 
single-cell transcriptomics. Nat Methods. 2018;15(12):1053–8.

123.	 Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expres-
sion data using empirical Bayes methods. Biostatistics. 2007;8(1):118–27.

124.	 Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. Limma powers 
differential expression analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res. 2015;43(7):e47.

125.	 Haghverdi L, Lun ATL, Morgan MD, Marioni JC. Batch effects in single-cell 
RNA-sequencing data are corrected by matching mutual nearest neighbors. 
Nat Biotechnol. 2018;36(5):421–7.

126.	 Jolliffe IT. Principal component analysis and Factor Analysis. Principal compo-
nent analysis. New York, NY: Springer New York; 2002. pp. 150–66.

127.	 Hardoon DR, Szedmak S, Shawe-Taylor J. Canonical correlation analy-
sis: an overview with application to learning methods. Neural Comput. 
2004;16(12):2639–64.

128.	 Lee DD, Seung HS. Learning the parts of objects by non-negative matrix 
factorization. Nature. 1999;401(6755):788–91.

129.	 Alter O, Brown PO, Botstein D. Singular value decomposition for genome-
wide expression data processing and modeling. Proc Natl Acad Sci U S A. 
2000;97(18):10101–6.

130.	 Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, Baglaenko Y, 
Brenner M, Loh PR, Raychaudhuri S. Fast, sensitive and accurate integration of 
single-cell data with Harmony. Nat Methods. 2019;16(12):1289–96.

131.	 Welch JD, Kozareva V, Ferreira A, Vanderburg C, Martin C, Macosko EZ. Single-
cell multi-omic integration compares and contrasts features of Brain Cell 
Identity. Cell. 2019;177(7):1873–e18871817.

132.	 Hie B, Bryson B, Berger B. Efficient integration of heterogeneous single-cell 
transcriptomes using Scanorama. Nat Biotechnol. 2019;37(6):685–91.

133.	 Yang Y, Li G, Qian H, Wilhelmsen KC, Shen Y, Li Y. SMNN: batch effect correc-
tion for single-cell RNA-seq data via supervised mutual nearest neighbor 
detection. Brief Bioinform 2021, 22(3).

134.	 Yang Y, Li G, Xie Y, Wang L, Lagler TM, Yang Y, Liu J, Qian L, Li Y. iSMNN: batch 
effect correction for single-cell RNA-seq data via iterative supervised mutual 
nearest neighbor refinement. Brief Bioinform 2021, 22(5).

135.	 Zou B, Zhang T, Zhou R, Jiang X, Yang H, Jin X, Bai Y. deepMNN: deep learning-
based single-cell RNA sequencing data batch correction using mutual near-
est neighbors. Front Genet. 2021;12:708981.

136.	 Yu X, Xu X, Zhang J, Li X. Batch alignment of single-cell transcriptomics data 
using deep metric learning. Nat Commun. 2023;14(1):960.

137.	 Peter J, Rousseeuw. Silhouettes: a graphical aid to the interpretation and 
validation of cluster analysis. J Comput Appl Math. 1987;20:53–65.

138.	 van der Maaten L, Hinton G. Visualizing data using t-SNE. J Mach Learn Res. 
2008;9:2579–605.

139.	 McInnes L, Healy J, Melville J. UMAP: Uniform Manifold Approximation and 
Projection for Dimension Reduction. Preprint athttps://doi.org/arxivorg/
abs/180203426 2018.

140.	 Cole MB, Risso D, Wagner A, DeTomaso D, Ngai J, Purdom E, Dudoit S, Yosef 
N. Performance Assessment and Selection of normalization procedures for 
single-cell RNA-Seq. Cell Syst. 2019;8(4):315–e328318.

141.	 Zappia L, Theis FJ. Over 1000 tools reveal trends in the single-cell RNA-seq 
analysis landscape. Genome Biol. 2021;22(1):301.

142.	 Zappia L, Phipson B, Oshlack A. Exploring the single-cell RNA-seq 
analysis landscape with the scRNA-tools database. PLoS Comput Biol. 
2018;14(6):e1006245.

143.	 Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM 3rd, Hao 
Y, Stoeckius M, Smibert P, Satija R. Comprehensive Integration of Single-Cell 
Data. Cell. 2019;177(7):1888–902. e1821.

144.	 Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, Lee MJ, 
Wilk AJ, Darby C, Zager M, et al. Integrated analysis of multimodal single-cell 
data. Cell. 2021;184(13):3573–e35873529.

145.	 Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, Lennon NJ, 
Livak KJ, Mikkelsen TS, Rinn JL. The dynamics and regulators of cell fate 
decisions are revealed by pseudotemporal ordering of single cells. Nat 
Biotechnol. 2014;32(4):381–6.

146.	 Qiu X, Hill A, Packer J, Lin D, Ma YA, Trapnell C. Single-cell mRNA quantifica-
tion and differential analysis with Census. Nat Methods. 2017;14(3):309–15.

147.	 Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA, Trapnell C. Reversed 
graph embedding resolves complex single-cell trajectories. Nat Methods. 
2017;14(10):979–82.

148.	 La Manno G, Soldatov R, Zeisel A, Braun E, Hochgerner H, Petukhov V, Lidsch-
reiber K, Kastriti ME, Lonnerberg P, Furlan A, et al. RNA velocity of single cells. 
Nature. 2018;560(7719):494–8.

149.	 Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H, Hulsel-
mans G, Rambow F, Marine JC, Geurts P, Aerts J, et al. SCENIC: single-cell regu-
latory network inference and clustering. Nat Methods. 2017;14(11):1083–6.

150.	 Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, Myung P, 
Plikus MV, Nie Q. Inference and analysis of cell-cell communication using 
CellChat. Nat Commun. 2021;12(1):1088.

151.	 Wolf FA, Angerer P, Theis FJ. SCANPY: large-scale single-cell gene expression 
data analysis. Genome Biol. 2018;19(1):15.

152.	 Li J, Yu C, Ma L, Wang J, Guo G. Comparison of Scanpy-based algorithms 
to remove the batch effect from single-cell RNA-seq data. Cell Regen. 
2020;9(1):10.

153.	 Wolf FA, Hamey FK, Plass M, Solana J, Dahlin JS, Gottgens B, Rajewsky N, 
Simon L, Theis FJ. PAGA: graph abstraction reconciles clustering with trajec-
tory inference through a topology preserving map of single cells. Genome 
Biol. 2019;20(1):59.

154.	 Strazar M, Zagar L, Kokosar J, Tanko V, Erjavec A, Policar PG, Staric A, Demsar J, 
Shaulsky G, Menon V, et al. scOrange-a tool for hands-on training of concepts 
from single-cell data analytics. Bioinformatics. 2019;35(14):i4–12.

155.	 Hong R, Koga Y, Bandyadka S, Leshchyk A, Wang Y, Akavoor V, Cao X, Sarfraz 
I, Wang Z, Alabdullatif S, et al. Comprehensive generation, visualization, and 

https://doi.org/arxivorg/abs/180203426
https://doi.org/arxivorg/abs/180203426


Page 18 of 18Cuevas-Diaz Duran et al. BMC Genomics          (2024) 25:444 

reporting of quality control metrics for single-cell RNA sequencing data. Nat 
Commun. 2022;13(1):1688.

156.	 Zhu X, Wolfgruber TK, Tasato A, Arisdakessian C, Garmire DG, Garmire LX. 
Granatum: a graphical single-cell RNA-Seq analysis pipeline for genomics 
scientists. Genome Med. 2017;9(1):108.

157.	 Gardeux V, David FPA, Shajkofci A, Schwalie PC, Deplancke B. ASAP: a web-
based platform for the analysis and interactive visualization of single-cell 
RNA-seq data. Bioinformatics. 2017;33(19):3123–5.

158.	 Squair JW, Gautier M, Kathe C, Anderson MA, James ND, Hutson TH, Hudelle 
R, Qaiser T, Matson KJE, Barraud Q, et al. Confronting false discoveries in 
single-cell differential expression. Nat Commun. 2021;12(1):5692.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Data normalization for addressing the challenges in the analysis of single-cell transcriptomic datasets
	﻿Abstract
	﻿Background
	﻿Main text
	﻿Single-cell RNA-sequencing methods
	﻿Isolating single-cells
	﻿Capturing mRNA molecules and generating cDNA
	﻿Amplifying cDNA
	﻿Transcript coverage
	﻿General scRNA-seq approaches


	﻿The challenges of single-cell datasets
	﻿Capture inefficiency and zero counts
	﻿Amplification bias, sequencing depth, coverage, and library size
	﻿Batch effects
	﻿Spike-ins may account for technical variability
	﻿Sources of biological variability

	﻿Normalization methods
	﻿Global scaling methods
	﻿Generalized linear models
	﻿Mixed methods
	﻿Deep learning-based methods
	﻿Batch effect correction methods

	﻿Normalization performance assessment
	﻿Silhouette width
	﻿K-nearest neighbor batch effect test
	﻿Highly variable genes
	﻿Scone, a tool for systematic comparison of normalization pipelines

	﻿Toolkits
	﻿Conclusions
	﻿References


