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AbVWUacW
Recent years have seen a revolution in single�cell technologies� particularly single�cell
RNA�sequencing ¥scRNA�seq¦� As the number� size and complexity of scRNA�seq datasets
continue to increase� so does the number of computational methods and software tools for
extracting meaning from them� Since ÃÁÂÇ the scRNA�tools database has catalogued software
tools for analysing scRNA�seq data� With the number of tools in the database passing ÂÁÁÁ� we
take this opportunity to provide an update on the state of the project and the field� Analysis of
five years of analysis tool tracking data clearly shows the evolution of the field� and that the
focus of developers has moved from ordering cells on continuous trajectories to integrating
multiple samples and making use of reference datasets� We also find evidence that open
science practices reward developers with increased recognition and help accelerate the field�

IQWURdXcWiRQ
Developments in singleЉcell technologies over the last decade have drastically changed the way we study
biologyϴ From measuring genomeЉwide gene expression in a few cells in Ϭ00ϳ ИϫЙϵ researchers are now
able to investigate multiple modalities in thousands to millions of cells across tissuesϵ individualsϵ
speciesϵ time and conditions ИϬϵϭЙϴ Commercialisation of these techniques has improved their robustness
and made them available to a greater number of biological researchersϴ Although singleЉcell technologies
have now extended to other modalities including chromatin accessibility ИϮϵϯЙϵ DNA methylation ИϰϵϱЙϵ
protein abundance ИϲЙ and spatial location Иϳϵϫ0Йϵ much of the focus of the singleЉcell revolution has been
on singleЉcell RNA sequencing ЖscRNAЉseqЗϴ SingleЉcell gene expression measurements are cell
typeЉspecific Жunlike DNAЗϵ more easily interpretable Жcompared to epigenetic modalitiesЗ and scalable to
thousands of features Жunlike antibodyЉbased protein measurementsЗ and thousands of cellsϴ These
features mean that scRNAЉseq can be used as an anchorϵ oȅen measured in parallel and used to link other
modalitiesϴ

While singleЉcell assays of all kinds are now more readily availableϵ the ability to extract meaning from
them ultimately depends on the quality of computational and statistical analysisϴ With the rise of new
technologies we have seen a corresponding boom in the development of analytic methodsϴ Aȅer years of
rapid growth the sheer number of possible analysis options now available can be bewildering to
researchers faced with an scRNAЉseq dataset for the first timeϴ Efforts have also been made to benchmark
common tasks such as clustering of similar cells ИϫϫϵϫϬЙϵ differential expression between cells ИϫϭϵϫϮЙ or
integration of multiple samples ИϫϯϵϫϰЙ in an attempt to establish which approaches are consistently good
performers and in which situations they failϴ Building on these benchmarks the community has now
produced tutorials ИϫϱЙϵ workshops and best practices recommendations for approaching a standard
analysis ИϫϲϵϫϳЙϴ
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Several projects exist which attempt to chart the progression of scRNAЉseq technologiesϵ datasets and
analysis toolsϴ For exampleϵ the Single Cell Studies database tracks the availability and size of scRNAЉseq
datasets and has been used to show trends in technologies and analysis ИϬ0Йϴ The Awesome Single Cell
repository is a communityЉcurated list of soȅware packagesϵ resourcesϵ researchers and publications for
various singleЉcell technologies ИϬϫЙ and Albert VillelaЀs SingleCell Omics spreadsheet ИϬϬЙ tracks a range
of information including technologiesϵ companies and soȅware toolsϴ While these are all very useful
resources they either have different focuses or are less structured and detailed than the scRNAЉtools
databaseϴ

The scRNAЉtools database focuses specifically on the cataloguing and manual curation of soȅware tools
for analysing scRNAЉseq data ИϬϭЙϴ When tools become available Жusually through a bioRxiv preprintЗ we
classify them according to the analysis tasks they can be used for and record information such as
associated preprints and publicationsϵ soȅware licensesϵ code locationϵ soȅware repositories and a short
descriptionϴ All this information is publicly available in an interactive format at
https϶ММwwwϴscrnaЉtoolsϴorgМϴ As the number of tools in the database has moved past ϫ000 we have taken
this opportunity to provide an update on the current state of the databaseϵ explore trends in scRNAЉseq
analysis across the past five yearsϴ We find that the focus of tool developers has moved on from
continuous ordering of cells to methods for integrating samples and classifying cellsϴ The database also
shows us that more new tools are built using Python while the relative usage of R is decliningϴ We also
examine the role of open science in the development of the field and find that open source practices lead
to increased citationsϴ While the scRNAЉtools database does not record every scRNAЉseq analysis tool the
large proportion it does include over the history of what is still a young field make these analyses possible
and a reasonable estimate of trends across all toolsϴ

ReVXlWV

CXUUeQW VWaWe Rf VcRNA-VeT aQal\ViV WRRlV

We first started cataloging soȅware tools for analysing scRNAЉseq data in Ϭ0ϫϰ and the scRNAЉtools
database currently contains ϫ0Ϭϱ tools as of ϫϬ August Ϭ0Ϭϫ ЖFigure ϫAЗϴ This represents a more than
tripling of the number of available tools since the database was first published in June Ϭ0ϫϲϴ The
continued growth of the number of available tools reflects the growth in the availability of and interest in
singleЉcell technologiesϴ It also demonstrates the continued need for new methods to extract meaning
from themϴ This trend has continued for more than five years and if it continues at the current rate we can
expect to see around ϫϯ00 tools by the end of Ϭ0ϬϬ and more than ϭ000 by the end of Ϭ0Ϭϯϴ

PXblicaWiRQ VWaWXV

The scRNAЉtools database records preprints and publications associated with each toolϵ currently
including more than ϫϮ00 referencesϴ Around two thirds of tools have at least one peerЉreviewed
publication while another quarter have been described in a preprint but are not yet peerЉreviewed ЖFigure
ϫBЗϴ The remaining ϫ0 percent currently have no associated references and have come to our attention
through other means such as Twitterϵ soȅware and code repositories or submissions via the scRNAЉtools
websiteϴ The overall number of tools with peerЉreviewed publications has increased over timeϵ which is to
be expected as tools make their way through the publication processϴ For more discussion of the delay in
publication and the effect of preprints see the open science sectionϴ
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Figure 1: Overview of the scRNAЉtools databaseϴ AЗ Line plot of the number of tools in the scRNAЉtools database
over timeϴ The development of tools for analysing scRNAЉseq data has continued to accelerate with more than ϫ000

tools currently recordedϴ Dotted line shows a quadratic fit Ж Зϴ BЗ Publication status ofբ ࡧ 0. 0002ա2 ࡠ 0. 1ա ࡠ 60. 7
tools in the scRNAЉtools databaseϴ Around ϱ0 percent of tools have at least one peerЉreviewed publication while
more than Ϭ0 percent have an associated preprintϴ CЗ Bar charts showing the distribution of platformsϵ soȅware
licenses and soȅware repositories for tools in the scRNAЉtools databaseϴ Colours indicate proportions of  tools using
R or Pythonϴ DЗ Bar chart showing the proportion of tools in the database assigned to each analysis categoryϴ
Categories are grouped by broad phases of a standard scRNAЉseq analysis workflowϴ

SRfWZaUe SlaWfRUPV, liceQVeV aQd UeSRViWRUieV

Tool developers must make a choice of which platform to use and this is also recorded in the scRNAЉtools
databaseϴ In most cases the platform is a programming language but a minority of tools are built around
an existing framework including workflow managers such as Snakemake ИϬϮϵϬϯЙ and Nextflow ИϬϰЙϴ R ИϬϱЙ
and Python ИϬϲЙ continue to be the dominant platforms for scRNAЉseq analysisϵ just as they are for more
general data science applications ЖFigure ϫCЗϴ CӃӃ continues to play a roleϵ particularly for including
compiled code in R packages to improve computational efficiencyϴ Although it is a minority Жaround seven
percentЗ there is a consistent community of developers focused on MATLABϴ The popularity of interpreted
languages ЖRϵ Pythonϵ MATLABЗ with commonly used interactive interfaces rather than compiled
languages ЖCӃӃЗ is consistent with relatively few tools being developed for lowЉlevelϵ
computationallyЉintensive tasks such as alignment and quantification where compiled languages are
more commonly seen ЖSupplementary Figure ϫЗϴ

Around two thirds of  tools are not available from a standard centralised soȅware repository ЖCRANϵ
Bioconductor or PyPIЗ and are mostly available only from GitHubϴ While this makes it harder for other
members of the community to install and use these tools it is perhaps unsurprising given the large
amount of time and effort required to maintain a soȅware packageϴ Many of these tools may also be
primarily intended as example implementations of a method rather than a tool designed for reuse by the
communityϴ A higher proportion of PythonЉbased tools are available from PyPI Жthe primary Python
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package repositoryЗ when compared to those built using Rϴ This may reflect the lower submission
requirements of PyPI which does not enforce checks for documentation or testing unlike R repositoriesϴ
Of R packages available from central repositories the majority of developers have chosen to submit their
tools to the biologyЉfocused Bioconductor ИϬϳЙ repository rather than the more general CRANϴ The
Bioconductor community is wellЉestablished and provides centralised infrastructure Жsuch as the
commonly used SingleCellExperiment classЗ designed to allow smallϵ specialised packages to work
togetherϴ

Most tools are covered by a standard openЉsource soȅware licenseϵ although there remains a consistent
minority of tools Жaround Ϭ0 percentЗ for which no clear soȅware license is availableϴ The lack of a license
can severely restrict how tools can be used and the ability of the community to learn from and extend
existing codeϴ We strongly encourage authors to clearly license their code and for reviewers and journal
editors to include checks for a soȅware license into the peerЉreview process to avoid this problemϴ Among
those tools that do have a licenseϵ variants of the copyЉleȅ GNU Public License ЖGPLЗ are most common
Жparticularly amongst RЉbased toolsЗϴ The MIT license is also used by many R tools but is more common
for Python toolsϵ as are BSDЉlike and Apache licensesϴ These licenses all allow reuse of code but may
impose some conditions such as retaining the original copyright notice Иϭ0Йϴ GPL licenses also require that
any derivatives of the original work are also covered by a GPL licenseϴ

AQal\ViV caWegRUieV

A unique feature of the scRNAЉtools database is the classification of tools according to which analysis
tasks they can be used forϴ These categories have been designed to capture steps in a standard scRNAЉseq
workflow and as new tasks emerge additional categories can be createdϴ While they have limitationsϵ
these categories should provide some guidance to analysts looking to complete a particular task and can
be used to filter tools on the scRNAЉtools websiteϴ Categories that are applicable to many stages of
analysis Жvisualisationϵ dimensionality reductionЗ are among the most commonϵ as is clustering which has
been the focus of much tool development but is also required as an input to many other tasks ЖFigure ϫDЗϴ
Other stages of a standard analysis form the next most common categories including integration of
multiple samplesϵ batches or modalitiesϵ ordering of cells into a lineage or pseudotime trajectoryϵ quality
control of cellsϵ normalisationϵ classification of cell types or states and differential expression testingϴ
Tools that either construct or make use of gene networks are also commonϴ Some tools such as Seurat
ИϭϫЙ and Scanpy ИϭϬЙ are general analysis tool boxes which can complete many tasksϵ while others are
more specialised and focus on one problemϴ While the number of categories per tool is variable there is
no clear trend in tools becoming more general or specialised over time ЖSupplementary Figure ϬЗϴ

Other categories in the scRNAЉtools database capture some of the long tail of possible scRNAЉseq
analysesϴ For exampleϵ analysis of alternative splicing or alleleЉspecific expressionϵ stem cellsϵ rare cell
types and immune receptors may not be relevant for all experiments but when they are having methods
for those specific tasks can be invaluableϴ As biologists use scRNAЉseq to investigate more phenomenaϵ
developers will create methods and tools for more specific tasksϴ We plan to update the categories in the
scRNAЉtools database to reflect this and have recently added a category for tools designed to work with
perturbed data such as drug screens or gene editing experiments including MELD ИϭϭЙϵ scTenifoldKnK ИϭϮЙ
and scGen ИϭϯЙϴ

TUeQdV iQ VcRNA-VeT aQal\ViV WRRlV

Over five years of data in the scRNAЉtools database on new tools and their associated publications allows
us to track some of the trends in scRNAЉseq analysis over that timeϴ Here we focus on trends in analysis
tasks as well as choice of development platformϴ
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IQcUeaViQg SURSRUWiRQ Rf WRRlV XVe P\WhRQ

Figure ϬA shows how the proportion of tools using the most common programming languages has
changed over time as more tools are added to the databaseϴ The clear trend here is the increasing
popularity of Python and the corresponding decrease in the proportion of tools built using Rϴ There are
several possible explanations for this trendϴ

Figure 2: Trends in scRNAЉseq analysis toolsϴ AЗ Line plot of platform usage of tools in the scRNAЉtools database over
timeϴ Python usage has increased over time while R usage has decreasedϴ Darker lines show linear fits with
coefficients given in the legendϴ Vertical pink line shows the date of the original scRNAЉtools publicationϴ BЗ Scatter
plot of trends in scRNAЉtools analysis categories over timeϴ Current proportion of tools in the database shown on the
xЉaxis and trend in proportion change shown on the yЉaxisϴ CЗ Line plot of trend in word use in scRNAЉseq analysis
tools publication abstracts over timeϴ Publication date is shown on the xЉaxis and change in proportion of abstracts
containing a word on the yЉaxisϴ Some important and highly variable terms are highlightedϴ

As the size and complexity of scRNAЉseq datasets has increasedϵ the potential memory and
computational efficiency of Python has become more relevantϴ Another possible catalyst is the
development of PythonЉbased infrastructure for the community to build around such as the AnnData and
Scanpy packages ИϭϬЙ which play a similar central role in the Python environment  as the
SingleCellExperiment and Seurat packages do in the R environment ЖSupplementary Figure ϭЗϴ These
standard representations improve interoperability between packages and allow developers to focus on
analysis methods rather than how to store their data which may have previously been a barrier for Python
developersϴ

While bulk transcriptomics typically focused on statistical analysis of a designed experimentϵ scRNAЉseq
analysis is oȅen more exploratory and employs more machine learning techniques such as unsupervised
clustering and more recently various neuralЉnetwork architecturesϴ This shiȅ in analysis focus may have
triggered a corresponding shiȅ in demographics with more researchers from a computer science
background turning their attention to developing scRNAЉseq analysis methods and bringing with them a
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preference for Python over Rϴ If this trend continues at the current rate we can expect Python to overtake
R as the most common platform for scRNAЉseq analysis tools by mid Ϭ0Ϭϯϵ however R will continue to be
an important platform for the communityϴ It is also important to note that this trend represents the
preferences of developers and may not reflect how commonly these platforms are used by analystsϴ

GUeaWeU fRcXV RQ iQWegUaWiRQ aQd claVViĆcaWiRQ

Trends also exist in the tasks that new tools performϴ In Figure ϬB we can see the overall proportion of
tools  in the database assigned to each category against the trend in proportion over timeϴ Two categories
stand out as increasing in focus over time϶ integration and classificationϴ Both of these trends reflect the
growing scaleϵ complexity and availability of scRNAЉseq datasetsϴ While early scRNAЉseq experiments
usually consisted of a single sample or a few samples from a single lab it is now common to see
experiments with multiple replicatesϵ conditions and sourcesϴ For example studies have benchmarked
singleЉcell protocol across multiple centres ИϭϰЙϵ measured hundreds of cell lines at multiple time points
ИϭϱЙ and compared immune cells between cancer types ИϭϲЙϴ  Handling batch effects between samples is
vital to producing meaningful results but can be extremely challenging due to the balance of removing
technical effects while preserving biological variationϴ The importance of this task is demonstrated by the
more than ϫϭ0 tools that perform some kind of integration and is particularly relevant for global atlas
building projects like the Human Cell Atlas ИϭϳЙ which attempt to bring together researchers and samples
from around the world to map cell types in whole tissues or organismsϴ Recent technological advances
have made it more feasible to measure biological signals other than gene expression in individual cellsϴ
Some tools tackle this more challenging taskϵ either using one modality to inform analysis of another or
by bringing modalities together for a fully integrated analysisϴ Combining multiple data types can provide
additional insight by confirming a signal that is unclear in one modality Жfor example protein expression
confirming gene expressionЗ or revealing another aspect of a biological process Жchromatin accessibility
used to show how genes are regulatedЗϴ

The increased interest in classification can also be seen as an attempt to tackle the increasing scale of
scRNAЉseq dataϴ Rather than performing the computationally and labour intensive task of merging
datasets and jointly analysing them to get consistent labelsϵ classifier tools make use of public references
to directly label cells with cell types or statesϴ This approach is a shortcut for analystsϵ allowing them to
skip many early analysis steps but is limited by the completeness and reliability of the referenceϴ For this
reason integration and classification are intimately linkedϵ with effective integration required to produce
quality references for classificationϴ Some tools address both sides of this problemϵ integrating datasets
to produce a reference and providing methods to classify new query datasets while considering batch
effects in the queryϴ Once more comprehensive references atlases are available this referenceЉbased
workflow will likely replace the current unsupervised clustering approach for many analysesϴ

DecUeaVe iQ RUdeUiQg aQd cRPPRQ WaVkV

The category with the biggest decreasing trend over time is the ordering categoryϵ which refers to tools
which determine a continuous order for cellsϵ usually related to a developmental process or another
perturbation such as onset of disease or effect of a drug treatmentϴ This category represents perhaps the
biggest promise of the singleЉcell revolutionϵ the ability to interrogate continuous biological processes at
the level of individual cellsϴ Some of the earliest scRNAЉseq analysis tools addressed this task but the
proportion of new tools containing ordering methods has significantly decreased sinceϴ It is unclear why
this is the caseϴ It may simply be that highЉperforming methods have been established ИϮ0Й and adopted
by the communityϵ reducing the need for further developmentϴ Alternatively it could be that the initial
excitement was overcome by limitations revealed when these techniques were applied to real datasets
ИϮϫЙϴ A subset of the ordering category are RNA velocity methods ИϮϬϵϮϭЙ which offer another approach to
analysing continuous processes but has resulted in the development of relatively few new toolsϴ
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Many of the other categories show some trend towards decreasing proportions with normalisation and
visualisation having the biggest reductionsϴ A plausible explanation for these changes is the consolidation
of common tasks into analysis tool boxes with each of the major soȅware repositories having standard
workflows based around a few core toolsϴ With these available and accessible through the use of standard
data structures developers no longer need to implement each stage of an analysis and can focus on
particular tasksϴ

TUeQdV iQ SXblicaWiRQ abVWUacWV

Similar trends can be seen in the text of publications associated with analysis toolsϴ Figure ϬC shows how
the proportion of abstracts associated with scRNAЉseq tools containing keywords has changed since
Ϭ0ϫϱϴ Highly variable words are highlighted as well as some related to trends discussed aboveϴ Both
ЁbatchЂ and ЁintegrationЂ have become more commonϵ mirroring the increase in tools performing
integrationϵ as have related terms like ЁscaleЂ and ЁmultipleЂϴ Machine learning terms ЁdeepЂ and
ЁlearningЂ have also become more commonϵ consistent with the increased use of Python which is the
primary language for deepЉlearningϴ In contrast ЁlineageЂϵ ЁpseudotimeЂ and ЁdifferentiationЂ have all
decreased consistent with the reduction of tools in the ordering categoryϴ The ЁvelocityЂ term has seen a
small increase in use over the last two years but as these abstracts only come from publications
associated with tools Жand not publications that focus on analysis of scRNAЉseq dataЗ it is difficult to say
anything about the takeЉup of these methods in the community and whether they have replace the earlier
generation of ordering techniquesϴ

OSeQ VcieQce acceleUaWeV VcRNA-VeT WRRl deYelRSPeQW

Researchers must make a conscious choice about when and how to share their work and for developers
of soȅware tools there are several optionsϴ A tool could be made available during developmentϵ when
there is a stable version ready for usersϵ accompanying a preprint or only aȅer a peerЉreviewed
publicationϴ Here we touch on the decision around open science practices and the effect they have on
scRNAЉseq analysis toolsϴ

GiWHXb iV Whe SUiPaU\ hRPe fRU VcRNA-VeT aQal\ViV WRRlV

The vast majority of tools in the scRNAЉtools database Жover ϳ0 percentЗ have a presence on the social
coding website GitHubϴ Like GitLabϵ BitBucket and other similar services GitHub provides an allЉinЉone
service for openЉsource soȅware development which has been embraced by the scRNAЉseq communityϴ
Being available on GitHub allows the community to ask questionsϵ raise issuesϵ suggest enhancements
and contribute featuresϴ Across the scRNAЉtools database there are ϳϰ0 associated GitHub repositories
from ϱ0ϳ owners ЖFigure ϭAЗϴ To these repositories over ϫϱ00 contributors have made more than ϫϯ0000
commits and opened almost Ϭϲ000 thousand issuesϴ If each of these commits and issues represents just
ϫ0 minutes of work on average that corresponds to more than ϭϫ000 person hours of work or three and
half person yearsϴ This is a tremendous amount of effort from the community but is likely still a large
underestimate as this doesnЀt capture many of the tasks involved in soȅware development and
maintenanceϴ
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Figure 3: Open science in scRNAЉseq tools developmentϴ AЗ GitHub summary statistics for scRNAЉseq tool
repositoriesϴ BЗ Stacked bar plot showing the proportion of publications with and without an associated publicationϴ
CЗ Scatter plot showing preprint date against number of days until publicationϵ colours indicate number of citations
Жlog scaleЗϴ Box plot and density on the right show the distribution of time delay in publicationϴ DЗ Coefficients for
linear models predicting citations and Altmetric score for publicationsϴ Years since publication is modelled as a
cubic spline with three degrees of freedomϴ Error bars show a ϳϯ percent confidence intervalϴ EЗ Coefficients for
linear models predicting total citationsϵ total Altmetric score and GitHub popularity score for toolsϴ Error bars show a
ϳϯ percent confidence intervalϴ

PUeSUiQWV allRZ Whe UaSid deYelRSPeQW Rf VcRNA-VeT PeWhRdV

Around ϰ0 percent of the ϱϮϯ publications associated with tools in the scRNAЉtools database were
preceded by a preprint ЖFigure ϭBЗϴ Figure ϭC shows the number of days between preprints and
publication of the final peerЉreviewed articleϴ The average delay in publication is around Ϭϯ0 days but the
biggest gap is around six times that long at almost ϫϯ00 daysϴ The willingness of the scRNAЉseq
community to share their work in preprints and make code implementing it on GitHub is a big contributor
to the rapid development of the fieldϴ Without early sharing of ideas we would still be waiting for tools
that were released a year ago and that delay would likely be much longer if we consider the compounding
effect of early access over timeϴ

OSeQ VcieQce SUacWiceV lead WR iQcUeaVed ciWaWiRQV

To quantify the effect of open science practices such as posting preprints and sharing code we modelled
citations using a method based on that suggested by Fu and Hughey ИϮϮЙϴ We acknowledge that citations
are a flawed and limited metric for assessing soȅware toolsϵ for example they only indirectly measure the
effectiveness and usability of a toolϴ Despite these flawsϵ citations are still the metric most commonly
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used to judge researchers and their work so it is important to see how they are affected by open science
practicesϴ The same model is also used to predict Altmetric score and GitHub popularity Жfor toolsЗϴ

Figure ϭD shows coefficients for a logЉlinear model predicting metrics for publicationsϴ Unsurprisingly the
biggest predictor of number of citations is years since publication Жincluded in the model as a splice with
three degrees of freedomЗ ЖSupplementary Table ϫЗϴ Whether or not a publication has an associated
preprint was also a significant positive predictor Жcoefficient ӈ 0ϴϲϯϵ ϳϯҮ CI ӈ Ж0ϴϰ0ϵ ϫϴϫЗϵ pЉvalue ӈ ϭϴϫeЉϫϫЗϴ
As we modelled metrics on a logϬ scale a coefficient close to one indicates a twoЉfold increase in citations
for publications with a preprintϴ The number of authors and number of references were also significant in
this model but with smaller effect sizesϴ Results for Altmetric are broadly similar to those seen for
citationsϴ This same effect was observed by Fu and Hughey more generally across fields and as well as
other studies ИϮϯЙϴ That preprints both help the community and result in more citations should encourage
more researchers to share their work in this way and outweigh the fear of being ЁscoopedЂϴ

Coefficients for a similar model for predicting metrics at the tool level are shown in Figure ϭEϴ In this
model we replaced having a preprint with whether or not the tool is available from one of the major
soȅware repositories ЖCRANϵ Bioconductorϵ PyPIЗϴ We also included programming language as a possible
predictorϴ As well as citations and Altmetric score for tools we also measured ЁGitHub popularityЂϵ a score
combining number of GitHub stars and forksϴ Although the effect is smallerϵ publishing tools in a soȅware
repository also had a significant effect on all three metrics ЖSupplementary Table ϬЗϴ This makes sense as
tools available from repositories are complete packages which should be easier for users to install and
therefore lead to more citationsϴ Programming language was not significant for predicting citations or
Altmetric but did have a positive effect for Python tools in predicting GitHub popularityϴ

CRQclXViRQ
Interest in singleЉcell RNAЉsequencing and other technologies continues to increase with more datasets
being produced with more complex designsϵ greater numbers of cells and multiple modalitiesϴ To keep
pace with the increase in datasets there has been a corresponding increase in the development of
computational methods and soȅware tools to help make sense of themϴ We have catalogued this
development in the scRNAЉtools database which now records more than ϫ000 toolsϴ While we try to
record every new scRNAЉseq analysis tool the database is likely incompleteϴ We warmly welcome
contributions to the database and encourage the community to submit new tools or updates via the
scRNAЉtools websiteϴ

Despite the incompleteness of the database it is a large sample of the scRNAЉseq analysis landscape and
using it we can observe trends in the fieldϴ We see that there has been a decrease in development of
methods for ordering cells into continuous trajectories and an increased focus on methods for integrating
multiple datasets and using public reference datasets to directly classify cellsϴ The classification of tools
by analysis task is an important feature of the scRNAЉtools database and we plan to expand these
categories to cover more aspects of scRNAЉseq analysisϴ We also examined trends in development
platforms and found that more new tools are being built using Python than Rϴ While it is exciting to see
the field developϵ the continued increase in the number of tools presents some concernsϴ There is still a
need for new tools but if growth continues at this rate it is a risk that the community will start repeating
work and approaches that are already availableϴ By providing a catalogue of tools in a publicly available
website the scRNAЉtools database makes it easier to find current tools and we encourage developers to
contribute to existing projects where that is a good fitϴ Equally important are continuedϵ highЉquality
benchmarking studies to rigorously evaluate the performance of methods and we hope to include this
information in future versions of the databaseϴ This would include published benchmarks but also results
from continuous benchmarking efforts such as those proposed by the Open Problems in SingleЉCell
Analysis project Жhttps϶ММopenproblemsϴbioМЗϴ
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The scRNAЉseq community has largely embraced open science practices and we sought to quantify their
effect on the fieldϴ We found an average delay of Ϭϯ0 days between preprints and peerЉreviewed
publications with some examples being much longerϴ The willingness of researchers to share early
versions of their work has likely been a major contributor to the rapid development of the fieldϴ We also
found that open science did not conflict with recognition of workϵ with both preprints and availability of
tools in soȅware package repositories being a positive predictor of citations and Almetric scoresϴ

We hope that the scRNAЉtools database is a valuable resource for the communityϵ both for helping
analysts find tools for a particular task and tracking the development of the field over timeϴ

MeWhRdV

CXUaWiRQ Rf Whe VcRNA-WRRlV daWabaVe

The main sources of tools and updates for the scRNAЉtools database are Google scholar and bioRxiv alerts
for scRNAЉseq specific terms ЖTable ϫЗϴ Other sources include social mediaϵ additions to similar projects
like the Awesome Single Cell page ИϬϫЙ and submissions via the scRNAЉtools websiteϴ Once a potential
new tool is found it is checked if it fulfills the criteria for inclusion in the databaseϵ namely that it can be
used to analyse scRNAЉseq data and that the tool is available to users to install and run locally Жthis
excludes tools and resources that are only available onlineЗϴ Most of the information for new tools
Жdescriptionϵ licenseϵ categoriesЗ comes from code repositories ЖGitHubЗ and package documentationϴ

Table 1: Alert terms for Google Scholar and bioRxiv

Google Scholar bioRxiv

ϾscRNAseqϾ OR ϾscRNAЉseqϾ OR ϾscЉRNAЉseqϾ OR
ϾЖscЗRNAЉseqϾ

scRNAЉseq scRNAseq

ϾsingleЉcell gene expressionϾ singleЉcell RNAЉsequencing

ϾsingleЉcell transcriptomicsϾ OR ϾsingleЉcell
transcriptomeϾ

ϾsingleЉcell RNA sequencingϾ

ϾsingleЉcell rnaЉseqϾ

A command line application written in R ЖvϮϴ0ϴϯЗ ИϬϱЙ and included in the main scRNAЉtools repository is
used to make changes to the databaseϴ Using this interface rather than editing files allows input to be
checked and some information to be automatically retrieved from Crossref Жusing the -c-*..-ef package
Жvϫϴϫϴ0З ИϮϰЙЗ and GitHub Жusing the gh package ЖvϫϴϬϴ0З ИϮϱЙЗϴ This application also contains functionality
for performing various consistency checks including identifying new or deprecated soȅware package and
code repositoriesϵ updated licenses and new publications linked to preprintsϴ Identification of new
soȅware package repositories is done by fuzzy matching of the tool name using the ./-i)gdi./ package
Жv0ϴϳϴϰϴϭЗ ИϮϲЙϴ Linking of preprints uses an R implementation of the algorithm by Cabanacϵ Oikonomidi
and Boutron ИϮϳЙ available in the d*ili)ke- package Жv0ϴϫϴ0З Иϯ0Йϴ Soȅware licenses are standardised using
the SPDX License List ИϯϫЙϴ Data files and visualisations shown on the scRNAЉtools website are also
produced by the command line application using gg+l*/ƞ ЖvϭϴϭϴϭЗ ИϯϬЙ and +l*/l4 ЖvϮϴϳϴϬϴϬЗ ИϯϭЙϴ
Dependencies for the application and managed using the -e)1 package Жv0ϴϫϭϴ0З ИϯϮЙ and more details on
its use and functionality can be found at https϶ММgithubϴcomМscRNAЉtoolsМscRNAЉtoolsМwikiϴ
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CRQWUibXWiQg WR VcRNA-WRRlV

Contributions to the scRNAЉtools database from the community are welcomed and encouragedϴ The
easiest way to contribute is by submitting a new tool or update using the form on the scRNAЉtools website
Жhttps϶ММwwwϴscrnaЉtoolsϴorgМsubmitЗϴ For those comfortable using Git and GitHub changes can be made
directly to the database and submitted as a pull requestϴ Suggestions for changes or enhancements to the
website can be made by opening issues on the scRNAЉtools GitHub repository
Жhttps϶ММgithubϴcomМscRNAЉtoolsМscRNAЉtoolsЗ or using the contact form on the website
Жhttps϶ММwwwϴscrnaЉtoolsϴorgМcontactЗϴ

DaWa acTXiViWiRQ aQd aQal\ViV

The main source of data for the analysis presented here is the scRNAЉtools database as of ϫϬ August Ϭ0Ϭϫϴ
This was read into R directly from the GitHub repository using the -ead- package ЖvϫϴϮϴ0З ИϯϯЙ and
manipulated using other /id41e-.e ЖvϫϴϭϴϫЗ packages ИϯϰЙϵ particularly d+l4- Жvϫϴ0ϴϰЗ ИϯϱЙϵ /id4- ЖvϫϴϫϴϭЗ ИϯϲЙϵ
f*-ca/. Жv0ϴϯϴϫЗ ИϯϳЙ and +0--- Жv0ϴϭϴϮЗ Иϰ0Йϴ Additional information about references was obtained from the
Crossref and Altmetric APIs using the -c-*..-ef Жvϫϴϫϴ0З ИϮϰЙ and -Al/me/-ic Жv0ϴϱϴ0З ИϰϫЙ packagesϴ Dates for
publications can vary depending on what information journals have submitted to Crossrefϴ We used the
online publication date where availableϵ followed by the print publication date and the issued dateϴ When
a date was incomplete it was expanded to an exact date by setting missing days to first of the month and
missing months to Januaryϵ so that an incomplete date of Ϭ0ϬϫЉ0ϲ would become Ϭ0ϬϫЉ0ϲЉ0ϫ and Ϭ0Ϭϫ
would become Ϭ0ϬϫЉ0ϫЉ0ϫϴ Dependencies for CRAN packages were obtained using the base R
+ackageǃde+e)de)cie. function and for Bioconductor packages using the Bi*cPkgT**l. package Жvϫϴϫ0ϴϫЗ
ИϰϬЙϴ Python package dependencies were found using the Wheelodex API ИϰϭЙ and the j*h))4de+ package
ЖvϫϴϲЗ ИϰϮЙϴ All of the data acquisition and analysis was organised using a /a-ge/. Жv0ϴϮϴϬЗ ИϰϯЙ pipeline with
dependencies managed using -e)1 Жv0ϴϫϭϴϬЗ ИϯϮЙϴ

MRdelliQg WUeQdV

The trend in platform usage over time was simply modelled by calculating the proportion of tools using
each of the main platforms on each day since the creation of the databaseϴ This proportion was then
plotted over time to display the trendϴ

A more complex approach was taken to modelling the trend in categoriesϴ Time since the start of the
database was divided into calendar quarters Жthree month periodsЗ and for each category the proportion
of tools added during each quarter was calculatedϴ These quarter proportions were used as the input to a
linear model Жbase R lm functionЗ and the calculated slope taken as the trend for each categoryϴ These
trends were then plotted against the overall proportion in the database to show the relationship between
this and the trend over timeϴ

Modelling of publication term usage over time started with abstracts obtained from Crossrefϴ Abstracts
were available for ϫ00Ϯ referencesϴ Each abstract was converted to a bag of words using the /id4/e3/
package Жv0ϴϭϴϫЗ ИϰϰЙ and URLsϵ numbers and common stop words were removedϴ We also excluded a
short list of uninformative common scRNAЉseq terms and those that appeared in less than ϫ0 abstractsϴ
For each word we calculated the cumulative proportion of abstracts that continued that word for each
day since the first publicationϴ The proportion as of the start of Ϭ0ϫϱ was taken as a baseline and the
change since then plottedϴ A set of top words to display was chosen based on their variability over timeϵ
high absolute change in proportion and a few relevant to other parts of the analysisϴ

MRdelliQg Whe effecW Rf RSeQ VcieQce

To model the effect of a previous preprint on citations and Altmetric score for a publication we used a
simplified version of the logЉlinear model proposed by Fu and Hughey ИϮϮЙ϶
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2
ഉ𝑁՞Ֆ.  ՛𝑒𝑓𝑒՛𝑒՗𝑐𝑒՜ ࡠ 1ഊ ࡠ Օ՘𝑔

2
ഉ𝑁՞Ֆ.  𝑎՞՝ℎ՘՛՜ഊ ࡠ

𝑃՛𝑒ՙ՛𝑖՗՝ ࡠ ՜ՙՕ𝑖՗𝑒ഉ𝑌𝑒𝑎՛՜,  𝑑𝑓 ࡧ 3ഊ

Here is either citations or Altmetric scoreϵ is a boolean indicator variable showing𝑀𝑒՝՛𝑖𝑐 𝑃՛𝑒ՙ՛𝑖՗՝
whether or not the publication has an associated preprint and is a natural cubic՜ՙՕ𝑖՗𝑒ഉ𝑌𝑒𝑎՛՜,  𝑑𝑓 ࡧ  3ഊ
spline fit to years since publication with three degrees of freedomϴ We excluded additional author terms
from the original model including whether an author had a US affiliationϵ whether an author had a Nature
Index affiliation and the publication age of the last authorϴ Information for these terms is difficult to
collect and in the original publication they were shown to have a small effect compared to presence of a
preprintϴ We also fit all publications together rather than for each journal individuallyϴ

We then adapted this model to consider tools rather than individual publications϶

Օ՘𝑔
2
ഉ𝑀𝑒՝՛𝑖𝑐 ࡠ 1ഊ ∼ 𝑃Օ𝑎՝𝑓՘՛Ֆ ࡠ  𝑅𝑒ՙ՘՜𝑖՝՘՛բ ࡠ  ՜ՙՕ𝑖՗𝑒ഉ𝑌𝑒𝑎՛՜,  𝑑𝑓 ࡧ 3ഊ

Here metric is either total citations for all publications and preprints associated with a toolϵ total Altmetric
score for all publications and preprints or GitHub popularity scoreϴ GitHub popularity is calculated using
number of forks of the repository and number of stars normalised by the age of the repository in years϶

𝐺𝑖՝𝐻՞𝑏 ՙ՘ՙ՞Օ𝑎՛𝑖՝բ ࡧ  4 * ഉ𝐹՘՛Ք՜ / 𝐴𝑔𝑒 𝑖՗ բ𝑒𝑎՛՜ഊ ࡠ ഉ𝑆՝𝑎՛՜ / 𝐴𝑔𝑒 𝑖՗ բ𝑒𝑎՛՜ഊ ࡠ 1

The variable is an indicator showing whether the tool uses Rϵ Pythonϵ both or some other𝑃Օ𝑎՝𝑓՘՛Ֆ
platform ЖbaselineЗϴ is a boolean indicator showing whether the tool is available from any of𝑅𝑒ՙ՘՜𝑖՝՘՛բ
the major soȅware package repositories ЖCRANϵ Bioconductor or PyPIЗϴ

Models were fit using the base R lm function and summary statistics including confidence intervals and
pЉvalues were extracted using the gg./a/.+l*/ package Жv0ϴϲϴ0З ИϰϱЙϴ

ViVXaliVaWiRQ

Plots and other figures were produced in R using the gg+l*/ƞ package ЖvϭϴϭϴϯЗ ИϯϬЙϴ Various extension
packages were also used including gg/e3/ Жv0ϴϫϴϫЗ ИϰϲЙ for complex formatting of text and gg-e+el Жv0ϴϳϴϫЗ
ИϰϳЙ for labelling points and linesϴ Labels for bar charts and other plots were constructed using the gl0e
package ЖvϫϴϮϴϬЗ Иϱ0Йϴ The final figures were assembled using the c*2+l*/ ЖvϫϴϫϴϫЗ ИϱϫЙ and +a/ch2*-k
ЖvϫϴϫϴϫЗ ИϱϬЙ packagesϴ

AYailabiliW\
The scRNAЉtools website and database is publicly available at https϶ММwwwϴscrnaЉtoolsϴorgМϴ The raw
database files as well as code for managing the database and website is available on GitHub at
https϶ММgithubϴcomМscRNAЉtoolsМscRNAЉtoolsϴ Code and data files for the analysis presented here can be
found on GitHub at https϶ММgithubϴcomМscRNAЉtoolsМϫ000ЉtoolsЉpaperϴ
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SXSSlePeQWaU\ iQfRUPaWiRQ

Supplementary Figure 1: Stacked bar chart of proportions of tools in each analysis category built using Rϵ Python
or other platformsϴ
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Supplementary Figure 2: Number of categories per toolϴ Violin plots are shown divided by year and major
platforms with points representing individual toolsϴ Large points connected by lines indicate the trend in the mean
number of categories per tool over timeϴ
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Supplementary Figure 3: Dependency graphs for R and Python packages available from public soȅware
repositoriesϴ Nodes in the graph represent packages and edges represent dependenciesϴ Node size shows degree
and node colour indicates soȅware repositoryϴ Edge colour indicates dependency typeϴ Nodes with high PageRank
centrality scores are labelledϴ
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Supplementary Table 1: Coefficients and ϳϯ percent confidence for publication models

Term Citations Altmetric

ЖInterceptЗ Љϭϴϯϱ ЖЉϮϴϬϮϵ ЉϬϴϳ0З Љ0ϴϬϯ ЖЉ0ϴϳϲϵ 0ϴϮϳЗ

logϬЖNum references Ӄ ϫЗ 0ϴϭϮ Ж0ϴϬϮϵ 0ϴϮϯЗ 0ϴϭϱ Ж0ϴϬϯϵ 0ϴϮϳЗ

logϬЖNum authorsЗ 0ϴϮϳ Ж0ϴϭϰϵ 0ϴϰϬЗ 0ϴϮϯ Ж0ϴϭϬϵ 0ϴϯϳЗ

Has preprint 0ϴϲϯ Ж0ϴϰ0ϵ ϫϴϫ0З 0ϴϰϮ Ж0ϴϭϳϵ 0ϴϳ0З

Years Жϫst degreeЗ ϰϴϬϱ Жϯϴϯϱϵ ϰϴϳϲЗ 0ϴϰϰ ЖЉ0ϴ0ϱϵ ϫϴϭϳЗ

Years ЖϬnd degreeЗ ϫϬϴϬϱ Жϫϫϴϫϫϵ ϫϭϴϮϭЗ ϭϴϲϱ ЖϬϴϰϲϵ ϯϴ0ϯЗ

Years Жϭrd degreeЗ ϳϴϯϯ Жϱϴϱϳϵ ϫϫϴϭϫЗ Ϯϴ0ϯ ЖϬϴϬϰϵ ϯϴϲϮЗ

Supplementary Table 2: Coefficients and ϳϯ percent confidence for tools models

Term Total citations Total altmetric GitHub popularity

ЖInterceptЗ Љ0ϴϫϮϳ ЖЉ0ϴϲϬϭϵ 0ϴϯϬϯЗ Ϭϴϳϳϰ ЖϬϴϭϱϭϵ ϭϴϰϫϳЗ ϫϴϱϳϯ ЖϫϴϬϭϱϵ ϬϴϭϯϬЗ
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