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Abstract

Background: As single-cell sequencing technology has been gradually introduced, it is essential to characterize global
collaboration networks and map development trends over the past 20 years.

Objective: The aim of this paper wasto illustrate collaboration in the field of single-cell sequencing methods and explore key
topics and future directions.

Methods: Bibliometric analyses were conducted with CiteSpace and VOSviewer software on publications prior to November
2019 from the Web of Science Core Collection about single-cell sequencing methods.

Results: Ultimately, we identified 2489 records, which were published in 495 journals by 14,202 authors from 1970 institutes
in 61 countries. There was a noticeable increase in publications in 2014. The United States and high-income countriesin Europe
contributed to most of the records included. Harvard University, Stanford University, Karolinska Institutes, Peking University,
and the University of Washington were the biggest nodes in every cluster of the collaboration network, and SA Teichmann, JC
Marioni, A Regev, and FC Tang were the top-producing authors. Keywords co-occurrence analysis suggested applications in
immunology as a devel oping research trend.

Conclusions: We concluded that the global collaboration network was unformed and that high-income countries contributed
more to the rapidly growth of publications of single-cell sequencing technology. Furthermore, the application in immunology
might be the next research hotspot and devel opmental direction.

(J Med I nternet Res 2021;23(8):€25789) doi: 10.2196/25789
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Introduction

A singlecell isregarded asthe fundamental unit of an organism.

Moreover, there are approximately 10* single cells that
comprise the complex tissues and organs of Homo sapiens[1].
In order to study genomic or transcriptome information, most
published studiesto date have collected data by analyzing bulk
tissue samples and true genomic information representing the
average of millions of cells [2]. Accordingly, because of
cell-to-cell variability, traditional sequencing methods only
provide the average diversity of cells, instead of obtaining
information on entire cellular heterogeneity [3]. When facing
the complexity of disease, it is difficult for these averaged data
sets to represent cell-to-cell variations; therefore, it is difficult
for researchersto identify rare cells, including cancer stem cells,
that play akey rolein cancer progression. To avoid the weakness
and limitations of bulk sequencing technologies, the single-cell
method offers anovel possibility that focuses on the single-cell
level [4], with detailed and comprehensive studies of individual
cellsrather than traditional analysisof bulk tissue. Thefirst step
of sequencing a single cell, however, involves capturing
individual cells; therefore, it isof utmost importanceto establish
various methods for isolating single cells from abundant
populations or rare single cells (<1%) from typical populations.
Several approaches have been well-established, including mouth
pipetting, seria dilution, robotic micromanipulation,
flow-assisted cell sorting, microfluidic platforms, and
laser-capture microdissection, however, the isolation of rare
single cells (<1%) is far more challenging [2].

With increasing developments of high-throughput sequencing
technologies over the past couple of decades, an increasing
number of commercial platforms have been introduced for
experimental and clinical applications, and thousands of
genomes from numerous species have been sequenced [3].
Researchers now have a wealth of datato explore genomic or
transcriptome information. Single-cell sequencing refersto the
seguencing of asingle-cell genome or transcriptome, to reveal
cell population differences and cellular evolutionary changes
[5]. Furthermore, these commercia methods interrogate the
single-cell genome, transcriptome, and epigenome. For example,
since the introduction of the first single-cell RNA-sequencing
techniquein 2009 [6], single-cell RNA sequencing has become
a powerful and useful approach to study individual cell
transcriptomes on alarge scale[7], similar to the technol ogy of
multiomics sequencing [8]. When it comes to the applications
of single-cell sequencing techniques, the important role of
single-cell sequencingin variousfields, including oncology [9],
microbiology [10], neurology [11,12], reproduction [13], and
immunology [14] has been highlighted. These rapidly
developing methods have and will continue to lead to new
discoveriesin many scientific fields.

Recently, because single-cell sequencing technology has been
gradually introduced for clinical applications, there has been
an increase in research papers published online on this topic.
There are more than 70 related records in this field, published
online each month on PubMed, and these are of a variety of
publication types. Some papers offered a brief introduction of
single-cell sequencing technology [15], whereas othersfocused
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on investigating its applications [16]. In some reviews [7,17],
the current strengths and disadvantages of single-cell sequencing
technology were summarized. Published origina articlesupdated
or simplified the algorithms of computational methods [18].

Based on this, it is important for us to better understand and
learn more from the developmental trends and novel
advancements of single-cell sequencing techniques
macroscopically; however, rapidly learning about the current
landscape of specific biomedical research is still a challenge.
Fortunately, the emergence of bibliometric analysis provides
an approach to statistically and quantitatively visualize evidence
according to the information in published records in a specific
field [19,20], which includes data, such as keywords, citation
reports, authors, affiliated countries, institutions, and journals,
from a large number of published studies. To the best of our
knowledge, no specific study hasfocused on the characterization
of research hotspots, globa research collaborations, and
developmental trends of single-cell sequencing techniques. To
characterize current evidence and establish future research
directions, it isessential to perform bibliometric analysisto map
global collaboration patterns and developmental trends of
published single-cell sequencing methods.

Theaimsof thisbibliometric analysiswereto map thisresearch
landscape through analysis of the information in published
records.

Methods

Data Source and Search Strategy

We searched the Web of Science Core Collection (WoSCC)
without publication date restrictions on November 12, 2019.
We updated the database search on January 29, 2020, to
complete data retrieval for the year of 2019; however, only the
number of records published annually was updated.

The search was performed using the following keywords and
terms: (“single-cell RNA sequencing” OR “scRNA-seq” OR
“single-cell RNA-seq” OR “single-cell sequencing” OR
“single-cell transcriptomic” OR “single-cell ATAC" OR
“single-call RNA-sequencing” OR  “single-cell omics
sequencing” OR “scRNA seq”). The search strategy was
peer-reviewed and guided by TJH (who has over 10 years of
experience as an information speciaist). In this study, only
publications in English were included; however, there was no
restriction on data category.

Inclusion and Exclusion Criteria

Inclusion criteria were published records, including articles,
comments, reviews, | etters, and brief introductions on single-cell
sequencing techniques. We included the records that, not only
focused on the single-cell sequencing technology after the paper
of single-cell RNA-sequencing published in 2009 [6], but also,
generaly used the single-cell sorting methods such as Flow
sorting in early time. We excluded duplicates, conference
abstracts, and manuscriptsin alanguage other than English, for
consistent and accurate information collection from
multianalysis results based on published records. Two groups
of reviewers (WQ/WZ/JKW and YKL/LL) independently
screened the titles and abstracts to select the articles after
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standard selection training. Full-texts were retrieved when
necessary. Disagreements were discussed and solved between
the 2 groups.

Social Network Map Software

CiteSpace (version 5.3.R4) was used for socia network analysis
of developmental dynamics, future trends, hotspots, and key
points in scientific literature of a specific topic [21]. Burst
detection, to identify keywords and references that appear with
an abrupt change in frequency at a certain period, were
considered to be hot keywords or references at that point in
time. Clustering (or co-citation, ie, both A and B are cited by
C) analysis of references was also conducted [21]. We used
VOSviewer (version 1.6.9; Leiden University) to visualize the
collaborations between authors of alist of publications as well
as those between countries, institutions, and high frequency
keywords [22]. One classification method uses a metric based
on the number of co-authored articles, which allowed authors,
institutions, countries or keywordsto be clustered, where those
belonging to the same group cooperated more with each other
[23]. In network maps, unequal-size nodes with different colors
represent differences in the number or frequency of published
records in clusters among the same research topics [21]. Lines
between nodes indicate the strength of collaborations (the

Figure 1. Record identification and selection.

Keywords and free words search in Web of
Science Core Collection (WoSCC) (n=2584)
searching to November 12, 2019

Wang et al

stronger the collaboration, the thicker the line) [24]. We also
used overlay visuaization, in which the color of the node
represents the average year in which each author, institution,
country or keyword was used [25].

Data were saved as Plain Text with Full Record and Cited
References in WoSCC and imported into CiteSpace.

Statistical Analysis

SPSS software (version 22.0; IBM Corp) and Origin (version
2018; OriginLab Corp) were used for dataanalysis. Continuous
variables were presented as mean and standard deviation or
median and interquartile range, and categorical variables were
expressed using frequencies and percentages.

Results

Search Results

A total of 2584 publicationswereidentified from WoSCC. After
screening titles and abstracts, duplicates, unrelated topics, and
conference abstracts (n=80) or non-English publications (n=15)
were excluded. Finally, 2489 studies were included for
bibliometric analysis (Figure 1); 2607 was identified as the
number of records published.

Titles and abstracts of articles excluded (n=80)
_ |Unrelated to the study (n=63)

h 4

Records identified
(n=2504)

" |Conference abstract (n=4)
Duplicates (n=13)

Full-text in non-English excluded (n=15)

\ 4

Records remaining
(n=2489)

h 4

Chinese (n=6) French (n=3) German (n=3)
Japanese (n=1) Korean (n=1) Other (n=1)

Updated the searching on Dec. 31th, 2019
(n=118)

A 4

Records included in bibliometric analysis
(n=2489)
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A 4

Records included in number of publications
(n=2607)
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Global Publication Trends

Papers published over the past of two decades (Table 1 and
Table 2) were primarily classified into 7 types. Most papers
were origina articles (1858/2607, 71.27%), and there were
388/2607 meeting abstracts (14.84%) and 217/2607 reviews
(8.32%). Most publication typeswere articles, meeting abstracts,
and reviews, which can greatly reflect the devel opment trends

Table 1. Number of published records per year.

Wang et al

and changes in single-cell sequencing technology. The first
publication on single-cell sequencing technology was in 2001
[26], which reported single-cell sequencing of dinoflagellate
(Class Dinophyceae) nuclear ribosomal genes. In addition, there
were only was only 1 to 3 publication per year before 2010.
From 2010 to 2019, the number of publications showed a
noticeable upward trend, with increases since the year 2014
(n=59), reaching 987 publicationsin 2019.

Year Records, n
2001 1
2002 0
2003 2
2004 0
2005 1
2006 1
2007 1
2008 2
2009 2
2010 3
2011 10
2012 21
2013 35
2014 59
2015 127
2016 225
2017 406
2018 722
2019 989
Total 2607

Table 2. Percentage of published records by publication type.

Publication type

Records (n=2607), n (%)

Article

Meeting abstract
Review

Editorial material
Correction

Letter

News item

1858 (71.27)
388 (14.84)
217 (8.32)
97 (3.72)

29 (1.11)

13 (0.54)
5(0.19)

Countries and Districts

In total, 61 countries contributed to publications on single-cell
sequencing technology worldwide. The results demonstrated
that 7 countries published more than 100 records (Table 3), and
the United States (1454/2489, 58.4%), with more than half of
all identified records, published the most. The top 2 to 7 were

https://www.jmir.org/2021/8/e25789

China (414/2489, 16.6%), the United Kingdom (305/2489,
12.3%), Germany (225/2489, 9.0%), Sweden (134/2489, 5.4%),
Japan (108/2489, 4.3%), and Switzerland (104/2489, 4.2%).
Although the number of documents published by Australia,
Canada, and the Netherlands was less than 100, no significant
differences were observed (P=.10), and the contribution was
almost equal to that of Japan and Switzerland. In addition, the
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cooperation among studies in China was a little less than that
in the United Kingdom. However, Sweden had the highest
average number of citations (52.0 times), followed by Canada

Table 3. Distribution by country.

Wang et al

(37.4times), the United Kingdom (29.6 times), the United States
(27.7 times), Australia(24.7 times), and Germany (23.9 times).

Rank Country Documents, n (%) Citations, n Average citations Total link strength
1 USA 1454 (58.4) 40337 217 549
2 China 414 (16.6) 6537 158 206
3 UK 305 (12.3) 9026 29.6 214
4 Germany 225(9.0) 5384 239 162
5 Sweden 134 (5.4) 6973 52.0 88
6 Japan 108 (4.3) 1454 135 68
7 Switzerland 104 (4.2) 1802 173 72
8 Australia 99 (4.0) 2442 24.7 70
9 Canada 85 (3.4) 3177 374 53
10 Netherlands 85(3.4) 1330 157 67

For the top 30 most prolific countries, which formed 6 clusters,
a network map was created. There were active collaborations
among these countries, especially between the United States
and China (Figure 2A). From the dynamics and trends, it can
be seen that the United States, China, Germany, Switzerland,

France, Australia, and the Netherlands have carried out studies
on single-cell sequencing technology dating back to 2009. After
2015, many other investigators worldwide started to pay more
attention to thisfield (Figure 2B).

Figure 2. Distribution of countries and regions. (A) The network map of countries (TOP30). (B) Dynamics and trends of countries/regions over years
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Universities and I nstitutions

A total of 1970 universities or institutions made contributions
to single-cell sequencing technology; extensive cooperation
network analysis was carried out among universities or
ingtitutions. In a network map and overlay visualization of
institutions with the top 50 frequency, 5 clusters were formed
(Figure 3A), and Harvard University (n=226, 9.1%, Cluster 1),
Stanford University (n=114, 4.6%, Cluster 5), Karolinska
Ingtitute (n=111, 4.5%, Cluster 3), Peking University (n=81,
3.3%, Cluster 4), and the University of Washington (n=77,
3.1%, Cluster 2) were the biggest nodes in every cluster,
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respectively. Cluster 1 wasthe biggest cluster, which contained
19 nodes that represented its related different universities or
institutions, while Cluster 5 was the smallest, which included
3 nodes. The other clusters included 7 nodes (Cluster 2), 12
nodes (Cluster 3), and 9 nodes (Cluster 4). Furthermore, the
results also showed that 4 universities contributed to primary
and basic research on these topics earlier in time and started
earlier on this field before 2010, which included Peking
University, University of Melbourne, University of Penn, and
the Tsinghua University. Sincethen, these studies have gradually
gained popularity among other universitiesand institutes (Figure
3B).
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Figure 3. Distribution of universities and institutions. (A) The network map of universities and institutions (TOP50). (B) Dynamics and trends of

universities and institutions over time (TOP50).

Cluster 1
Broad inst Ml & harvard
=
o’
mit noward | plfes med ins
massachusatss gen hotp
harvard univy,  ®
~
&S
dana forbip ca
boston ¢ Krens hosp

A total of 14,202 authors contributed to single-cell sequencing
technology publications. The network map and overlay
visualization of the top 200 cooperatively productive authors
formed several clusters (Figure 4). Of these authors, 5 scientific
teams contributed to most publications worldwide. The biggest
3 nodeswere SA Teichmann (40/14,202, 1.6%) and JC Marioni
38/14,202, 1.5%), who had the biggest cluster and were from
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the University of Cambridge. In addition, A Regev (38/14,202,
15%) had the second biggest cluster and was from
Massachusetts Institute of Technology. The fourth node, FC
Tang, represented a group from Peking University (26/14,202,
1.0%), and 2 authors, R Sandberg and S Linnarsson from
Sweden contributed to 49 records in total. Moreover, | Amit,
from Israel, published 21 recordsto date (M ultimedia A ppendix
1).

Figure 4. Distribution of authors. (A) The network map of authors (TOP200). (B) Dynamics and trends of authors over time (TOP200).
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This study showed that atotal of 495 journals published articles
about single-cell sequencing technology. The results showed
that the most productive journal was Nature Communications
(127/14,202, 5.1%), the most cited journal was Nature Methods
(55/14,202, 2.2%, 1764 citation times in total), and the journal
with the highest average citation was Nature Biotechnology
(28/14,202, 1.1%, average citation was 56.5 times). The top
productive journals, top cited journals, and journals of top
average citations are listed (n=20) in Multimedia Appendix 2.

https://www.jmir.org/2021/8/e25789
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Top 10 Citations of Included Records

Of the 2489 papers, the top 10 publications ranked by citation
arelistedin Table 4. Thefirst paper was published in the Journal
of Computational Biology by A Bankevich et al in 2012 [27]
and reported a new genome algorithm and its applications to
single-cell sequencing, with 5668 citations, which was much
higher than that of the second paper (1307 citations) [28]. Of
the 10 records, 4 were published in Science, and the topics
included intratumoral heterogeneity in primary glioblastoma
[29], metastatic melanoma [30], and cell types in the mouse
cortex and hippocampus revealed by single-cell
RNA-sequencing [31]. The latest paper [30], which was
published in 2016, has been cited 652 times (from 2016 to 2019).
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Table 4. Distribution by top 10-record co-citations.
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Rank Top-citedrecord ~ Number of citations ~ Title Journal
1 A Bankevich, 2012 5668 SPAdes: A New Genome Assembly Algorithm and Its Applica=  Journal of Computation-
[27] tionsto Single-Cell Sequencing al Biology
2 N Navin, 2011[28] 1307 Tumour evolution inferred by single-cell sequencing Nature
3 AP Patel, 2014 1168 Single-cell RNA-seqg highlights intratumoral heterogeneity in Science
[29] primary glioblastoma
4 Y Peng, 2012 1039 IDBA-UD: adenovo assembler for single-cell and metagenomic  Bioinformatics
sequencing data with highly uneven depth
5 A Zeisdl, 2015[31] 923 Cell typesin the mouse cortex and hippocampus revealed by Science
single-cell RNA-seq
6 C Trapnell, 2014 773 The dynamics and regulators of cell fate decisionsarereveadled  Nature Biotechnology
by pseudotemporal ordering of single cells
7 SPicdli, 2014 734 Full-length RNA-seq from single cells using Smart-seq2 Nature Protocols
8 | Tirosh, 2016 [30] 652 Dissecting the multicellular ecosystem of metastatic melanoma  Science
by single-cell RNA-seq
9 DA Jaitin, 2014 615 Massively Parallel Single-Cell RNA-Seq for Marker-Free Decom-  Science
position of Tissuesinto Cell Types
10 R Sdtija, 2015 605 Spatial reconstruction of single-cell gene expression data Nature Biotechnology

Co-citation References

We used CiteSpace to visualize the co-citation network of
references, which were divided into 11 co-citation clusters
(Figure 5). The clusters were listed from 2008 to 2016:
“transcriptional heterogeneity” (Cluster 10, n=4), “ sequencing
studies’ (Cluster 0, n=53), “high-throughput spatial mapping”
(Cluster 13, n=3), “distal lung epithelium” (Cluster 1, n=37),
“studying clonal evolution” (Cluster 3, n=33), “early embryo”
(Cluster 7, n=9), “assembling single-cell genome” (Cluster 2,

Figure5. The co-citation network of references.

EEFIANED Y (2009)
#6 future medical application

#4 high-throughput sequencing

SALERBAP (2011)

n=34), “high-throughput sequencing” (Cluster 4, n=27), “new
genome assembly algorithm” (Cluster 8, n=7), “genomic
sequencing” (Cluster 5, n=14), and “future medical applications’
(Cluster 6, n=13).

The top 36 references with the strongest citation bursts are
presented in Multimedia Appendix 3. The first reference with
a citation burst appeared in 2011, and most of the bursts
appeared between 2011 and 2016. Only 1 reference [32] appears
with aburst in the last 3 years.
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Analysis of Keywords

From the 2489 published records, atotal of 6012 keywordswere
extracted. The network map of thetop 100 frequency keywords
was clustered and formed 4 clusters (Figure 6A), and the biggest
3 nodes were “gene-expression,” “RNA-seq” and
“heterogeneity.” Moreover, the overlay visualization of the top
100 frequency keywords between 2001 and 2020 is shown in
Figure 6B.

Cluster 1, with the biggest node “ gene-expression,” represented
the primary research points of single-cell sequencing, such as
stem cells, self-renewal, progenitors, lineage, differentiation,
protein and identification, which might be based upon next
generation sequencing and single cell isolation methods. Cluster
2 represented improvements in computer algorithms for
sequencing data and advancements in single-cell sequencing
methods, for instance, keywords such as heterogeneity,
transcriptome, RNA-sequencing data, dynamics, noise, and
normalization, especialy, the stem cells of embryos might be
paid more attention to in this cluster. Cluster 3, considered as
the currently being developed field in this topic, and could be
named the research hotspots of single-cell sequencing.
Moreover, the biggest node of Cluster 3 was marked as cancer,
which was related to many keywords, including circulating

Wang et al

tumor-cells, origin, evolution, landscape, metastasis, resistance,
and progression. In addition, it was aso indicated that these
topics on breast cancer might stay in a leading position and
published more papers. Regarding the future direction of
single-cell sequencing technology, Cluster 4 was entitled
developmental trends of immunology in single-cell sequencing,
and keywords included dendritic cells, T-cells, macrophages,
and diversity, which might be related to tumor survival, neuronal
growth, and activation of regulators. Moreover, the results in
Figure 6B showed that the biggest nodes, such as
“gene-expression,” “RNA-seq,” and “heterogeneity,” emerged
around the year 2005. Subsequently, the frequency of many
keywords, including “single-cell,” “noise,” “seq,” and “gene”’
gradually increased after 2010 and rapidly gained interest from
2015 to 2020.

The data showed that al keywords with citation bursts first
appeared in 2001 (Multimedia Appendix 4). Similarly, breast
cancer was a primary research hotspot from 2011 to 2017.
Furthermore, at the beginning of 2013, many keywords related
to computer agorithms, such as “noise’ and “evolution,”
displayed the strongest citation bursts. Regarding the keyword
single-cell sequencing, the time-period of the strongest citation
bursts was from 2015 to 2017.

Figure 6. Distribution of 100 frequency keywords. (A) Network map of the frequency keywords(TOP100). (B) Dynamics and trends of the frequency

keywords over times(TOP100).
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Table 5 summarizes occurrence and the total link strength of
the top 30 keywords. Higher keyword occurrences indicated
the primary research hotspot was single-cell sequencing
applications, including “heterogeneity,” “differentiation,”
“genome,” and “transcriptome” of “single cells,” which mainly
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coversthefield of stem cells, such asembryonic stem cells, and
the field of cancer. Furthermore, the dynamics, landscape, and
diversity of single cellsmaintained their popul arity and showed
astronger total link strength among these 30 keywords.
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Table 5. Occurrences and total link strength of top 30 keywords.

Wang et al

Rank Keyword Occurrences Total link strength
1 Gene-expression 857 851
2 RNA-seq 563 559
3 Heterogeneity 331 325
4 Stem-cells 235 234
5 Differentiation 231 231
6 Single cell 177 177
7 Reveals 170 170
8 Cancer 155 154
9 Transcriptome 135 135
10 Gene 133 132
11 Mouse 133 132
12 Genome 132 130
13 Identification 125 125
14 Seq 125 122
15 Evolution 115 115
16 Progenitors 93 93
17 Protein 92 92
18 Dynamics 90 90
19 Activation 83 83
20 Transcriptomics 80 78
21 Cells 7 77
22 Receptors 73 73
23 Noise 70 70
24 Mutations 69 69
25 Proliferation 67 67
26 Embryonic Stem-cells 66 66
27 Landscape 65 65
28 Neurons 65 65
29 Models 64 64
30 Diversity 63 63
Discussion the United Kingdom, Germany, other European countries

Principal Results

In this study, we summarized research collaborations, new
development, and research trends of single-cell sequencing
worldwide. In particular, bibliometric analysis offers a new
possibility of visualizing current hotpots and trendsin thisfield
based on the information of published records[19,20]. Wewere
ableto analyze the most productive authors and institutions, by
journal and by co-citation references, and we illustrated the
different research groups of authorswith collaboration networks
in the past two decades. In total, 2489 records were identified,
publishedin 495 journa sby 14,202 authorsfrom 1970 ingtitutes
in 61 countries. The United States had the highest absolute
productivity ranking, followed by Chinaand Japan (East Asia),

https://www.jmir.org/2021/8/e25789

(Sweden, Switzerland, the Netherlands), and Australia and
Canada. Taken together, these resultsindicated that single-cell
sequencing technology developed rapidly and spread globally
in the past 5 years (after 2015), which might be influenced by
the amount of funding available for single-cell sequencing
projects in each country. Li et a [33] investigated the
distribution and devel opment of single-cell sequencingin China,
the United Kingdom, and the United States, focusing on
government support, and concluded that there was a gap between
high-income and low-income countries with respect to the
amount of funding and number of projects. When compared
with China, the amount of funding and the number of projects
for single-cell sequencing in the United States and the United
Kingdom had increased dramatically before 2016 (915 projects,
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cumulative funding of US $539 million). On the other hand,
the later the starting time of foundation support for studies on
single-cell sequencing, the less applications of thistechnology.

After the first record on single-cell sequencing, on the nuclear
ribosomal genes of dinoflagellate (Dinophyceae), was published
in 2001 [26], the number of publications was sporadic (1 to 3
annually until 2010). With the advancement of high-throughput
sequencing and new computer algorithms, the development
trend of publications changed from 2010 to 2019, showing a
clear upward trend since 2014. However, as the devel opment
of single-cell sequencing technology has lasted for amost 20
years, severa studies represent basic milestones of single-cell
sequencing [2]. For example, the advancement of
next-generation sequencing platforms in 2005 [34] offered a
better approach for primary single-cell sequencing for isolated
single cells. Subsequently, Tang et a [6] were the first to
introduce RNA transcriptome sequencing of amammalian cell
in 2009, and Navin et a [28] published the first genomic
sequencing of single human cellsin 2011. Furthermore, several
representative papers were published in the subsequent 3 years,
including not only exome single-cell DNA sequencing [35] and
its related single-cell DNA sequencing of sperm cells [36],
neurons [37], circulating tumor cells [38], and the microbial
tree [39], but also, the first single-cell sequencing of the RNA
of immune cells [40] and of epigenomes [41]. Certainly,
single-cell sequencing methods have supported advances in
other technologies, including multiomics sequencing [8];
methods have led to novel discoveriesin many scientific fields,
such as tumor research [9], microbiology [10], neurology
[11,12], reproduction [13], and immunology [14], which could
explain the recent exponential increase in the number of
publications.

While the United States published the most records worldwide
(1454/2489, 58.42%), Sweden had the highest citation average
(52.04 times). Citations differed from the number of documents,
as did the cooperation of countries and regions: United States,
China, United Kingdom, and Germany showed the strongest
cooperation, with higher total link strengths. This was mainly
because studies on single-cell sequencing technology were
published earlier in these countries, which wasindicated by the
dynamics and trends of countries and regions over the years
(Figure 3B). We believe that publications from Sweden had
deeper impacts on the single-cell sequencing technology,
although the field seems to be small and young enough that
most of thefindings can be entirely dueto individual pioneering
researchers. Furthermore, we also found that Karolinska
Ingtitutes, from Sweden, was one of the biggest nodes in its
cluster of collaboration network (Figure 4A; Cluster 3), which
might provide an indirect explanation. Similarly, the analysis
of ingtitutions and authors almost matched the distribution by
countries and districts. Of the 1970 universities or institutions,
the institutes from United States (Harvard University, Stanford
University, University of Washington, and University of Penn),
European universities (Karolinska Institute and Cambridge
University), and Chinese institutes (Peking University and
Tsinghua University), as well as the University of Melbourne
in Australia, havetaken leading placesin single-cell sequencing
technology, with steady collaborations in global groups.
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Moreover, of the 14,202 authorswho contributed to publications,
the top 200 authors were situated in the collaboration networks
that account for large proportions of research, mainly from the
above-mentioned countries and institutes.

Single-cell sequencing avoids the drawbacks of bulk
experiments, which only demonstrate average gene expression,
and it can be used to study real differences and evolutionary
changesinsingle cells[7]; therefore, it has gained the popularity
and interest of the editors of many journals. Of the 495 journals,
20 journals contributed the most. The top journals were Nature
Communications (most paperswith 127 papers), Nature Methods
(most cited with 1764 citations), and Nature Biotechnology
(highest average citations with 56.46 citations per paper).
Moreover, of included records, all the top 10 most cited papers
were published in the top journals. In addition, the research
topics of these top-cited records reported or introduced a new
genome algorithm and application of single-cell sequencing
[27-31], which together have been cited more than 600 times
in the past of 5 years. In co-citation analysis, knowledge on
“clonal evolution,” “early embryo,” “assembling single-cell
genome,” “high-throughput sequencing,” and “new genome
assembly algorithm” were the basis of single-cell sequencing
research, and most references with citation bursts appeared
between 2011 and 2016.

Of 4 clusters in visualization maps to explore key topics and
future directions, Cluster 1 represented the basis of single-cell
sequencing (next generation sequencing and single cell isolation
methods researched earlier), while Cluster 2 represented the
development of computer methods and algorithms. Cluster 3
showed current research hotspots of single-cell sequencing,
such as applications in cancer research, with keywords
including, circulating tumor-cells, origin, evolution, landscape,
metastasis, resistance, and progression, and Cluster 4 showed
that immunology will be the next hotspot of single-cell
sequencing technology research, with keywords including
dendritic cells, t-cells, macrophages, and diversity. In particular,
inimmunology, heurona growth and the activation of regulators
have been studied in recent years, rapidly gaining interest from
2015 to 2020.

Limitations

Our study had severa limitations. First, we only searched
records from the WoSCC and only included recordsin English,
which might result in selection bias. However, the number of
included recordsin our study was large enough to represent the
current evidence landscape of single-cell sequencing technology
[42]. Second, although the data had been manually standardized,
bias might still exist due to the authors with the same name or
the keywords of various expressions. Third, by using software,
we might have overlooked someinformation, which may result
in errorsin dataanalysis, even if there are some reasonable and
unavoidable differences on the same outcomes between
CiteSpace and VOSviewer. Thiswas the first study to perform
bibliometric analysis on single-cell sequencing technology
research, to identify collaboration networks among authors,
countries, and institutions and illustrate developmental trends,
current hotspots, and future directionsin thisfield.
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Recommendations for Future Work

Single-cell sequencing methods have addressed the drawbacks
of averaged gene expression in bulk experiments and provide
a possible approach to understanding biological diversity and
rare cells. Over the past 10 years, the applications have had a
broad impact in many fields, which emerged as delineating cell
diversity, tracing cell lineages, classifying cell types, and
profiling rare cells [2]. We only selected publications related
to immunotherapy in the entire year of 2019, to form and label
clusters (Multimedia Appendix 5). Eventually, the formed
clustersillustrated that current hotspotsinimmunology involve
at least 5 topics. Cancer immunotherapy is an exciting topic,
for which single-cell sequencing methods have great potential
for investigating the heterogeneity of intratumor immunity and
other topics such asimmune cell involvement of breast cancer
therapy, role of immune cellsin nervous system, formation and
differentiation of immune cells, and functions of immune cells
in the tumor microenvironment. Cancer therapy research to
clarifying the functions of T-cells and macrophages, understand
the antigenicity in intratumor heterogeneity, and study therole
of clonal diversity in transformation, invasion, and evolution
of chemoresistance would open new avenues for preventing
cancer in the future. Cancer immunotherapy has revolutionized
cancer treatment, and adetailed immune cell atlasat single-cell
resolution could facilitate a comprehensive understanding the
immunity landscapein tumor microenvironments[43] Moreove,
future efforts in the development of single-cell sequencing
technology will also emerge, which could focus on single-cell
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multimodal omics, such as genomic DNA—messenger RNA
sequencing [44,45], genome and transcriptome sequencing [46],
and single-cell methylome and transcriptome sequencing [47].
Currently, the areas of particular relevance to immuno-oncology
based upon single-cell sequencing technology focus on the
ability to track individual specific cell clones through paired
sequencing of their cell receptor genes and high-dimensional
single-cell spatial analysis [48]. High-dimensional single-cell
sequencing technologies arelikely to generateclinically relevant
biomarker signatures in immuno-oncology and may be able to
guide clinical decision making.

Conclusions

The number of publications related to single-cell sequencing
technology has increased dramatically since 2014. The United
States led absolute productivity ranks by contributing
approximately 60% of thetotal publications, followed by China,
the United Kingdom, and Germany. Similarly, collaboration
networks consisted mainly of institutes and authors from the
above-mentioned countries. Moreover, in terms of the top 10
productive journals, the most cited journals, and journals with
the highest average citation, there were 20 journals calculated
in total. And most of them were considered as top-journals
(impact factor> 10, Q1).Single-cell sequencing technology has
made a large impact in various fields of biology, with a
noticeable increasein publications annually in thelast 5 years.
We believe that the field of immunology might be a future
research hotspot.
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