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 Introduction

Synthetic biology is a growing field of study within scholarly literature. It is the 
deliberate engineering of existing biological systems or the creation of novel bio-
logical systems. Advancements in synthetic biology have been driven by key tech-
nologies that increase efficiency and reduce resource costs for DNA synthesis and 
sequencing (Raimbault et  al. 2016). Such research generally seeks to empower 
greater design capacity and control over biological systems and phenotypic expres-
sion – the results of which have been posited to offer benefits in fields ranging from 
medicine to energy to environmental remediation (Khalil and Collins 2010; Church 
and Regis 2014).

While motivations of synthetic biology were described in the early twentieth 
century, the modern field has evolved through breakthroughs such as synthetic cir-
cuit engineering (Elowitz and Leibler 2000) and the creation of a bacterial cell with 
a chemically synthesized genome (Gibson et  al. 2010). These and other related 
pieces of scholarship represent the iterative and evolutionary nature of synthetic 
biology, where scholars build from seminal works in the field to improve cellular 
design and control (Cameron et al. 2014). Such research was described in existing 
scholarship such as Raimbault et al. (2016), Cameron et al. (2014), and Oldham 
et al. (2012), yet these efforts focused upon reviewing the state of biological and 
computational sciences relevant to synthetic biology and generally did not describe 
narratives and developments within social sciences literature (Trump 2017). A more 
thorough and holistic quantification of synthetic biology literature will help visual-
ize and describe the growth and development of the larger synthetic biology 
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 community over time and will respond to foundational or seminal discussions noted 
within key publications (Trump et al. 2019).

With this inspiration, this chapter constructs and analyzes a citation network of 
synthetic biology scholarship in both technical and social sciences. The initial 
search of articles is described in Trump et al. (2019). Described herein as “commu-
nities of practice,” synthetic biology literature is categorized into various paths of 
inquiry including (i) “state-of-science” literature detailing biological experimenta-
tion or computational models, (ii) “products” literature detailing the application of 
synthetic biology research to a potential product application, (iii) “risk” detailing 
literature that characterizes synthetic biology risks or provides metrics for a poten-
tial risk assessment, (iv) “governance” including literature that describes regulatory 
and governance needs, and (v) “ELSI” literature pertaining to ethical, legal, and 
moral implications that synthetic biology may incur. Using these five communities 
of practice, this chapter explored how a compilation of 712 publications related to 
synthetic biology acknowledge and discuss developments within and between their 
respective communities. We used network science to identify how articles within 
each community of practice cite one another. The connections among these com-
munities of practice are quantitatively assessed through the construction of a cita-
tion network. Overall, such a citation network provides a holistic quantitative 
measure of the importance of different communities of practice within synthetic 
biology and identifies key performers with the greatest degree of influence upon the 
larger synthetic biology community. This chapter utilized multiple quantitative met-
rics to identify those publications with the greatest amount of network centrality or 
those that displayed a high degree of motivational influence upon synthetic biolo-
gy’s communities of practice from 2000 to 2017. Through such quantification, it 
may be possible to identify which publications and communities of practice have 
spurred the evolutionary development of synthetic biology’s enabling technologies 
in particular and the larger discussion of its use and impacts in general.

The synthetic biology citation data were used to create a network, which is a 
graph that contains a number of nodes, a.k.a. vertices, connected by links, a.k.a. 
edges (Jacob et al. 2017). Each publication is represented by a vertex, and each cita-
tion is shown as an arrow into or out of the vertex, depending on whether the publi-
cation is being cited or citing another publication, i.e., the citation network is 
directed. This network is also disconnected because all nodes cannot be reached by 
all other nodes.

Developed by Euler in 1736, network science studies pairwise relations within a 
network. McPherson et al. (2001) introduced the concept of homophily, which sug-
gests that similarity breeds connection in a network. Synthetic biology is an evolv-
ing field in which much of the discussion and research is steered by a few 
communities of practice. Their research is then picked up and recreated or furthered 
by universities, NGOs, and other labs on the periphery. Since the field is primarily 
driven by those few communities, the network analysis explored whether or not 
similar types of publications are more likely to cite within their own groupings.

Applying graph theory to citation networks was pioneered by Garfield (1955) 
and De Solla Price (1965) and has since been applied to several fields to analyze 
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networks and attempt to quantify the importance of a publication. Citation networks 
represent publications and their citations using nodes that are connected through 
links, or edges. Centrality measures are one method to quantify node analysis and 
seek the node(s) most central, or critical, to a network. The simplest measure is 
degree centrality, which is found by counting the edges connected to each node. 
Edges are further divided directionally, into and out of each vertex, called indegree 
and outdegree, respectively (Weisstein 2017). Betweenness centrality measures the 
extent that a vertex is positioned on the shortest path between other pairs of vertices 
in the same network (Leydesdorff 2007). Eigenvector centrality, or eigencentrality, 
uses the eigenvector of the largest eigenvalue and standardizes to the length of the 
eigenvalue (Bonacich 1972), giving greater weight to vertices connected to other 
highly connected vertices. In each of the networks shown in Fig. 1, node A has a 
greater centrality than node B according to the particular measure referenced. Such 
quantitative measures offer objective viewpoints regarding which publications 
might be driving discussion within larger synthetic biology literature and ultimately 
detail how the field has grown over time to incorporate various elements of biologi-
cal and social sciences discussion.

 Methodology

To populate the synthetic biology citation network, a topic search was conducted 
through the ISI Web of Knowledge. Specifically, 16 search terms were used to gen-
erate a curated list of 880 publications. Relevant criteria for inclusion into our cita-
tion network required that each publication (i) primarily focus upon the implications 
or research of synthetic biology in general or an enabling technology in particular, 
(ii) were indexed in a journal, book, or formal government document about syn-
thetic biology, and (iii) were framed between the years 2000 and 2017 (see Cameron 
et al. 2014 for a brief description of biological developments within synthetic biol-
ogy research). Each publication is classified into one of five “communities of prac-
tice,” including: (1) state of science, (2) products, (3) risk, (4) governance, or (5) 
ethical, legal, and social implications (ELSI).

State of science included publications that described the evolutionary or iterative 
advancement of a synthetic biology enabling technology within a laboratory setting 

Indegree Outdegree Betweenness Eigencentrality

Fig. 1 Network centrality measures
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or via computational modeling. Product publications focused upon applying syn-
thetic biology scientific development into a commercial product. Risk publications 
sought to characterize or assess risks associated with synthetic biology research and 
development and governance publications identified and described strategies for the 
regulation and governance of processes or products of synthetic biology (Linkov 
et al. 2018). Finally, ELSI included publications examining social impact consider-
ations (Merad and Trump 2019), legal challenges (Marchant et al. 2013), ethical 
concerns, and general economic impact discussion resulting from synthetic biology 
development and commercialization. Table 1 shows the number of publications in 
each community of practice.

Communities of practice were assigned manually to each publication consistent 
with Trump et al. (2019). Each publication is assigned to only one community of 
practice, meaning that the community of practice groupings are mutually exclusive. 
For the case where a publication is related to multiple community of practice areas, 
the author chose the most dominant community of practice.

Of the 880 returns, 168 were not linked to any other publication in the network 
for either having no references to other review publications or their files were not 
readable for text mining. This left a remaining 712 publications for analysis. A brief 
discussion of the removed isolated publications can be found in Appendix 
A. Publication dates range from 2000 to 2017, with every year represented in the ISI 
Web of Knowledge search. A histogram of publication years for the 712 publica-
tions in the network is shown in Fig. 2.

Another important methodological issue involves the use of text mining, an 
approach for extracting information from a body of text. The “tm” package in R was 

Table 1 Number of publications in each community of practice

State of science Products Risk Governance ELSI

Publications 445 122 33 42 70

Fig. 2 Histogram of publication years
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utilized to scan and identify patterns and frequencies of symbols within the PDF 
format of each publication. Using publication meta-data about the lead author’s last 
name, publication year, and title information, we determined whether or not each 
publication was being referenced within another publication. This process produced 
an adjacency matrix of citations among all reviewed publications, and this quantita-
tive data was converted into a citation network.

 Results and Discussion

This section is divided into three parts. First, we show a graph of the network and 
cross pollination by community of practice. Second, we show top publications for 
each centrality and discuss pairwise correlations between measures. Finally, we 
examine the temporal changes in the network.

 Network by Communities of Practice

In order to visualize the network, the graph shown in Fig. 3 was created to represent 
each of the 712 publications as a node, colored according to its respective commu-
nity of practices. Links connecting one node to another are colored according to the 
community of practice of the terminal node, i.e., the publication being cited.

Fig. 3 Citation network of select synthetic biology literature (2000–2017)
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We analyze the interrelation of citations among communities of practice in 
Tables 2 and 3. The “Total” column sums to 2743, which represents the total num-
ber of links in the network.

The rows in Table 2 enumerate the citations that each community of practice 
made to each community column: of the 1676 network references identified in 
“state-of-science” publications, 1322 referenced other “state-of-science” publica-
tions, 291 referenced “product” publications, 10 referenced “risk” publications, 
and so on.

Table 3 shows that “state of science” is the largest share of cited publications, 
regardless of the publication category. This means that there is relatively little 
homophily among these categorical groupings because individual communities are 
not citing primarily within their own group. “State of science” seems to be at the 
forefront of this emerging field, and other synthetic biology communities are seem-
ingly looking to “state-of-science” publications for guidance in their own field.

 Network Centrality Measures

Measures of network centrality indicate the more important nodes and provide a 
greater understanding to key network structures. In this section, centrality concepts 
of degree, betweenness, and eigencentrality are used to understand the structure of 
the synthetic biology literature network.

Table 2 Cross pollination (citation counts)

State of science Products Risk Governance ELSI Total

State of science 1322 291 10 14 39 1676
Products 343 175 6 10 11 545
Risk 64 15 16 15 19 129
Governance 51 20 18 32 19 140
ELSI 113 39 10 19 72 253

Table 3 Cross pollination (citation percentages)

State of science 
(%)

Products 
(%)

Risk 
(%)

Governance 
(%)

ELSI 
(%)

Total 
(%)

State of 
science

79 17 1 1 2 100

Products 63 32 1 2 2 100
Risk 50 12 12 12 15 100
Governance 36 14 13 23 14 100
ELSI 45 15 4 8 28 100
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 Indegree

In a directed network, the indegree of a node is the number of links leading to that 
node. For publication citations, this means how often a publication is cited by other 
publications in the network. Indegree citations are the most common measure of a 
paper’s relevance to the field, i.e., how many times it has been cited. The top six 
publications according to the indegree centrality measure are shown in Table  4. 
Table 4 also shows the profile publications’ scores for the remaining three measures 
(outdegree, betweenness, and Eigen), which will be described in more detail in the 
following text.

Indicating the top-cited publications by indegree, several publications noted in 
Table 4 are described as seminal synthetic biology scholarship by Cameron et al. 
(2014). For example, Elowitz and Leibler (2000) and Gardner et al. (2000) pub-
lished work describing the first synthetic circuits that were engineered to perform 
logical functions and increase control within and between cells. Further, Endy 
(2005) outlined the general principles of engineering biology, which served as a 
significant philosophical and scientific underpinning behind synthetic biology 
research moving forward. Finally, Gibson et al. (2010) described the creation of 
the first cell with a “synthetic genome,” where synthesized DNA cassettes were 
assembled to recreate M. mycoides and inserted into a cell that would contain only 
the synthesized genome. While many other important scientific papers may be 
described here, this output signifies that key motivational or scientifically founda-
tional works are among the top citation performers within synthetic biology 
scholarship.

Further, the citation network reveals that four of the six most cited publications 
do not cite any network publications themselves. For the top two publications 
(Elowitz and Leibler 2000; Gardner et al. 2000), this is due to the fact that they were 
both published in 2000 (the beginning year of the Web of Science search queries).

 Outdegree

The outdegree of a node is the number of links leading away from that node. For 
publication citations, it shows how often a publication cites other publications in the 
network. Publications with high outdegree measures have a strong awareness of 

Table 4 Sorted by decreasing indegree

Publication Indegree Outdegree Betweenness Eigen

Elowitz and Leibler (2000) 142 0 0 1
Gardner et al. (2000) 123 0 0 0.92766808
Endy (2005) 113 2 187.362 0.72251627
Ro et al. (2006) 95 0 0 0.47347666
Gibson et al. (2010) 91 0 0 0.38069174
Khalil and Collins (2010) 71 10 1657.26 0.63949588
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other publications in the field. The top six publications according to the outdegree 
centrality measure are shown in Table 5.

Each of the top six publications by outdegree was published in 2014 or later. 
Such articles reflect heavily upon engineering principles via enabling technologies 
of synthetic biology (Brophy and Voigt 2014; Bradley et al. 2016), applications of 
such enabling technologies to potential products (Trosset and Carbonell 2015; Xie 
and Fussenegger 2015), or review general progress within computational and engi-
neering biology (MacDonald and Deans 2016; Cameron et al. 2014). Specifically, 
Brophy and Voigt (2014) describe principles of genetic circuit engineering, which 
Bradley et  al. (2016) expand upon for microbial gene circuit engineering. Next, 
Trosset and Carbonell (2015) discuss the use of synthetic biology for pharmaceuti-
cal drug discovery, and Xie and Fussenegger (2015) discuss engineering principles 
for mammalian designer cells in biomedical applications. Finally, Cameron et al. 
(2014) offers a timeline of synthetic biology biological and computation sciences 
through 2014, while MacDonald and Deans (2016) further unpack the various tools, 
applications, and enabling technologies of synthetic biology. In general, these 
papers served as reviews or aggregations of synthetic biology research and heavily 
reference developments within the larger synthetic biology world.

Figure 2 shows that these publications were published after the majority of the 
network and therefore also had more literature to potentially cite. Four of these 
publications are cited one or fewer times by other network publications, likely due 
to the fact that all four were published after 2014 and have had little time to be cited. 
Of note, Brophy and Voigt (2014) is cited close to twice as often as the other five 
combined, suggesting that it both had a broad understanding of the field and quickly 
became an important publication.

 Betweenness

Betweenness centrality measures the extent that a vertex is positioned on the short-
est path between other pairs of vertices in the same network (Leydesdorff 2007). For 
publications within the network, a high betweenness measure indicates that the pub-
lication is playing a critical role to link publications to one another. In general, 
publications with high betweenness can be viewed as more interdisciplinary. The 
top six publications according to the betweenness centrality measure are shown in 
Table 6.

Table 5 Sorted by decreasing outdegree

Publication Indegree Outdegree Betweenness Eigencentrality

MacDonald and Deans (2016) 0 31 0 0.36462184
Trosset and Carbonell (2015) 1 31 113.983 0.16192745
Brophy and Voigt (2014) 32 24 1669.1 0.43277875
Cameron et al. (2014) 16 21 493.538 0.40452803
Bradley et al. (2016) 1 21 66.2056 0.22901943
Xie and Fussenegger (2015) 1 18 26.7721 0.15101327
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Each publication in Table 6 was published between 2009 and 2014 and has non-
zero indegree and outdegree centrality. This list excludes the majority of the publi-
cations from Tables 4 and 5. Brophy and Voigt (2014) repeats as a top performer 
here, which may derive from its review of circuit engineering techniques that are 
foundational to synthetic biology research. Similarly, Carr and Church (2009) dis-
cuss principles of genome engineering, while Kahl and Endy (2013) surveyed a 
general body of synthetic biology enabling technologies to report on the state of 
biological and computational research. Khalil and Collins (2010) more generally 
describe ongoing and potential future developments of both synthetic biology sci-
ence and potential product applications. Mutalik et  al. (2013) sought to address 
ongoing difficulties with synthetic biology research to reliably model and predict 
quantitative behaviors for novel genetic combinations and posed an approach to 
improve modeling and prediction capabilities.

High betweenness nodes have the potential to disconnect networks if they are 
removed. A publication with high betweenness and relatively low eigencentrality 
(e.g., Kahl and Endy 2013) may be an important gatekeeper between key clusters of 
publications. Kahl and Endy’s survey of enabling technology serves as a link 
between the clusters surrounding the various enabling technologies of synthetic 
biology. Since it is a recent publication, it is not connected to many other highly 
connected publications. Because it brings together several technological clusters, 
many shortest paths pass through it and it would disrupt the network if removed, 
making it an important gatekeeper between clusters. The combination of many 
shortest paths passing through and a lack of connection to other highly connected 
publications give this survey a high betweenness centrality and a relatively low 
eigencentrality.

 Eigencentrality

Eigencentrality measures the influence of a node in a network, giving greater weight 
to a node with more connections to other highly connected nodes. For publications 
within the network, a high eigencentrality measure indicates that the publication is 
playing an influential role to link important publications to one another while also 
being important itself. The top six publications according to the eigencentrality 
measure are shown in Table 7.

Table 6 Sorted by decreasing betweenness

Publication Indegree Outdegree Betweenness Eigencentrality

Brophy and Voigt (2014) 32 24 1669.1 0.43277875
Khalil and Collins (2010) 71 10 1657.26 0.63949588
Carr and Church (2009) 59 5 1437.99 0.36316962
Lu and Collins (2007) 30 9 1137.87 0.45722903
Mutalik et al. (2013) 31 7 1031.59 0.3009861
Kahl and Endy (2013) 9 7 902.154 0.12177155

The State of Synthetic Biology Scholarship: A Case Study of Comparative Metrics…



74

The publications in Table 7 have a much greater range of publication years and 
centrality measures than the previous three tables. Four of the top six cite zero other 
publications in the network and have a betweenness centrality of zero, indicating 
that they are terminal nodes in the network. The other two, Endy 2005 and Khalil 
and Collins 2010, have a relatively low and high betweenness, respectively.

Within this range of papers, Elowitz and Leibler (2000) and Gardner et al. (2000) 
engineered the first synthetic genetic circuits that carried out specific design func-
tions, which were described by Cameron et al. (2014) as foundational to synthetic 
biology research. Further, Endy (2005) describes engineering principles for biologi-
cal systems, which are described by Raimbault et al. (2016) as seminal to synthetic 
biology’s philosophical and scientific development. On a different note, Ro et al. 
(2006) describe how engineered yeast can be used to generate semi-synthetic arte-
misinic acid – an antimalarial precursor that was frequently discussed in future lit-
erature as a potential product application of synthetic biology in developing 
pharmaceutical applications (see also Paddon et al. 2013 for an update on this work).

Of the publications, five show up in the top six of multiple centrality measures. 
Elowitz and Leibler (2000), Gardner et al. (2000), Endy (2005), Khalil and Collins 
(2010), and Brophy and Voigt (2014) show up multiple times. In particular, Khalil 
and Collins (2010) shows up three times. These publications describe scientific 
research or perspectives on synthetic biology (Cameron et al. 2014) or have been 
further described as seminal or important publications in the field (Raimbault 
et al. 2016).

 Pairwise Correlations

Table 8 shows the correlations between the centrality measures to determine how 
closely they are interrelated. This table compares how publications’ different cen-
trality measures generally relate to one another. Indegree and outdegree are not 
closely related, i.e., publications that are highly cited do not cite others in the net-
work and publications that are cited frequently do not tend to cite others in the net-
work. Furthermore, indegree is highly correlated with eigencentrality, demonstrating 
that publications which are cited the most are also the ones that are connected to 
other highly cited publications. This indicates high-density groupings around these 
publications.

Table 7 Sorted by decreasing eigencentrality

Publication Indegree Outdegree Betweenness Eigencentrality

Elowitz and Leibler (2000) 142 0 0 1
Gardner et al. (2000) 123 0 0 0.92766808
Endy (2005) 113 2 187.362 0.72251627
Khalil and Collins (2010) 71 10 1657.26 0.63949588
Basu et al. (2005) 67 0 0 0.51157712
Ro et al. (2006) 95 0 0 0.47347666
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 Evolution of the Network

In this section, we track the development of modern synthetic biology, where 
Cameron et al. (2014) defines 2000 as a critical starting point due to the first publi-
cations on synthetic circuit engineering (Elowitz and Leibler 2000; Gardner et al. 
2000). We choose 34-year demarcations to view the growth in citation connected-
ness within the field and further allow observers to view growth during and imme-
diately after important moments in modern synthetic biology history. These include 
the first synthetic circuit and toggle switch (Elowitz and Leibler 2000; Gardner et al. 
2000), the first meeting of the Biobricks Conference Series in 2004, the description 
of an engineered bacteriophage for biofilm disposal, the creation of the first bacte-
rial cell with an artificial genome (Gibson et al. 2010), and the commercial produc-
tion of semi-synthetic artemisinic acid (Paddon et al. 2013). Data from each year 
includes all publications through that year (i.e., the data from 2004 includes publi-
cations from 2000, 2001, 2002, 2003, and 2004). Figure 4 shows what the network 
looked like in 2000, 2004, 2007, 2010, 2013, and 2016.

In 2000, the citation network contained only three disconnected nodes (Elowitz 
and Leibler 2000; Gardner et al. 2000; Ostergaard et al. 2000). Between 2007 and 
2016, the number of publications in the network grows from 31 to 699 nodes, and 
the number of links grows from 75 to 2697. The number of links per node grows 
from just over two to almost four, showing that the network gets more connected as 
time goes on. The number of nodes in the center continues to increase, while the 
number of nodes on the outside remains relatively constant. The network becoming 
more connected suggests that synthetic biology is a unified field expanding in all 
directions.

As the network grows, its most central publications change over time. The top 
three publications for each year according to indegree, outdegree, betweenness, and 
eigencentrality are presented in the following figures. The evolution of top publica-
tions based on indegree centrality is shown in Fig. 5.

From the first year of the network onward, Elowitz and Leibler (2000) and 
Gardner et al. (2000) are the most cited publications. Their staying power and recur-
ring citation in synthetic biology literature likely stem from (i) their description of 
the first successful synthetic genetic circuits and (ii) their description with reviews 
of synthetic biology research and progress such as Raimbault et  al. (2016) or 
Cameron et al. (2014). In this way, Cameron et al. (2014) describes research within 
these publications as foundational to the larger synthetic biology field, and their 
importance is reflected due to their status as the most cited publications within our 

Table 8 Pairwise correlations

Indegree Outdegree Betweenness Eigencentrality

Indegree 1.000 −0.025 0.392 0.774
Outdegree −0.025 1.000 0.345 0.468
Betweenness 0.392 0.345 1.000 0.485
Eigencentrality 0.774 0.468 0.485 1.000
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dataset. Guet et al. (2002) was initially a high indegree performer, but did not expe-
rience the exponential growth seen in other papers circa 2008. The exponential 
growth of Elowitz and Leibler (2000), Gardner et al. (2000), and Endy (2005) show 
that these publications have had impact in shaping discourse within synthetic biol-
ogy’s biological, computational, and social sciences.

2000 2004 2007

2010 2013 2016

Fig. 4 Network evolution over key years

Fig. 5 Cumulative indegree of publications that appears in the top three at any point

J. C. Cegan



77

Unlike indegree, outdegree does not change over time, because a paper cannot 
cite future publications. Figure 6 shows the top publication by outdegree in each year.

In general, later publications cite more publications within the network. This is 
likely driven by the growth in scientific capacity and number of performers in the 
field (Raimbault et al. 2016; Oldham et al. 2012).

Like indegree, betweenness changes over time. The top three publications by 
betweenness were calculated for each year, and their full progressions are shown 
in Fig. 7.

Brophy and Voigt (2014), Khalil and Collins (2010), Carr and Church (2009), 
and Lu and Collins (2007) have significantly greater betweenness values than other 
publications. Each of them, particularly Brophy, became very central very quickly. 
Of note, Brophy and Voigt (2014) was an important “connector” in the field as soon 
as it was published, due to its pioneering work in genetic circuits.

Finally, the top three publications by eigencentrality were calculated for each 
year. Their respective eigencentralities were found over time and are shown in Fig. 8.

Elowitz and Leibler (2000) and Gardner et al. (2000) are at or near the top for the 
entire evolution of the network, indicating that their description and operation of 
synthetic genetic circuits had (and continues to have) substantial impact into various 
veins of synthetic biology research. Likewise, Endy (2005) maintains higher eigen-
centrality from 2005 to 2017, which is consistent with Raimbault et  al.’s (2016) 
description of how the Endy lab has influenced the “programmatic discourses” of 

Fig. 6 Outdegree of top publication each year
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synthetic biology research by suggesting principles of engineering biology that 
have shaped inquiries into modeling, parts creation, and techniques for genomic 
assembly. These concepts are further noted as foundational to driving modern syn-
thetic biology science by Cameron et al. (2014) and Trump (2016).

Fig. 7 Cumulative betweenness of publications to appear in the top three at any point

Fig. 8 Cumulative eigencentrality of publications to appear in the top three at any point
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Other publications initially expressed higher eigencentrality yet declined in this 
metric over time. Hasty et  al. (2001) and Hasty et  al. (2002) build from work 
described in Gardner et  al. (2000) regarding the design of synthetic circuits and 
thereby may be described as iterative rather than evolutionary developments in syn-
thetic biology science.

Although excluded from the analysis of the network, isolates are still peer- 
reviewed publications and part of the synthetic biology network as a whole. These 
publications do not connect to any of the other publications in this particular net-
work for a variety of reasons including corrupted or unreadable files, which do not 
allow the publication to be properly formatted for text mining. The numbers of 
publications and isolates over time are shown in Fig. 9, and the percentages of the 
publications that are isolates are shown in Fig. 10.

The number of publications in the network has been growing exponentially over 
the last 17  years. The number of isolates is as well, but not nearly as quickly. 
Figure 10 shows that over the last decade between 20% and 30% of publications 
have been isolates in any given year. Due to the small size of the network in the 
beginning, the percent varied greatly, particularly when there were three uncon-
nected publications in 2000. Over the last 5 years, the percent of isolated publica-
tions has stabilized at roughly 20%, showing that the vast majority of new literature 
is adding to the existing network each year.

Fig. 9 Number of publications and isolates over time
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 Conclusion

The emerging field of synthetic biology is strongly linked and has significant publi-
cations that stand out among their peers, playing a critical role in connecting the 
network. The field is strongly linked because 80% of the 880 publications reviewed 
are a part of one large connected subgraph. Several publications appear multiple 
times in the final centrality measures and are then shown to rise to prominence rather 
quickly. These publications are either early seminal publications (Elowitz and 
Leibler 2000; Gardner et  al. 2000), connecting publications (Brophy and Voigt 
2014), or made important discoveries (Gibson et al. 2010; Paddon et al. 2013), show-
ing that there are in fact several key publications connecting the field of synthetic 
biology. From a social sciences–oriented perspective, other publications have signifi-
cant outdegree connection with state-of-sciences work (Seager et al. 2017; Cummings 
and Kuzma 2017) or use a mixture of natural and social sciences perspectives to 
inform regulatory gaps and opportunities (Oye et al. 2014; Bates et al. 2015).

As one of the first efforts to holistically characterize both biological and social 
sciences literature, this chapter sought to provide quantitative metrics to indicate 
how five individual communities of practice have developed over 2000–2017 and 
thereby identify key performers which influenced discourse in the field. Based upon 
quantitative metrics of cumulative indegree and eigencentrality, these top perform-
ers included breakthroughs in circuit engineering (Gardner et al. 2000; Elowitz and 
Leibler 2000; Brophy and Voigt 2014; Bradley et  al. 2016), guidelines and 
 philosophies for engineering biology (Endy 2005), reviews and progress reports of 
the field (Cameron et al. 2014; MacDonald and Deans 2016), and descriptions of 
product applications of synthetic biology (Trosset and Carbonell 2015; Xie and 

Fig. 10 Percent of publications that are isolates over time
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Fussenegger 2015). Other important publications by cumulative indegree include 
important discoveries, such as Gibson et al.’s (2010) description of work to create 
the first cell with a synthetic genome and Paddon et al. (2013) which described the 
semi- synthetic production of artemisinic acid for antimalarial applications.

Furthermore, the broader synthetic biology community is not populating into 
various disparate groups but instead coalescing and commenting upon iterative 
developments and improvements to the field. More specifically, state of science and 
products literature appear to build directly from recent developments in synthetic 
biology science, in the form of either theoretical or applied research in biological or 
modeling research (Trump et al. 2018a; b). Risk, governance, and ELSI discussion 
also comment upon developments in “state of science” and “product” development, 
where they seek to respond to developments in the field and describe emerging ben-
efits and challenges that may arise from synthetic biology’s growing maturation and 
worldwide access (see examples such as with Tucker and Zilinskas 2006; Trump 
et al. 2017; Oye et al. 2014; Malloy et al. 2016; Schmidt et al. 2009). Rather than a 
collection of several unconnected and separated communities, synthetic biology’s 
various communities of practice in physical and social sciences have at least 
acknowledged a small number of key developments in the field and may be using 
such works to develop a shared understanding of synthetic biology’s physical and 
social sciences.

Such a citation network can also be helpful to identify those publications with 
the greatest degree of impact upon the synthetic biology community. Specifically, 
this chapter reviewed publication citation counts by indegree, where top performers 
here were generally described as motivational or seminal papers within reviews 
such as with Cameron et al. (2014) or Church et al. (2014). Such a citation network 
will help new entrants to the synthetic biology community identify key streams of 
research to follow (see Raimbault et al. 2016) or review possible motivations for 
future biological, computational, and social sciences research in the field. Such net-
works should be continually updated over time to account for adaptations in the 
synthetic biology literature, such as new trends in risk assessment protocols and 
testing procedures (Finkel et al. 2018; Linkov et al. 2017). Overall, network analy-
sis and citation networks can help quantify and illustrate the growth trajectories, key 
performers, and disruptive events that spur growth in scholarly literature and may 
help the larger synthetic biology community to respond to such widely read and 
cited papers within and between their individual communities of practice.
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