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Abstract: Despite the acknowledged relevance of renewable energy sources, biofuel production sup-
ported by food-related agriculture has faced severe criticism. One way to minimize the considered
negative impacts is the use of sources of non-food biomass or wastes. Synthetic biology (SB) em-
braces a promising complex of technologies for biofuel production from non-edible and sustainable
raw materials. Therefore, it is pertinent to identify the global evolution of investments, concepts,
and techniques underlying the field in support of policy formulations for sustainable bioenergy
production. We mapped the SB scientific knowledge related to biofuels using software that combines
information visualization methods, bibliometrics, and data mining algorithms. The United States and
China have been the leading countries in developing SB technologies. The Technical University of
Denmark and Tsinghua University are institutions with higher centrality and have played prominent
roles besides UC Los Angeles and Delft University Technology. We identified six knowledge clusters
under the terms: versatile sugar dehydrogenase, redox balance principle, sesquiterpene production,
Saccharomyces cerevisiae, recombinant xylose-fermenting strain, and Clostridium saccharoperbutylaceton-
icum N1-4. The emerging trends refer to specific microorganisms, processes, and products. Yarrowia
lipolytica, Oleaginous yeast, E. coli, Klebsiella pneumoniae, Phaeodactylum tricornutum, and Microalgae
are the most prominent microorganisms, mainly from the year 2016 onward. Anaerobic digestion,
synthetic promoters, and genetic analysis appear as the most relevant platforms of new processes.
Improved biofuels, bioethanol, and N-butanol are at the frontier of the development of SB-derived
products. Synthetic biology is a dynamic interdisciplinary field in environmentally friendly bioenergy
production pushed by growing social concerns and the emergent bioeconomy.

Keywords: microbial production; bioethanol; biodiesel; SynB; food security; information science;
scientometry

1. Introduction

Increasing concerns regarding the over-dependence on fossil fuels have spurred de-
mand for agrofuel production, leading to competition for agricultural land and changes
in land use [1–3]. Ethanol produced from sugarcane in Brazil [4] and corn in the US [5]
is the leading commodity within the global renewable fuel supply chain, followed by the
production of soybean-derived biodiesel in Brazil [6,7] and rapeseed-derived biodiesel in
Germany [8]. Growth in biofuel production supported by food-related agriculture has
caused the bio-based economy to face severe criticism in the global economy discussion [9].
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One way to minimize these negative impacts is the use of sources of non-food biomass
or wastes. Among the various biomasses with potential for the production of bioenergy,
lignocellulosic biomass from agricultural and forest residues [10], algae [11,12], municipal
waste [10], industrial effluents, and animal waste are gaining attention as possible feed-
stocks due to their low cost [13] and high production [14]. However, high costs and the
relatively low efficiency of available enzymes and microorganisms for raw residual biomass
transformation into biofuels are relevant challenges currently faced by industries [15,16].
To assist in transforming this biomass into biofuels, new biotechnological roads are needed,
including those emerging from synthetic biology. This includes the design and construction
of new live factories, the accurate design of new metabolic pathways, and the generation of
effective enzymes [17,18].

Synthetic biology is an emerging field [19–21], harmoniously combining science and
engineering to design and build new biological parts, non-natural devices, or systems and
to redesign existing biological systems for the generation of useful products [22]. This
new area of knowledge has become a putative, sustainable alternative for the generation
of bioenergy using low-cost bioeconomy substrates [23–25]. The use of synthetic biology
tools and approaches provides the opportunity for fermentation and the manufacture of
products not naturally generated in large quantities in native microorganisms [26,27].

In the currently used biofuel production processes, the yeast Saccharomyces cerevisiae
dominates the fermentation of ethanol from sugar-based feedstocks. However, they are not
natural degraders of arabinose [28] and xylose [29], requiring the use of engineering ways
to make these sugars accessible in the fermentation process [30,31]. Another alternative
route for alcohol production is through the bacterium Escherichia coli due to its ability
to use pentoses and hexoses [32]. Several bacteria [33], yeasts [34,35], algae [11,36,37],
and cyanobacteria [38] have the potential to produce fatty acids precursors for biofuels.
Non-native Yarrowia lipolytica yeast presents an industrial potential for fatty-acid-producing
platforms from cheap and renewable routes [39]. Microalgae have enormous potential for
biofuel production since their cell growth rate is high compared to plants and they can be
grown on marginal lands [11,15,40] and wastewater [41,42], reducing the need for nutrients
for the growth of photosynthetic cells.

Other microorganisms are the object of studies to overcome the difficulties of those
model cell factories. Photosynthetic organisms [43] that directly use CO2 and the methan-
otrophic bacteria [44] that use natural gas as the source of carbon are examples. Synthetic
biology contributes significantly to achieving the production of non-food-related biofuels
using new biological systems [45–47] and also offering the possibility to make controlled
biological processes competitive and valuable for human and animal well-being [48].

These new advances may cause significant changes in the socio-economic, agricul-
tural, and technological framing of bioenergy [49–51]. Furthermore, there is worldwide
concern regarding the development of the globally integrated framework for bioenergy, its
environmental impact, and its relevance in the bioeconomy [52–55]. Alternative sources
of feedstock for bioenergy not competing with the production of food are increasingly
necessary, as they relate to concerns regarding climate change, food, and energy security in
different nations. The use of alternative feedstocks requires new technological processes
that pose new industrial challenges, research investments, and their consequences in terms
of intellectual property, production, and market access. In this context, we wanted to assess
the geopolitical, institutional, and technological trends in the research in synthetic biology
related to biofuels [56,57] toward strategic fundaments for local and globally integrated
bioenergy policies.

Synthetic biology is a promising technological platform for producing biofuels from
alternative feedstocks [58]. The production of biofuels is at the core of the current discus-
sions on the bioeconomy [55,59]. In this work, we carried out a scientometric analysis of the
dynamics of a scientific development relevant for strategy and policy formulations toward
a world focused on social and environmentally sustainable, renewable energy sources.
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2. Results
2.1. Articles, Reviews, and Citations on Synthetic-Biology-Related Biofuels

The publications on biofuels, synthetic biology, and metabolic engineering between
1999 and 2018 are shown in Figure 1.

Synbio 2022, 1, FOR PEER REVIEW 3 
 

 

the dynamics of a scientific development relevant for strategy and policy formulations 
toward a world focused on social and environmentally sustainable, renewable energy 
sources. 

2. Results 
2.1. Articles, Reviews, and Citations on Synthetic-Biology-Related Biofuels 

The publications on biofuels, synthetic biology, and metabolic engineering between 
1999 and 2018 are shown in Figure 1. 

 
Figure 1. Articles and reviews related to synthetic biology, metabolic engineering, and biofuel, ac-
cording to Web of Science (1999–2018). 

The 2718 scientific publications on biofuels related to synthetic biology (black bars) 
can be divided into two phases. The first phase (1999–2014) is characterized by rapid sci-
entific development. The second phase (years 2015–2018) indicates that research in this 
area has entered a stable stage. In 2018, the last year of review, we retrieved 349 publica-
tions. The scientific production was accompanied by a substantial increase in the number 
of citations (black line), around 87,855 citations in the accumulated period, expressing the 
continued importance of the subject within the scientific context. The 2718 scientific pub-
lications in synthetic-biology-related biofuels represent 9% of all publications on synthetic 
biology and metabolic engineering in that period (white bars) (Figure 1). 

2.2. Interdisciplinary Knowledge on Synthetic-Biology-Related Biofuels 
Two dual-map overlays on synthetic-biology-related biofuels are shown in Figure 2. 

The dual-map overlays function used in this research reveals the scientific standard dis-
ciplines and the evolution of publications on synthetic-biology-related biofuels in the 
global map of the scientific literature. The articles in the network of journals are located 
on the left side of the base map. The references cited in the respective articles are in the 
network of journal citations on the right side of the base map, grouped using the z-score 
function. The z-score is the distance from the mean of a given data point, expressed as the 
number of standard deviations [60]. 

Figure 1. Articles and reviews related to synthetic biology, metabolic engineering, and biofuel,
according to Web of Science (1999–2018).

The 2718 scientific publications on biofuels related to synthetic biology (black bars) can
be divided into two phases. The first phase (1999–2014) is characterized by rapid scientific
development. The second phase (years 2015–2018) indicates that research in this area has
entered a stable stage. In 2018, the last year of review, we retrieved 349 publications. The
scientific production was accompanied by a substantial increase in the number of citations
(black line), around 87,855 citations in the accumulated period, expressing the continued
importance of the subject within the scientific context. The 2718 scientific publications in
synthetic-biology-related biofuels represent 9% of all publications on synthetic biology and
metabolic engineering in that period (white bars) (Figure 1).

2.2. Interdisciplinary Knowledge on Synthetic-Biology-Related Biofuels

Two dual-map overlays on synthetic-biology-related biofuels are shown in Figure 2.
The dual-map overlays function used in this research reveals the scientific standard disci-
plines and the evolution of publications on synthetic-biology-related biofuels in the global
map of the scientific literature. The articles in the network of journals are located on the
left side of the base map. The references cited in the respective articles are in the network
of journal citations on the right side of the base map, grouped using the z-score function.
The z-score is the distance from the mean of a given data point, expressed as the number of
standard deviations [60].
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Figure 2. Dual-map overlays showing the interplay of scientific disciplines in the interdisciplinary
field of research on synthetic-biology-related biofuels. (a) presents a Dual-Map Overlays for 260 arti-
cles published between 1999 and 2008. (b) presents a Dual-Map Overlays for 2458 articles published
between 2009 and 2018. The colored curves represent the path of the references, linking the map that
quotes on the left with the map of the cited sources on the right. The horizontal axis of the ellipses
represents the number of authors; the vertical axis represents the number of articles published in
each journal.

The first ten years of analysis (1999–2008) are shown in Figure 2a. Line thickness is propor-
tional to the z-score value. Publications on synthetic-biology-related biofuels appear mainly in
the interdisciplinary field (citing map) of “molecular/biology/immunology” (orange citation
links). The knowledge base of this disciplinary field (cited map) is mainly related to the disci-
plines of “molecular/biology/genetics” and “environment/toxicology/nutrition”. As shown
in Figure 2b, a new interdisciplinary field (citing map) emerged from 2009 to 2018, entitled “vet-
erinary/animal/science” (yellow citation links). Like for “molecular/biology/immunology”
(orange citation links), the knowledge (base map cited) comes from the disciplines of “molecu-
lar/biology/genetics” and “environment/toxicology/nutrition”.

The journals Applied and Environmental Microbiology, Applied Microbiology and Biotech-
nology, Proceedings of the National Academy of Sciences (PNAS), Metabolic Engineering, and
Biotechnology and Bioengineering are the most influential knowledge sources of synthetic-
biology-related biofuel research.

2.3. Worldwide Distribution of Research on Synthetic-Biology-Related Biofuels

The countries co-citation map in research on synthetic-biology-related biofuels shows
51 nodes and 57 links (Figure 3). Each node represents a country. This network of 51 coun-
tries has a modularity of 0.9638, a mean silhouette value of 0.6688, and a density of 0.0414,
indicating that the links between the various countries are not very close, and thus there
is little cooperation between them. The key countries were identified based on the fre-
quency of publications, centrality, and bursts of citation. The US with 1083 and China with
492 publications were the most active countries.
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Figure 3. Countries co-citation map in research on synthetic-biology-related biofuels.

Purple circles, in Figure 3, mark nodes with high betweenness centrality, quantifying
the importance of the node position in a network [61,62]. Among them, Sweden presents
the highest centrality (0.83), followed by France (0.58) and Germany (0.48). Sweden’s
betweenness centrality encompasses Germany, England, and Switzerland. The strongest
France cooperation ties are with the US, Canada, and Poland. Germany’s strongest cooper-
ation ties are with Sweden, Denmark, and Italy. Red rings on nodes are citation bursts and
highlight emerging specialties [62]. By burst detection in-country analysis, we found that
Germany (6.15), Canada (5.76), and Switzerland (3.62) have shown citation bursts.

2.4. Institutions Co-Citation Network

The institutions co-citation map in research on synthetic-biology-related biofuels
shows 279 nodes and 260 links (Figure 4). Each node represents a research institution. This
network of institutions has a modularity of 0.9638, an average silhouette value of 0.6688,
and a density of 0.0067, which indicates little cooperation between them. The core research
institutions identified based on the frequency of publications, centrality, and bursts of
citations are the Chinese Academy of Sciences with 123 publications and the University of
California, Berkeley, CA, USA with 105 publications.

In Figure 4, purple circles mark nodes with high betweenness centrality [61], showing
the importance of a node position in a network [62]. The Technical University of Denmark
has the highest centrality (0.39), with strong cooperation ties with other institutions, namely
the Chalmers University of Technology, UC San Diego, and UC Berkeley. The second most
collaborative institution is Tsinghua University (0.24), with strong ties of cooperation with
the Chinese Academy of Sciences, Tianjin University, and Technical University of Denmark.
Red rings on nodes are citation bursts and highlight emerging specialties [62]. By burst
detection, we found that UC Los Angeles (8.87), Delft University Technology (4.62), and
Technical University of Denmark (4.31) have played prominent roles in the field.
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2.5. Clusters Co-Citation Map of Authors and Research Topics on Synthetic-Biology-
Related Biofuels

We generated a landscape of the authors co-citation sets and their respective research
topics on synthetic-biology-related biofuels. The co-citation network presents a modularity
of 0.9638, suggesting that the nodes are clearly defined within each cluster, and a mean
silhouette value of 0.6688, indicating a satisfactory partition [63]. The network density of
0.0414 indicates that there is little or almost no cooperation between the authors. The most
productive authors in the time span surveyed were Jens Nielsen of the Chalmers University
of Technology, Jay Keasling of UC Berkeley, and James C. Liao of UC Los Angeles, with 49,
47, and 39 publications, respectively. In Figure 5, purple circles mark the nodes with high
betweenness centrality, given the importance of the node position in a network, with Jay
Keasling standing out.
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The searched authors formed eleven knowledge clusters (Figure 5). Clusters with
green areas are the oldest. The yellow areas represent the most recent ones. Table 1 shows
the six largest groups in terms of size (number of references included), labels extracted from
titles, abstracts, the average year of articles cited, and the coverage of citations. Each cluster
is summarized with a list of phrases selected from the abstracts of the articles that mention
at least one member of the cluster and are weighted by the algorithm log-likelihood ratio
(LLR) [62].

Table 1. Knowledge clusters in the research of biofuels related to synthetic biology.

Cluster Size Silhouette Label (LLR) Year Citation Coverage

#0 41 1
Versatile Sugar Dehydrogenase (219.06, 1.0 × 10−4);

D-Galactonate Production (219.06, 1.0 × 10−4);
Engineered Saccharomyces cerevisiae (204.24, 1.0 × 10−4)

2014 [64–67]

#1 34 0.911
Redox Balance Principle (197.02, 1.0 × 10−4);

Nadph-Dependent Reaction (197.02, 1.0 × 10−4); Vivo
Selection Platform (197.02, 1.0 × 10−4)

2014 [68–72]

#2 29 0.946
Sesquiterpene Production (313.39, 1.0 × 10−4); Principal
Component Analysis (209.89, 1.0 × 10−4); Characterizing

Strain Variation (189.08, 1.0 × 10−4);
2014 [73,74]

#3 25 0.977
Saccharomyces cerevisiae (360.26, 1.0 × 10−4); Co-Factor

Supply (207.54, 1.0 × 10−4); Alpha-Santalene Production
(207.54, 1.0 × 10−4)

2014 [75–77]

#4 24 0.984
Recombinant xylose-fermenting strain (191.79,

1.0 × 10−4); Metabolic Pathway Engineering (191.79,
1.0 × 10−4); Formic Acid Tolerance (191.79, 1.0 × 10−4)

2014 [78–81]

#7 16 0.984

Clostridium saccharoperbutylacetonicum n1-4 (275.82,
1.0 × 10−4); Model Diatom Phaeodactylum tricornutum
(197.67, 1.0 × 10−4); Potential Regulatory Role (197.67,

1.0 × 10−4)

2015 [82–85]

The largest cluster (#0), which is labeled “versatile sugar dehydrogenase”, contains
41 references (Table 1), with a silhouette value of 1, indicating that it is a cluster highly
consistent or similar in terms of content searched [63]. The references were published
mainly around the year 2014. This knowledge cluster contains studies on l-arabonate and
d-galactonate production by expressing a versatile sugar dehydrogenase in metabolically
engineered E. coli [64], direct bioconversion of d-xylose to 1,2,4-butanetriol in an engineered
E. coli [65], engineered Rhodosporidium toruloides for increased lipid production [66], and
gene amplification for accelerating cellobiose utilization in engineered S. cerevisiae [67].
Each of these articles covered not less than 5% of the 41 references.

The second-largest cluster (#1), labeled as “redox balance principle”, contains 34 ref-
erences (Table 1), with a silhouette value of 0.911. The references were published mainly
around the year 2014. This knowledge cluster contains studies on a high-throughput,
in vivo selection platform for NADPH-dependent reactions based on redox balance princi-
ples [68], engineering coenzyme A (CoA) [69,70], ethanol production in Clostridium ther-
mocellum via deregulated nitrogen metabolism [71], and perturbed sulfur metabolism [72].
Each of these articles covered not less than 3% of the 34 references.

The third-largest cluster (#2), labeled “sesquiterpene production”, contains 29 refer-
ences (Table 1), with a silhouette value of 0.946. The references were published around
the year 2014. This knowledge cluster contains studies on the analysis of proteomics as a
tool to direct metabolic engineering [86] and characterization of E. coli using a multi-omics
base [74]. Each of these articles covered not less than 4% of the 29 references.

The fourth-largest cluster (#3), labeled “redox balance principle”, contains 25 refer-
ences (Table 1), with a silhouette value of 0.977. The references were published around the
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year 2014. This knowledge cluster contains studies on cell factories for α-santalene produc-
tion [75], lactate production by cyanobacteria [76], and reconstruction and evaluation of
the synthetic bacterial MEP pathway in S. cerevisiae [77]. Each of these articles covered not
less than 3% of the 25 references.

The fifth-largest cluster (#4), labeled “redox balance principle”, contains 24 references
(Table 1), with a silhouette value of 0.984. The references were published around the year
2014. This knowledge cluster contains studies on d-lactic acid production by S. cerevisiae [78],
metabolomics approach [80], yeast strain metabolically engineered for tolerance to fermenta-
tion inhibitors [81], and 2,3-Butanediol (BDO) production by S. cerevisiae [79]. Each of these
articles covered not less than 3% of the 24 references.

The sixth-largest cluster (#7) is the most recent one among all the clusters shown in Figure 5.
It is labeled “Clostridium saccharoperbutylacetonicum N1-4”. It contains 16 references, with a
silhouette value of 0.984. The references were published around the year 2015 (Table 1). This
knowledge cluster contains studies on plastidial triacylglycerol synthesis, the potential regula-
tory role of AGPAT in the model diatom Phaeodactylum tricornutum [82], glycerol and neutral
lipid production in the oleaginous marine diatom P. tricornutum [83], antisense knockdown
of pyruvate dehydrogenase kinase for neutral lipid accumulation in P. tricornutum [84], and
genome editing in C. saccharoperbutylacetonicum N1-4 with the CRISPR-Cas9 system [85]. Each
of these articles covered not less than 3% of the 16 references.

2.6. Papers with the Strongest Citation Bursts on Synthetic-Biology-Related Biofuels

The key papers with the citation bursts of the research on synthetic-biology-related
biofuels are shown in Table 2. The citation burst’s function was used to highlight docu-
ments with the strongest bursts. The blue lines represent the periods analyzed (1999 to
2018), and the red lines indicate the start and the final years of the respective document’s
citation burst [62,87]. Those are articles that have markedly influenced the scientific de-
velopment of the field. The first two articles with more citation bursts address metabolic
engineering and its tools [88]. They present a review of the metabolic pathways used to
produce advanced biofuels regardless of feedstock and host, together with data-based
approaches and synthetic biology for host and path optimization. They project the future
of biofuel production. Atsumi et al. [46] used these metabolic engineering tools in E. coli to
produce higher alcohols from glucose. The third article, by Gibson et al. [89], presents an
isothermal, single-reaction method for assembling multiple overlapping DNA molecules
by the concerted action of a 5′ exonuclease, a DNA polymerase, and a DNA ligase.

Table 2. Top scientific articles with the strongest citation bursts in the research on synthetic-biology-
related biofuels.

Articles Year Strength Begin End 1999–2018

Peralta-Yahya et al. [88] 2012 371.738 2013 2018
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Runguphan and Keasling [95] 2014 210.905 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The fourth and fifth articles with more citation bursts present the potential of E. coli 
bacteria in the production of butanol. Atsumi et al. [45] designed a synthetic pathway in 
E. coli to produce 1-butanol. For the authors, the success in the production of 1-butanol 
from the engineering of E. coli opened the possibility of using non-native organisms, easily 
manipulated to produce 1-butanol [45]. Shen et al. [90] constructed a modified clostridial 
1-butanol pathway in E. coli to provide an irreversible reaction catalyzed by trans-enoyl-
coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to 
direct the flux. 

The sixth article presents the potential of the cyanobacterium Synechococcus elongatus. 
Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to pro-
duce isobutyraldehyde and isobutanol directly from CO2 and increased productivity by 
overexpression of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The com-
bined use of genetic engineering in Y. lipolytica aiming to significantly increase the pro-
duction of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest 
burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
the metabolic engineering effects of two important steps in the lipid synthesis pathway, 
which acts on the flow deviation for lipid synthesis and creates the driving force for the 
synthesis of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. 
[93]. The authors demonstrated that a functional reversal of the β-oxidation cycle can be 
used as a metabolic platform for the synthesis of alcohols and carboxylic acids with vari-
ous chain lengths and functionalities. 

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) 
to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 
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from the engineering of E. coli opened the possibility of using non-native organisms, easily 
manipulated to produce 1-butanol [45]. Shen et al. [90] constructed a modified clostridial 
1-butanol pathway in E. coli to provide an irreversible reaction catalyzed by trans-enoyl-
coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to 
direct the flux. 

The sixth article presents the potential of the cyanobacterium Synechococcus elongatus. 
Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to pro-
duce isobutyraldehyde and isobutanol directly from CO2 and increased productivity by 
overexpression of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The com-
bined use of genetic engineering in Y. lipolytica aiming to significantly increase the pro-
duction of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest 
burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
the metabolic engineering effects of two important steps in the lipid synthesis pathway, 
which acts on the flow deviation for lipid synthesis and creates the driving force for the 
synthesis of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. 
[93]. The authors demonstrated that a functional reversal of the β-oxidation cycle can be 
used as a metabolic platform for the synthesis of alcohols and carboxylic acids with vari-
ous chain lengths and functionalities. 

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) 
to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 

  

Gibson et al. [89] 2009 270.418 2013 2018

Synbio 2022, 1, FOR PEER REVIEW 9 
 

Table 2. Top scientific articles with the strongest citation bursts in the research on synthetic-biology-
related biofuels. 

Articles Year Strength Begin End 1999–2018 
Peralta-Yahya et al. [88] 2012 371.738 2013 2018 ▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃ 

Atsumi et al. [46] 2008 367.477 2010 2016 ▂▂▂▂▂▂▃▃▃▃▃▃▃▂▂ 
Gibson et al. [89] 2009 270.418 2013 2018 ▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃ 
Atsumi et al. [43] 2008 269.481 2010 2014 ▂▂▂▂▂▂▃▃▃▃▃▂▂▂▂ 

Shen et al. [90] 2011 264.006 2012 2018 ▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃ 
Connor and Atsumi [91] 2009 256.165 2011 2016 ▂▂▂▂▂▂▂▃▃▃▃▃▃▂▂ 

Tai and Stephanopoulos [92] 2013 216.846 2014 2018 ▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 
Dellomonaco et al. [93] 2011 214.931 2012 2018 ▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃ 

Zhang et al. [94] 2012 212.798 2013 2018 ▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃ 
Runguphan and Keasling [95] 2014 210.905 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The fourth and fifth articles with more citation bursts present the potential of E. coli 
bacteria in the production of butanol. Atsumi et al. [45] designed a synthetic pathway in 
E. coli to produce 1-butanol. For the authors, the success in the production of 1-butanol 
from the engineering of E. coli opened the possibility of using non-native organisms, easily 
manipulated to produce 1-butanol [45]. Shen et al. [90] constructed a modified clostridial 
1-butanol pathway in E. coli to provide an irreversible reaction catalyzed by trans-enoyl-
coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to 
direct the flux. 

The sixth article presents the potential of the cyanobacterium Synechococcus elongatus. 
Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to pro-
duce isobutyraldehyde and isobutanol directly from CO2 and increased productivity by 
overexpression of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The com-
bined use of genetic engineering in Y. lipolytica aiming to significantly increase the pro-
duction of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest 
burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
the metabolic engineering effects of two important steps in the lipid synthesis pathway, 
which acts on the flow deviation for lipid synthesis and creates the driving force for the 
synthesis of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. 
[93]. The authors demonstrated that a functional reversal of the β-oxidation cycle can be 
used as a metabolic platform for the synthesis of alcohols and carboxylic acids with vari-
ous chain lengths and functionalities. 

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) 
to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 
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The fourth and fifth articles with more citation bursts present the potential of E. coli 
bacteria in the production of butanol. Atsumi et al. [45] designed a synthetic pathway in 
E. coli to produce 1-butanol. For the authors, the success in the production of 1-butanol 
from the engineering of E. coli opened the possibility of using non-native organisms, easily 
manipulated to produce 1-butanol [45]. Shen et al. [90] constructed a modified clostridial 
1-butanol pathway in E. coli to provide an irreversible reaction catalyzed by trans-enoyl-
coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to 
direct the flux. 

The sixth article presents the potential of the cyanobacterium Synechococcus elongatus. 
Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to pro-
duce isobutyraldehyde and isobutanol directly from CO2 and increased productivity by 
overexpression of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The com-
bined use of genetic engineering in Y. lipolytica aiming to significantly increase the pro-
duction of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest 
burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
the metabolic engineering effects of two important steps in the lipid synthesis pathway, 
which acts on the flow deviation for lipid synthesis and creates the driving force for the 
synthesis of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. 
[93]. The authors demonstrated that a functional reversal of the β-oxidation cycle can be 
used as a metabolic platform for the synthesis of alcohols and carboxylic acids with vari-
ous chain lengths and functionalities. 

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) 
to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 
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The fourth and fifth articles with more citation bursts present the potential of E. coli 
bacteria in the production of butanol. Atsumi et al. [45] designed a synthetic pathway in 
E. coli to produce 1-butanol. For the authors, the success in the production of 1-butanol 
from the engineering of E. coli opened the possibility of using non-native organisms, easily 
manipulated to produce 1-butanol [45]. Shen et al. [90] constructed a modified clostridial 
1-butanol pathway in E. coli to provide an irreversible reaction catalyzed by trans-enoyl-
coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to 
direct the flux. 

The sixth article presents the potential of the cyanobacterium Synechococcus elongatus. 
Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to pro-
duce isobutyraldehyde and isobutanol directly from CO2 and increased productivity by 
overexpression of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The com-
bined use of genetic engineering in Y. lipolytica aiming to significantly increase the pro-
duction of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest 
burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
the metabolic engineering effects of two important steps in the lipid synthesis pathway, 
which acts on the flow deviation for lipid synthesis and creates the driving force for the 
synthesis of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. 
[93]. The authors demonstrated that a functional reversal of the β-oxidation cycle can be 
used as a metabolic platform for the synthesis of alcohols and carboxylic acids with vari-
ous chain lengths and functionalities. 

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) 
to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 
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The fourth and fifth articles with more citation bursts present the potential of E. coli 
bacteria in the production of butanol. Atsumi et al. [45] designed a synthetic pathway in 
E. coli to produce 1-butanol. For the authors, the success in the production of 1-butanol 
from the engineering of E. coli opened the possibility of using non-native organisms, easily 
manipulated to produce 1-butanol [45]. Shen et al. [90] constructed a modified clostridial 
1-butanol pathway in E. coli to provide an irreversible reaction catalyzed by trans-enoyl-
coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to 
direct the flux. 

The sixth article presents the potential of the cyanobacterium Synechococcus elongatus. 
Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to pro-
duce isobutyraldehyde and isobutanol directly from CO2 and increased productivity by 
overexpression of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The com-
bined use of genetic engineering in Y. lipolytica aiming to significantly increase the pro-
duction of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest 
burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
the metabolic engineering effects of two important steps in the lipid synthesis pathway, 
which acts on the flow deviation for lipid synthesis and creates the driving force for the 
synthesis of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. 
[93]. The authors demonstrated that a functional reversal of the β-oxidation cycle can be 
used as a metabolic platform for the synthesis of alcohols and carboxylic acids with vari-
ous chain lengths and functionalities. 

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) 
to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 
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Peralta-Yahya et al. [88] 2012 371.738 2013 2018 ▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃ 

Atsumi et al. [46] 2008 367.477 2010 2016 ▂▂▂▂▂▂▃▃▃▃▃▃▃▂▂ 
Gibson et al. [89] 2009 270.418 2013 2018 ▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃ 
Atsumi et al. [43] 2008 269.481 2010 2014 ▂▂▂▂▂▂▃▃▃▃▃▂▂▂▂ 

Shen et al. [90] 2011 264.006 2012 2018 ▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃ 
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Runguphan and Keasling [95] 2014 210.905 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The fourth and fifth articles with more citation bursts present the potential of E. coli 
bacteria in the production of butanol. Atsumi et al. [45] designed a synthetic pathway in 
E. coli to produce 1-butanol. For the authors, the success in the production of 1-butanol 
from the engineering of E. coli opened the possibility of using non-native organisms, easily 
manipulated to produce 1-butanol [45]. Shen et al. [90] constructed a modified clostridial 
1-butanol pathway in E. coli to provide an irreversible reaction catalyzed by trans-enoyl-
coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to 
direct the flux. 

The sixth article presents the potential of the cyanobacterium Synechococcus elongatus. 
Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to pro-
duce isobutyraldehyde and isobutanol directly from CO2 and increased productivity by 
overexpression of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The com-
bined use of genetic engineering in Y. lipolytica aiming to significantly increase the pro-
duction of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest 
burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
the metabolic engineering effects of two important steps in the lipid synthesis pathway, 
which acts on the flow deviation for lipid synthesis and creates the driving force for the 
synthesis of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. 
[93]. The authors demonstrated that a functional reversal of the β-oxidation cycle can be 
used as a metabolic platform for the synthesis of alcohols and carboxylic acids with vari-
ous chain lengths and functionalities. 

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) 
to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 
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coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to 
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Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to pro-
duce isobutyraldehyde and isobutanol directly from CO2 and increased productivity by 
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bined use of genetic engineering in Y. lipolytica aiming to significantly increase the pro-
duction of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest 
burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
the metabolic engineering effects of two important steps in the lipid synthesis pathway, 
which acts on the flow deviation for lipid synthesis and creates the driving force for the 
synthesis of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. 
[93]. The authors demonstrated that a functional reversal of the β-oxidation cycle can be 
used as a metabolic platform for the synthesis of alcohols and carboxylic acids with vari-
ous chain lengths and functionalities. 

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) 
to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 
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burst strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and 
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to produce products based on fatty acids in E. coli, with the potential for biodiesel produc-
tion. In the tenth position is the article by Runguphan and Keasling [95]. The authors de-
signed the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals 
from simple sugars. 

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-Related 
Biofuels 

Using keyword bursts, we analyzed the new trends in the field. The burst of a key-
word means that it has received special attention from academic circles in a specific period 
[62,87]. Table 3 presents the length and intensity of the top twenty keyword bursts. These 
high burst values indicate that the aspects these words referred to are hot topics and re-
search boundaries in synthetic-biology-related biofuels. 
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E. coli to produce 1-butanol. For the authors, the success in the production of 1-butanol
from the engineering of E. coli opened the possibility of using non-native organisms, easily
manipulated to produce 1-butanol [45]. Shen et al. [90] constructed a modified clostridial
1-butanol pathway in E. coli to provide an irreversible reaction catalyzed by trans-enoyl-
coenzyme A (CoA) reductase (Ter) and created NADH and acetyl-CoA driving forces to
direct the flux.

The sixth article presents the potential of the cyanobacterium Synechococcus elongatus.
Connor and Atsumi [91] genetically engineered the strain S. elongatus PCC7942 to produce
isobutyraldehyde and isobutanol directly from CO2 and increased productivity by over-
expression of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The combined
use of genetic engineering in Y. lipolytica aiming to significantly increase the production
of lipids, from Tai and Stephanopoulos [92], is the seventh article with the highest burst
strength. The authors demonstrated the ability of Y. lipolytica to produce lipids and the
metabolic engineering effects of two important steps in the lipid synthesis pathway, which
acts on the flow deviation for lipid synthesis and creates the driving force for the synthesis
of triglyceride (TAG). In the eighth position is the article by Dellomonaco et al. [93]. The
authors demonstrated that a functional reversal of the β-oxidation cycle can be used as a
metabolic platform for the synthesis of alcohols and carboxylic acids with various chain
lengths and functionalities.

In the ninth position, Zhang et al. [94] presented a dynamic sensor-regulator (DSRS) to
produce products based on fatty acids in E. coli, with the potential for biodiesel production.
In the tenth position is the article by Runguphan and Keasling [95]. The authors designed
the yeast S. cerevisiae to produce biofuels derived from fatty acids and chemicals from
simple sugars.

2.7. Emerging Trends and New Developments in the Research on Synthetic-Biology-
Related Biofuels

Using keyword bursts, we analyzed the new trends in the field. The burst of a keyword
means that it has received special attention from academic circles in a specific period [62,87].
Table 3 presents the length and intensity of the top twenty keyword bursts. These high
burst values indicate that the aspects these words referred to are hot topics and research
boundaries in synthetic-biology-related biofuels.

Table 3. The top 20 keywords with the strongest bursts of citation in the research on synthetic-biology-
related biofuels as published in the most recent years of the period of analysis.

Classes Keywords Strength Year Begin End 1999–2018

Organisms

Yarrowia lipolytica 160.346 1999 2016 2018
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Microalgae 45.048 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Processes 
and prod-

ucts 

Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Oleaginous yeast 82.659 1999 2016 2018
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future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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Classes Keywords Strength Year Begin End 1999–2018 

Organisms 

Yarrowia lipolytica 160.346 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Oleaginous yeast 82.659 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

E. coli 54.287 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 
Klebsiella pneumoniae 54.065 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Phaeodactylum tricornutum 51.463 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Microalgae 45.048 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Processes 
and prod-

ucts 

Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Advanced biofuel 82.808 1999 2014 2018
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Table 3. The top 20 keywords with the strongest bursts of citation in the research on synthetic-
biology-related biofuels as published in the most recent years of the period of analysis. 

Classes Keywords Strength Year Begin End 1999–2018 

Organisms 

Yarrowia lipolytica 160.346 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Oleaginous yeast 82.659 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

E. coli 54.287 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 
Klebsiella pneumoniae 54.065 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Phaeodactylum tricornutum 51.463 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Microalgae 45.048 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Processes 
and prod-

ucts 

Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Bioethanol 82.265 1999 2015 2018
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Classes Keywords Strength Year Begin End 1999–2018 

Organisms 

Yarrowia lipolytica 160.346 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Oleaginous yeast 82.659 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

E. coli 54.287 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 
Klebsiella pneumoniae 54.065 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Phaeodactylum tricornutum 51.463 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Microalgae 45.048 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Processes 
and prod-

ucts 

Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Lignocellulosic biomass 62.484 1999 2015 2018
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Table 3. The top 20 keywords with the strongest bursts of citation in the research on synthetic-
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Classes Keywords Strength Year Begin End 1999–2018 

Organisms 

Yarrowia lipolytica 160.346 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Oleaginous yeast 82.659 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

E. coli 54.287 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 
Klebsiella pneumoniae 54.065 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Phaeodactylum tricornutum 51.463 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Microalgae 45.048 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Processes 
and prod-

ucts 

Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Synthetic promoters 58.377 1999 2015 2018
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Oleaginous yeast 82.659 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
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Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Biorefinery 43.827 1999 2016 2018
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Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
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Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Genetic sequencing 43.701 1999 2016 2018

Synbio 2022, 1, FOR PEER REVIEW 10 
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Classes Keywords Strength Year Begin End 1999–2018 

Organisms 

Yarrowia lipolytica 160.346 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Oleaginous yeast 82.659 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

E. coli 54.287 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 
Klebsiella pneumoniae 54.065 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Phaeodactylum tricornutum 51.463 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Microalgae 45.048 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Processes 
and prod-

ucts 

Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Nitrogen starvation 39.342 1999 2015 2018
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Yarrowia lipolytica 160.346 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Oleaginous yeast 82.659 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
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Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Wastewater 38.613 1999 2016 2018
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Yarrowia lipolytica 160.346 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
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Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 

Mevalonate pathways 38.257 1999 2016 2018
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The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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Classes Keywords Strength Year Begin End 1999–2018 

Organisms 

Yarrowia lipolytica 160.346 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Oleaginous yeast 82.659 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

E. coli 54.287 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 
Klebsiella pneumoniae 54.065 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Phaeodactylum tricornutum 51.463 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Microalgae 45.048 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Processes 
and prod-

ucts 

Anaerobic digestion 83.171 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Advanced biofuel 82.808 1999 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Bioethanol 82.265 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Lignocellulosic biomass 62.484 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Synthetic promoters 58.377 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 
Biorefinery 43.827 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Genetic sequencing 43.701 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Nitrogen starvation 39.342 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Wastewater 38.613 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Mevalonate pathways 38.257 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
Lipids accumulation 33.134 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Biotechnology 31.641 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 
N-butanol 5.198 1999 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Transcription factor 4.045 1999 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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The most intense word is Y. lipolytica due to its enormous industrial potential for the 
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to 
increase the production of fatty acids from cheap and renewable routes [39] in a context 
more adaptable to industrial applications. With the emergence of synthetic biology, new 
approaches such as proteomic analysis [96] and gene overexpression [97] are being ap-
plied to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica 
for genomic-oriented manipulation [98]. 

The anaerobic digestion processes in microbial communities have ample potential for 
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass, 
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
teolyticus [99] and Pseudomonas putida [100]. 

The production process of bioethanol is the one with the best technical development 
among microbial biofuels. This technology is expected to be mature in the coming years. 
Advances in metagenomics [101], orthogonal communication systems [102], metaprote-
omics [103], metabolomics [96], and metabolic engineering [104] are improving the micro-
bial fermentation processes and increasing yields in the production of cellulosic bioetha-
nol [105]. 

Most industrial applications using microorganisms as living factories make use of 
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research 
topic. The co-fermentation of different sugars from lignocellulosic biomass and residues 
allows the ethanol production processes to become economically viable [107]. However, 
microorganisms potentially usable in these fermentative processes are not naturally 
adaptable to extreme industrial conditions [108], given the low productivity, low-stress 
resistance, and accumulation of by-products due to the recalcitrance of biomass [73]. To 
overcome these limitations, several genetic engineering strategies in microorganisms have 
incorporated the use of synthetic promoters in the study of gene function [109] and tran-
scription factors (TFs) as regulators of metabolic pathways to increase the production of 
biofuel molecules from lignocellulosic biomass [110,111]. 
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The anaerobic digestion processes in microbial communities have ample potential for 
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to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter pro-
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The most intense word is Y. lipolytica due to its enormous industrial potential for the
future biorefinery platform [39]. Research on Y. lipolytica and oleaginous yeast aims to
increase the production of fatty acids from cheap and renewable routes [39] in a context
more adaptable to industrial applications. With the emergence of synthetic biology, new
approaches such as proteomic analysis [96] and gene overexpression [97] are being applied
to this yeast. Recently, the CRISPR-Cas9 tool was successfully applied in Y. lipolytica for
genomic-oriented manipulation [98].

The anaerobic digestion processes in microbial communities have ample potential for
bioenergy, as they allow the use of low-cost feedstocks, such as wastewater and biomass,
to produce biofuels. Thus, different omic tools have been applied in Coprothermobacter
proteolyticus [99] and Pseudomonas putida [100].

The production process of bioethanol is the one with the best technical develop-
ment among microbial biofuels. This technology is expected to be mature in the com-
ing years. Advances in metagenomics [101], orthogonal communication systems [102],
metaproteomics [103], metabolomics [96], and metabolic engineering [104] are improving
the microbial fermentation processes and increasing yields in the production of cellulosic
bioethanol [105].

Most industrial applications using microorganisms as living factories make use of
lignocellulosic biomass or agricultural waste [106], relating this word to a hot research topic.
The co-fermentation of different sugars from lignocellulosic biomass and residues allows
the ethanol production processes to become economically viable [107]. However, microor-
ganisms potentially usable in these fermentative processes are not naturally adaptable to
extreme industrial conditions [108], given the low productivity, low-stress resistance, and
accumulation of by-products due to the recalcitrance of biomass [73]. To overcome these
limitations, several genetic engineering strategies in microorganisms have incorporated
the use of synthetic promoters in the study of gene function [109] and transcription factors
(TFs) as regulators of metabolic pathways to increase the production of biofuel molecules
from lignocellulosic biomass [110,111].

E. coli is a Gram-negative bacterium considered the most popular workhorse for
industrial production due to complete knowledge of its genomics. Moreover, E. coli is
a gene donor [101] for new functions in the metabolic pathway in a series of other mi-
croorganisms [112]. The main disadvantages of this bacterial culture are the narrow pH
growth range (6.0–8.0) and the fact that ethanol is not a central product of this bacterium.
Among other synthetic biology approaches, research is focused on the development of
synthetic promoters [113] for targeting new mevalonate pathways for multiple cellular
processes [73,114].

Another Gram-negative bacterium with biotechnological potential is Klebsiella pneumo-
niae. It is widely used in microbial consortia to improve tolerance to xylose [115]. K. pneumo-
niae is nutritionally versatile with numerous native pathways useful for biofuel production.
It is a well-known and industrially important platform for chemicals derived from various
sugars [116]. Proteomic [117] and differential metabolomic [85] analysis provide new routes
and perspectives to produce industrial metabolites such as n-butanol [111].

It is not new that microalgae have enormous biosynthetic potential under adverse
physiological conditions [11,37], being recognized as a propitious source for the sustainable
production of bio-based fuels [25,118]. P. tricornutum is a model microalga with biotechno-
logical potential for future biorefineries [41]. Microalgae are photosynthetic microorganisms
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capable of lipid accumulation by transforming CO2 and heat into chemical energy at scales
larger than those of terrestrial plants [110,119]. In addition, they can use wastewater [41,42],
which reduces the need for other valuable nutrients. Therefore, the research focuses on the
genomics of the metabolism related to the formation and accumulation of lipids [120,121].
The performance of new promoters under nitrogen starvation conditions is also studied in
this photosynthetic microorganism [122].

The keyword bursts analyzed and discussed here provide an overview of the main
trends and emerging topics in the research focused on synthetic biology related to non-
food biofuels.

3. Discussion and Future Perspectives

We analyzed the geopolitical and institutional scenario and examined the content
of the scientific literature on synthetic biology related to biofuels. Our results highlight
the evolution of concepts and emergences that may assist in assessing scientific develop-
ment and in suggesting future policy formulations for a world focused on a sustainable
bioeconomy [59].

The scientific evolution observed is mainly due to advances in the metabolic manipulation
of microorganisms [123–127] and the reduction of the cost of DNA sequencing and synthe-
sis [121,128]. Scientific publications have undergone significant changes in their theoretical
and methodological background. These changes in disciplinary foundations have evolved to
respond to the new needs of world society, becoming increasingly multidisciplinary.

We showed that the geopolitical distribution of publications originates mainly from
high-income countries, such as the US. The US achieved a great advantage and influence in
the field of synthetic biology related to biofuels, as noticed not only by the number of publi-
cations but also by the collaboration with countries of high centrality and by government
investments in synthetic biology [120,129]. This technology offers notable benefits not only
to produce biofuels but also for other applications. In the US, synthetic biology is seen as a
technological path for providing a healthier life, less dependence on fossil resources, new
manufacturing processes, increased productivity in the agricultural sector, and the creation
of jobs through the development of bio-based markets [130]. Institutions in the US are at
the top of the rankings in terms of contribution and influence.

We looked at the development and the academic influence of the authors, according to
the number of publications and centrality of their respective work. Each author presented
in Table 2 is responsible for at least 20 articles. It indicates the researchers who actively
investigate synthetic biology in the production of biofuels or related fields.

Based on the authors’ co-citations (Table 1), we pointed out some characteristics of the
research network. The intellectual base presents topics with an interdisciplinary character.
Their link is the metabolic and genetic tools to improve microorganisms in bioethanol and
fatty acids production from biomass and low-cost waste.

Analyzing the article bursts and keyword bursts, we identified the evolution of the
conceptual base in the field [62] to understand the trends at critical research points. The
domains of knowledge verified in the analysis of article bursts went from complex analysis
to methodologies aimed at low-cost gene synthesis and assembly of synthetic paths. The
design and the construction or modification of new molecular and cellular matrices for
synthetic paths/modules including promoters, RNAs, and scaffolding [45] lead to new
industrial processes to produce metabolites such as bioethanol and fatty acids [131].

Similarly, keyword burst analysis was used to determine the new frontiers and sci-
entific trends. In our study, the emerging trends were mainly focused on the research
and development of oilseed yeast Y. lipolytica, Gram-negative bacteria such as E. coli and
K. pneumoniae, microalgae, and P. tricornutum to produce advanced biofuels, with emphasis
on bioethanol and n-butanol from lignocellulosic biomass and wastewater [18]. Promoters,
transcription factors, and genetic sequencing tools are used for the regulation of metabolic
pathways to increase lipid accumulation and to produce biofuel molecules in those mi-
croorganisms. The high explosion values indicate that the aspects to which these keywords
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belong are still topics and frontiers for research on biofuels in the future. Moreover, re-
lated to these terms, the others are meta-transcriptomics, meta-genomics, assimilation
metabolism, proteomic analysis, and genetic and metabolic engineering in their application
to transform living factories into biorefineries.

Given the availability of genetic and molecular tools to redesign existing native path-
ways or create new synthetic ones, E. coli is the best choice for producing biofuels from
renewable energy sources [32]. However, product toxicity is one of the main bottlenecks
in achieving the maximum production of biofuels. With that in mind, Xu et al. [132] used
host deformation engineering to alleviate the solvent toxicity in fermentation. Likewise,
new synthetic promoters in E. coli provide better biochemical and biofuel production by
fine-tuning gene expression levels [113]. Bervoets et al. [102] presented a set of orthog-
onal expression systems based on Bacillus subtilis sigma heterologous factors that may
contribute to the assembly of more complex synthetic genetic systems in the future. In
addition to being used as a living factory, due to complete knowledge of its genomics,
E. coli is a gene donor [101] for new functions in the metabolic pathways of a series of other
microorganisms [112].

In an attempt to overcome the obstacles to greater use of biomass, new research in
biomanufacturing based on genomics in microorganisms, enzymes, and new metabolic
pathways has started a new era of discoveries with industrial potential [18,133,134]. An
example is Y. lipolytica research aimed at increasing the production of fatty acids from
cheap and renewable routes [39], in a context more adaptable to industrial applications.
We can add new genome editing tools based on the CRISPR-Cas system, leading to greater
viability in industrial microbial systems producing consumer goods [135,136] and allowing
the production of lipids with industrial potential for future biorefinery platforms. The use
of microalgae has enormous energy potential, given the possibility of transforming CO2
and heat into chemical energy at scales much larger than those produced by terrestrial
plants [110], without competing with food production. P. tricornutum is a strain with
significant biotechnological potential for future photosynthetic biorefineries [41]. New
species of microalgae, including Scenedesmium sp. NBRI012, have high productivity of
biomass, carbohydrates, and lipid content. After the production of bio-hydrogen, residual
biomass with high lipid content can be used as a source to produce biodiesel [110].

At the same time, lignocellulosic biomass, agricultural residues, and wastewater have
been emphasized as feedstock to produce advanced biofuels using synthetic living factories.
Thus, bioprocesses that use live factories are turning their attention to new substrates,
leaving aside the use of glucose, for greater use of non-food biomass, CO2, and low-cost
waste as carbon sources, drawing attention to the potential of a bioeconomy regimen [59].
The potential of lignocellulosic biomass provides a new path to produce biofuels that do
not compete with food because it is cheaper and available in large quantities [15,137,138].
In Brazil, as a pertinent example, the territorial extension and the regional edaphoclimatic
characteristics make possible the intensive production of biomass for industrial biotechnol-
ogy at a lower cost, compared to other countries that prospect for synthetic microbial cells.
Concomitantly, there is also the possible use of agro-industrial by-products and residues
as substrate [139]. Brazil, in the future, may become the largest producer of products of
bio-based origin. Another candidate substratum of great potential is the use of wastewater
because the use of this cheap and abundant resource can significantly minimize input and
energy costs in biofuel production processes [140].

Different engineering strategies, such as automation, regulation, and reengineering of
cellular machines, can be tested on hosts in a relatively short time and at a lower experi-
mental cost. However, while enabling predictive approaches to assist in the research and
development of biomolecules in various synthetic pathways at the destination host [134],
we still face a knowledge gap that does not allow us to project cells in an environment in
a truly predictable way that results in a lineage with increased cell yield. New cellular
systems capable of using different carbon sources are needed to produce biofuels [141],
including genetic parts specifically related to biosensors and inducible promoters [142].
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Emphasis is put on the development of tools for a better understanding of the metabolism
of fatty acids [131] and for genomic expression in oleaginous yeasts [143], allowing the use of
cheaper and renewable substrates in industrial applications. For microalgae, new tools are
needed that can improve nuclear manipulation and the construction of a synthetic genetic
network on a genome scale, thus being able to shortly increase the biomass rate and CO2
fixation capacity of these microorganisms [36,118]. Metabolic engineering in microalgae
may improve control over lipid and growth pathways, resulting in more reproducible and
predictable systems compared to wild-type strains [37].

On the other hand, there are political, economic, and social issues. Given the lower
productivity and high costs of bioproduction, it is still difficult for the use of microorganisms
as living factories to compete with conventional industries [144]. Factors such as the current
relatively low prices of fossil fuels and the devaluation of biofuels by developing countries
make this technology lose space in the bioenergy market [145]. In the case of Brazil, despite
the earlier policies for the development of biofuels, e.g., governmental inputs for fossil
oil production, such as the ocean pre-salt oil initiative in 2007, biofuels have been so far
left behind. Thus, appropriate government policies are needed to increase interest in the
production of advanced biofuels using live factories so that this technology can achieve
market success in the coming years.

Having overcome the challenges, synthetic biology could reach and cover not only
the biofuel supply chain but also other areas that form agribusiness, with greater added
value [146]. The synthetic biology tools applied to microorganisms offer the possibility
of producing chemicals for agricultural production that can increase agricultural produc-
tivity [147], give greater nutritional value to agricultural products [148], and benefit the
environment [149]. Bio-factories can also be used to make substances currently produced
by plants for food [150] and medicine [151,152], among other sectors. Thus, the diversity
of compounds and molecules that can be produced using synthetic living factories can
revolutionize the production of biomolecules for routine and common use, entering a new
era of bioeconomy, with the development of bioproducts of high economic value [153–155].
We look forward to synergistic, institutional efforts to support the development of organic
production systems that are economically viable, without aggravating land [156] and water
use [157] and limiting the environmental impact of human activities while expanding the
industry into new frontiers of bioenergy and other bio-based products.

4. Materials and Methods

A scientometric analysis was applied to evaluate the geopolitical, institutional, and
technological trends in synthetic-biology-related biofuels from sustainable, non-land-use,
and non-food-competing resources using the software CiteSpace. The software combines
information visualization methods, bibliometrics, and data mining algorithms in an in-
teractive visualization tool for pattern extraction in citation data [62,158]. CiteSpace has
been used in technological forecasting studies on many topics, from patents [159,160] to
consumer innovation resistance [161].

4.1. Research Data

To ensure multidimensionality on the topic, articles and reviews on synthetic-biology-
related biofuels were collected using the Web of Science (WOS), Clarivate Analytics (https:
//apps.webofknowledge.com (accessed on 18 October 2019)). To reach almost the whole
set of publications related to the focus themes, we applied a lexical expansion [162] for
rescuing as many relevant publications as possible. For comprehensive coverage of the
field of synthetic biology, we used different terms in the analysis [163]. We also included
terms related to metabolic engineering, the technical approach for the proper functioning
of the projected living factories [164,165].

Unlike previous research that aimed to analyze the literature probed by single-core
terms such as “synthetic biology” [166] or “biotechnology” [167], this study used combined
keywords for retrieving the synergy of different research fields to produce non-food biofuels.

https://apps.webofknowledge.com
https://apps.webofknowledge.com
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In this way, we expanded the knowledge retrieved and gained a more comprehensive
scientific categorization of the subject. Thus, the query used in this research contains
two main search strategies combined using Boolean operators. The first strategy directly
addresses the concepts and types of non-food biofuels. The second research strategy
addresses the concepts and approaches related to synthetic biology, metabolic engineering,
and conceptual variations. Thus, the strategy for retrieving publications in the WOS
database by the terms selected was as follows: TOPIC: (biofuel* OR ethanol OR biogas OR
“alcohol fuel” OR bioenergy OR “microbial oil” OR “microbial biofuel” OR biodiesel OR
biobutanol OR butanol OR bioethanol OR biohydrogen OR methanol OR bioalcohol OR
“fatty acid esters” OR farnesene OR “bio-diesel” OR “bio diesel” OR biooil OR “bio-oil”)
AND TOPIC: (“synthetic biology” OR “synthetic pathways” OR “metabolic engineering”
OR “metabolic pathways” OR “synthetic circuits” OR “synthetic systems” OR “synthetic
genomics” OR “synthetic genome” OR “synthetic genes” OR “synthetic nets”).

The language of recovery was English. The search period was from 1999 up to 2018.
The search resulted in 2863 publications (articles and reviews). Of those, we excluded
145 documents unrelated to the research topic, resulting in 2718 original publications:
2057 articles and 661 reviews.

4.2. Data Analysis

We imported the full dataset of 2718 publications into CiteSpace and set the time-
slicing as “1999–2018”. We selected the 50 most cited references for each year in the chosen
period to map the co-citation networks. The Pathfinder network scaling was adopted
to prune each network and remove the redundant links between nodes [62,63]. We then
analyzed countries, institutions, funding agencies, and authors based on the co-citation
network. We used the co-citation network of the authors to visualize the research groups
and detect notable developments in the scientific field through clusters.

The method focuses on the interrelations between a co-citation cluster member and
their citers [63]. The articles and keywords were analyzed using the Kleinberg burst
detection algorithm [87]. In addition, we used the dual-map overlay tool to analyze the
evolution of the scientific literature on biofuels related to synthetic biology. Dual-map
overlay of journals provides a global map of the growth of literature at the academic
level [60], shows the relationship between the distributions of cited journals and citing
journals in the literature, and reveals the evolution of the distribution with time [168].

4.3. Networks Properties

The network properties were measured using structural and temporal metrics. Structural
metrics include network density, modularity, silhouette, and centrality of intermediation.

The density of the network was used to express the degree of proximity in the rela-
tionships between each node. Low density denotes that the links between the different
nodes are not very close, and thus there is little cooperation between them [169,170]. The
modularity Q was used to measure the extent to which a network can be divided into
independent blocks, ranging from 0 to 1. The closer to 1, the more structured the network
will be [63]. The silhouette metric developed by Rousseeuw [171] was used to estimate the
uncertainty involved in identifying the nature of a cluster. The value of the silhouette of a
cluster ranges from −1 to 1. The value of 1 represents a perfect separation from other clus-
ters, the highest level of homogeneity [62,63]. Freeman’s centrality of intermediation was
used to highlight possible central points of the paradigm shift over time [61]. It measures
the degree to which the node is part of the paths that connect an arbitrary pair of nodes
in the network, with a value ≥0.1. The high values of the centrality of intermediation are
identifiers of potentially revolutionary scientific publications, as well as gatekeepers on
social networks [61,62].

As a temporal metric, we used Kleinberg’s burst detection algorithm [87]. This tool
analyzes whether a specific frequency function has had statistically significant fluctuations
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over a given period. Thus, this rupture detection algorithm is adapted to identify new
research front concepts [62,87].

5. Conclusions

New research approaches on biofuels expand bioeconomy into new forms of energy
production using sustainable, renewable biological substrates. The transition toward a
bio-based economy is associated with biofuels that do not use food-related feedstocks
by combining approaches and tools of synthetic biology and evolutionary engineering in
industrial bioprocesses. In this bibliometric study, policymakers and stakeholders may
access relevant, detailed information on a research trend and emerging technology that will
shape the bioeconomy as a new fundament of society.
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