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Historical Perspectives on the Bacterium Vib-
rio natriegens and its Potential to Revolution-
ize Bioengineering

Jonah M. Williams1

Abstract

Background:  Vibrio natriegens is an aquatic bacterium that has the fastest doubling time of any currently 
known organism at approximate 9.8 min. This review delves into the early categorization of V. natriegens, 
its phylogeny and physiology, and the efforts aimed at studying its potential to enhance both micro- and 
macro-scale biotechnology. 

Methods: Twenty-eight research papers from scientific literature databases including PubMED (US National 
Library of Medicine), National Center for Biotechnology Information (NCBI), and the American Society for 
Microbiology Journals were used in this study.  

Summary: Almost sixty years after the original isolate, microbiologists and bioengineers alike are expressing 
a renewed interest in V. natriegens as a possible replacement for Escherichia coli. Recent biotechnological 
efforts have been successful in developing the necessary genetic systems for such a transition. The produc-
tivity of V. natriegens suggests that the organism can also be used in large scale bio-refineries producing 
nutraceuticals and other bio-products. 

The Historical Taxonomy of Vibrio natriegens

Discovery of the organism and classificiation as a Pseudomonas 

William Payne first isolated V. natriegens from the coastal salt marshes 
of Sapelo Island, Georgia, USA in 1958. Together with associate R. G. 
Eagon, Payne studied and categorized the newly discovered bacterium at 
the University of Georgia in Athens. Originally listed as “marine isolate 
11,” V. natriegens was then classified in 1961 as Pseudomonas natriegens 
due to physiological observations at the time.(1,2) This marine organism 
is a gram-negative bacterium, the same category as E. coli and Helico-
bacter pylori; these bacterium contain periplasmic spaces between their 
outer and inner membranes.(3) Additionally, V. natriegens is quite small, 
approximately 1 µm in length, and contains a polar flagellum. 

Payne and Eagon concluded that the isolated P. natriegens required sodi-
um for growth and produced carbon dioxide, acetic acid, lactic acid, and 
pyruvate from glucose metabolism.(2) Interestingly, when they replaced 
sodium with other monovalent cations, such as lithium, potassium, and 
rubidium, in their growth medium, Payne and Eagon observed that the 
organism did not grow. This experiment validated that sodium was im-
perative for P. natriegens population growth.(4-6) These characteristics 
refined the organism’s taxonomy to either the Vibrio, Pseudomonas, or 
Beneckea genera.(7, 8) These three genera belong to the Gammaproteo-
bacteria class. Within this class, the Vibrio and Beneckea genera belong 
to the Vibrionaceae family and the Pseudomonas genus belongs to the 
Pseudomonadacea family. Though these families contain rod-shaped, 
gram-negative bacteria with polar flagella and generally reside in ma-
rine/coastal environments, Pseudomonas species (spp.) are aerobic while 
Vibrio and Beneckea spp. are facultative anaerobes.(7, 9) 

At the time of P. natriegens classification, the phylogenies of these groups 
were not well defined. Early observations by Payne et al. (1961) suggested 
that the isolated organism could belong in any of these genera, but they 
chose to initially place the organism in Pseudomonas after observing no 
sensitivity to the compound 2,4-diamino-6,7-diisopropyl-pteridine, also 
known as 0/129.(2) 0/129 is an antimicrobial, vibriostatic agent to which 
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only Vibrio bacteria are sensitive and has been used to distinguish Vibrio 
spp. from other gram-negative bacteria.

Improper classification and movement to Beneckea genus

After V. natriegens' initial classification into the Pseudomonas genus, 
scientists reclassified the bacterium as existing technologies were de-
veloped and improved to better understand its characteristics. In 1971, 
Baumann et al. proposed in “Taxonomy of marine bacteria: the genus 
Beneckea” that Payne et al.’s genus taxonification introduced in 1961 was 
inaccurate.(2,7) While categorizing over 145 isolates of marine bacte-
ria which shared many general characteristics with P. natriegens, Bau-
mann et al. noted that P. natriegens differed in physiology and behaviour 
from the other existing marine bacteria genera. Based on these findings, 
Baumann et al. reclassified P. natriegens into the novel genus Beneckea, 
where all species were gram-negative, had straight rods and polar flagel-
la, required sodium, were unable to fix nitrogen, and had a deoxyribonu-
cleic acid (DNA) Guanine/Cytosine content of 45-48%.(7) 

In addition to physiological characteristics, Baumann et al. found that 
P. natriegens was also a facultative anaerobe, a characteristic Payne et al. 
had also identified. Yet, while earlier analysis showed that carbon dioxide 
was produced in addition to lactic, pyruvic, and acetic, Baumann et al. 
found that the organism produced no carbon dioxide through glucose 
fermentation.(2,7) Pseudomonas was a genus for aerobic marine pro-
teobacteria while Beneckea natriegens was a gram-negative, facultative 
anaerobe with a rod-shape and a polar flagellum that fermented glucose 
without gas production.(13) The differences between Payne et al.’s and 
Baumann et al.’s experimental observations could have been due to sev-
eral factors, including different growth conditions, experimental error, 
strain contamination, captive genetic adaptations, more rigorous exper-
imental analysis, and recent technological advances.(12) These observed 
experimental differences supported Baumann et al.’s categorization of the 
bacterium into the Beneckea genus.

Reclassification as a Vibrio by Austin et al. in 1978.

Over the subsequent decade, more scientists grew interested in the phys-
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iology of B. natriegens and marine proteobacteria. Microbiologists B. 
Austin, A. Zachary, and R. R. Colwell, revisited B. natriegens physiology 
at the University of Maryland in College Park in 1978 and realized some 
fundamental flaws in the previous taxonomy classification.(13) They 
obtained the strain Baumann et al. had been using from the ATCC or-
ganismal bank and observed that their original phenotypic analysis was 
accurate. Austin, Zachary, and Colwell also observed that the organism 
could not degrade chitin, but could use over 26 other carbon sources, 
including ethanol, for growth. This result was intriguing, as organisms 
which can use a wide variety of carbon sources generally have very com-
plex carbon metabolic pathways. B. natriegens’ ability to synthesize vari-
ous carbon sources suggested its involvement in biogeochemical carbon 
cycles and its potential use in artificially biological carbon sequestration 
and storage initiatives.  

Additionally, Austin, Zachary, and Colwell also discovered B. natriegens 
was susceptible to the vibriostatic compound 0/129, a result that con-
tradicted Payne et al.’s original 1961 analysis.(2,13) The different obser-
vations on this vibriostatic assay by the two groups of scientists likely 
results from the nature of the test itself and the available technology in 
each time period. Researchers performing the same experiment occa-
sionally report varied results, and in the case with B. natriegens’s sensi-
tivity to 0/129, the varied mode of chemical preparation, delivery to the 
organism, and growth conditions all impact the detection ability. Albeit, 
the specific vibriostatic assay information was in neither Baumann et al.’s 
nor Payne et al.’s manuscripts. Nonetheless, B. natriegens’ susceptibility 
to 0/129 and its phenotypic similarities with other Vibrio spp. prompt-
ed Austin et al. to suggest that B. natriegens be recategorized under the 
Vibrio genus. New evidence published by Payne in 1971 further corrob-
orated Austin et al.’s reclassification proposal. In 1978, B. natriegens was 
renamed as Vibrio natrigens.(4,13) 

Breaking a Scientific Record 

In the early 1960s, Eagon and Payne continued their work with Vibrio 
natriegens. Eagon himself published “Pseudomonas natriegens, A Ma-
rine Bacteria with a Generation Time of Less than 10 Minutes,” in 1962.
(14) Eagon reported a record generation time of 9.8 min. for V. natrie-
gens under optimal growth conditions in a brain-heart infusion broth at 
37⁰C with 1.5% sea salt.(14) The observed 9.8 min. generation time of V. 
natriegens was significant as the model organism at the time, E. coli, had 
a laboratory doubling time of approximately 25-30 min.(15, 16) Given 
how bacteria must increase their volume, replicate and proofread their 
DNA, synthesize proteins, and undergo cytokinesis, it is truly remark-
able that V. natriegens can double its population in under 10 min.(17) 
The organism’s generation time expands our limited understanding of 
the kinetic and thermodynamic mechanisms of cell division and organ-
elle biogenesis.(17,18)

Genomics in Explaining Doubling Time

With recent advances in methods to quickly analyze genomes and tran-
scriptomes, researchers are now working to understand the biochemical 
mechanisms for V. natriegens’ doubling time. In 2002, Aiyar et al. at-
tributed the bacterium’s extremely fast generation time to very rapid pro-
tein synthesis rates.(19) They hypothesized that V. natriegens has both 
a higher count of ribosomes and stronger ribosomal activity mediated 
by powerful ribosomal RNA (rRNA) promoters and operons. Their re-
sults showed that E. coli produced approximately 70,000 ribosomes per 
cell within its 25 min. doubling time, whereas V. natriegens produced 
115,000 ribosomes per cell within 10 min.(19) relative to a similar aver-
age cell size of about 1 micron. Through southern blotting, Aiyar et al. 
also identified about 13 rRNA operons in V. natriegens and found that 
the promoters of these operons were highly regulated and heavily reliant 
upon upstream regulators. To determine the strength of these promo-
tors, Aiyar et al. transformed the rRNA production systems into E. coli 

and compared the protein production levels in vitro.(19)

Although knowledge of V. natriegens ribosomal RNA promoters and 
operons behaviour is a significant step towards explaining its replica-
tion rate, no genome of V. natriegens was available at that time. Maida 
et al. addressed this problem and submitted a draft genome sequence of 
V. natriegens in 2013.(20) The sequence allowed cross-referencing of V. 
natriegens’ observed physical data to the reported DNA sequence and 
provided a comprehensive link between physiology and genetics. Maida 
et al. performed a physiological assessment of the bacteria under simi-
larly ideal conditions to Eagon’s 1962 experiment and noted that under 
strong aeration, increasing nutrient supply via mass transfer, the V. na-
triegens culture reduced its doubling time to 7 min.(14,20) With fur-
ther analysis with homology search bioinformatics, the researchers also 
discovered 14 rRNA-encoding genes and were able to predict a total of 
12 putative rRNA operons. This result aligned closely with the number 
of rRNA operons discovered by Aiyar et al. a decade prior.(19,20) Ad-
ditionally, Maida et al.’s genomic sequencing identified closely associat-
ed rRNA promotors, information crucial for developing V. natriegens 
expression systems and genetic transformations for increasing biomass 
yields or productivities. 

Like researchers before them, Lee et al. discovered 11 rRNA operons 
within the genome and identified 129 transfer RNA (tRNA) genes. In 
addition, Lee et al. provided the first complete and fully annotated ge-
nome of V. natriegens with improved genetic spatial organization.(22) 
These new findings may have implications on the doubling time of V. 
natriegens as aforementioned works have suggested that an increased 
number of rRNA operons and available tRNA generally results in faster 
doubling times.(22) More ribosomes and tRNAs increase a cell’s transla-
tional capacity, enabling the bacterium to produce more functional pro-
teins in a shorter time period. V. natriegens has 4 more rRNA operons 
and 30 more tRNA genes than E. coli, which could explain V. natriegens’ 
impressive doubling time.(22) However, as noted by Aiyar et al., more 
rRNA genes cannot causally imply a faster generation time as the lack of 
transcriptomic information for both E. coli and V. natriegens prevents 
exact genomic comparisons.(19) Furthermore, limited data on transla-
tional regulation, ribosome assembly, and rRNA operon regulation has 
made determining mechanisms underlying V. natriegens’ rapid doubling 
time difficult.

Assessing the Biotechnological Potential of V. natrie-
gens

Since Eagon’s initial categorization of V. natriegens in the 1950s and 60s, 
much of the research focus in following decades had been on the physi-
ology explaining V. natriegens’ growth capacity. Yet renewed interest in 
the organism stems mainly from a desire to apply its fast doubling time 
to biotechnological experiments. The use of V. natriegens as a surrogate 
organism could impact a variety of professionals, from research scien-
tists looking for fast host-vector DNA/protein expression systems to en-
gineers operating scaled bioreactors to mass-produce valuable bio-com-
modities. However, for V. natriegens to replace the current biological 
standard, E. coli, its full biotechnological profile needs to be developed 
and extensively studied, a project which many research groups have be-
gun to undertake. Two champions in the area of V. natriegens biotech-
nology are George Church et al. at Harvard University in Cambridge, 
MA and members from Synthetic Genomics Inc.(SGI) in La Jolla, CA. 
Both research teams published papers on integrating V. natriegens into 
key biotechnological systems nearly a month apart during the summer 
of 2016. They presented almost identical research approaches and con-
clusions and highlighted the desired functionalities in a model benchtop 
organism.(22,23)

Researchers have also recently developed efficient transformation and 
recovery protocols for delivering plasmids into V. natriegens to yield 
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between 105-107 CFU/μg recombinant DNA per reaction.(22,23) V. 
natriegens’ transformation efficiency is similar to that of E. coli; this 
illustrates the closeness between these two organisms as genetic surro-
gates. Additionally, bacterial conjugation from E. coli to V. natriegens is 
possible, whereby the plasmids were maintained as episomal bodies in-
side the latter, allowing scientists to integrate DNA from more advanced 
organisms and develop co-cultures to produce valuable bio-products.
(23,24) It was also shown that while transformed V. natriegens colonies 
appeared after 5-6 hr, wild varieties grown on agar plates had observable 
colonies after only 4 hr, nearly 2.5 times faster than a similar E. coli sys-
tem grown in rich media.(22) Weinstock et al. showed successful main-
tenance of antibiotic resistance cassettes (such as ampicillin, kanamycin, 
and chloramphenicol) within the organism and discovered that the lacI, 
araBAD, and λ phage pR inducible promotors function in the organism.
(23) These resistance and expression systems are key components in mo-
lecular biology laboratories, and their presence in V. natriegens furthers 
its ability to compete with E. coli in transformation, genetic cloning, and 
mutant generation capabilities.

Determining optimal growth conditions, such as nutrients, temperature, 
and concentration, strongly impact the costs associated with efficient 
and beneficial energy sources. Organisms which can use a wide vari-
ety of carbon sources are inherently advantageous. In their recent pub-
lications, the Harvard and SGI teams observed that in minimal media, 
V. natriegens thrived on many carbon sources, including sucrose. Lee 
et al. from Harvard University reported that the organism reached the 
stationary growth phase after only 6-7 hr in liquid media supplement-
ed with sucrose.(22) In comparison, E. coli is unable to use sucrose, a 
relatively inexpensive sugar, as a carbon source. Weinstock et al. from 
SGI were able to develop robust T7 RNA polymerase expression systems 
in V. natriegens identical to those currently found in E. coli and could 
potentially both express and recover GFP under an inducible IPTG pro-
motor.(23) Weinstock et al. used SDS-PAGE analysis and fluorescence 
measurements from GFP to quantify these results.(23) Cre-Lox recom-
bination was successfully performed for V. natriegens and Lee et al. were 
also able to develop a transposon mutagenesis system in addition to a 
basic CRISPRi gene regulation system.(22-24) Cre-Lox, CRISPRi, and 
protein expression systems are all fundamental genomic editing and 
analysis techniques for any organism involved in transgenic investiga-
tions, personalized medicine, mutagenesis, protein engineering, etc. The 
rapid development of gene and protein expression techniques and the 
ability of V. natriegens to undergo genomic engineering similar to E. coli 
establishes V. natriegens as a promising laboratory surrogate.

Uprooting the Status Quo

Although the baseline that technology scientists could use to substitute 
V. natriegens for other surrogate organisms in the lab is now available, it 
is uncertain if researchers will switch to V. natriegens. Even with its im-
pressive doubling time, V. natriegens increases work efficiency margin-
ally in the laboratory setting. Transformed V. natriegens colonies appear 
on solid media after approximately 5.5 hr, whereas E. coli colonies under 
the same conditions would take about 12 hr to appear.(23) If a researcher 
is extremely pressed for time and needs to rapidly collect data, perhaps 
using V. natriegens for one experiment would save time. Even so, the 
amount of time thsat V. natriegens can save is arguably marginal consid-
ering the resources expended for developing novel protocols and intro-
ducing a new organism to the laboratory. The inconvenience of replacing 
E. coli, which has been the gold-standard for biologists for decades, with 
V. natriegens is therefore extremely challenging.(15) 

E. Coli is a universal model organism and is commercially available in 
a wide variety of strains, auxotrophs, and mutants. E. coli has been in-
tensively studied since 1885 when Theodor Escherich discovered the 
bacterium.(15) Since the 1940s, non-pathogenic forms of E. coli have 
been used in experiments to resolve key aspects of prokaryotic physi-

ology and behaviour. As time progressed, our understanding of funda-
mental molecular biological processes grew alongside developments in 
the E. coli system, further reinforcing its use in molecular and cellular 
biology.(25-27) Categorized, resistant, and harmless, E. coli is a manage-
able bacterium that replicates quickly. With each new protein theorized, 
gene discovered, or pathway of interest determined, E. coli was, and still 
is, the first organism used to develop an expression system, study me-
tabolism, or generate mutations to illustrate molecular processes. Our 
comprehension of E. coli “omics” (genome, proteome, transcriptome, 
lipidome, interactome, etc.) is as extensive as the global laboratory use of 
the organism and has allowed researchers to understand the true effects 
of any mutation or genetic engineering.(25, 26) Functionally, both E. coli 
and V. natriegens are very similar: they are generally the same size, have 
flagella, and are gram-negative. Yet despite their close relationship, it ap-
pears that the widespread availability, functionality, cost effectiveness, 
and traditions surrounding E. coli makes it unlikely that V. natriegens 
will replace E. coli in the near-future.
 
Shortly after the SGI team described V. natriegens gene and protein ex-
pression systems, the company commercialized VmaxTM Express Com-
petent cells, an electroporation-ready strain of V. natriegens equipped 
with an IPTG-inducible T7 promotor system and a doubling time of 14 
min.(23) Vmax now provides scientists with a new choice for molecular 
cloning and expression studies and can potentially transform bioengi-
neering. As a protein or metabolite expression and production system, V. 
natriegens could greatly improve large-scale yields and operation times. 
Biopharmaceutical companies use surrogate organisms to produce a 
number of small-molecule and protein-based drugs in large bioreactors, 
and V. natriegens’ faster replication time can substantially increase bio-
mass production, and therefore drug or bioproduct.(26, 27, 28) Although 
there may not be many cost benefits to using V. natriegens at the bench-
top level, cost reductions may be realised in large-scale bio-production 
operations.(28) V. natriegens can benefit large-scale bio-refineries look-
ing to cut costs and enhance productivity without compromising quality.

Decreasing the costs and time for bio-product assembly can also bene-
fit the development of personalized medicines.(26, 27) For example, V. 
natriegens is promising in pharmacogenomics and for developing drugs 
that address genetic based disorders and deficiencies. V. natriegens’ rap-
id growth and stability as a genetic vector enhances genomic screening 
of medical conditions. Through the use of protein expression systems 
or RNAi/microRNA/CRISPRi, researchers can advance treatments to 
silence harmful genes, introduce necessary exogenous proteins, and pro-
vide faster treatments for patients with novel or uncommon conditions. 
Perhaps one the most interesting characteristics of V. natriegens appli-
cable to the biomedical field is its remarkable ability to secrete proteins 
directly into the growth medium. As noted by Weinstock and the Syn-
thetic Genomics team, this capability will allow for easier bio-separation 
processes, thus saving costs downstream.(23)

Conclusion

As for V. natriegens itself, much is left to learn about the physiology 
and mechanisms behind its doubling time. Further understanding its 
impressive growth phenotype and physiology can uncover genetic and 
biochemical systems that could increase biofuel crop growth, fight its 
pathogenic relative V. cholerae, or advance understanding of the salt 
marsh microbiome. For now, a general lack of attention and behavioural 
description of V. natriegens limits the bacterium’s adoption in bio-pro-
duction. Regardless, the biotechnological future looks propitious for V. 
natriegens as scientists have only scratched the surface of this robust mi-
crobe. 



Page 53Volume 13 | Issue 1 | April 2018 

References

1. Payne, WJ. Studies on Bacterial Utilization of Uronic Acids III. J Bateriol. 
1958;76:301-307. PMCID: PMC290205

2. Payne WJ, Eagon RG, Williams AK. Some observations on the physiology of 
Pseudomonas natriegens noc. spec. Antoine Van Leeuwenhoek. 1961;27:121-
128.

3. Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold Spring Harb 
Perspect Biol. 2010;2(a000414). doi:10.1101/cshperspect.a000414.

4. Webb CD, Payne WJ. Influence of Na+ on synthesis of macromolecules by a 
marine bacteria. Appl Microbiol. 1971;21:1080-1088. 

5. MacLeod R. The question of the existence of specific marine bacteria. Bacte-
riol Rev. 1965;29:9-23. 

6. Oh S, Kogure, Ohwada K, Simidu U. Correlations between possession of a 
respiration-dependent Na+ pump and Na+ requirement for growth of marine 
bacteria. Appl Environ Microbiol. 1965;57:1844-1846.

7. Baumann P, Baumann L, Mandel M. Taxonomy of marine bacteria: the genus 
Beneckea. J Bacteriol. 1971;107:268-294. 

8. Dikow RB. Systematic relationships within the Vibrionaceae (Bacteria: 
Gammaproteobacteria): steps toward a phylogenetic taxonomy. Cladistics. 
2011;27:9-28. doi:10.1111/j.1096-0031.2010.00312.x. 

9. Farmer JJ. The family Vibrionaceae. In: Dworkin M, Falkow S, Rosenberg E, 
Schleifer KH, Stackebrandt E, editors. The Prokaryotes. 3rd ed. Singapore: 
Springer; 1965. p. 495-508. 

10. Shewan JM, Hodgkiss W, Liston J. A method for the rapid differentiation of 
certain non-pathogenic asporogenous Bacilli. Nature. 1954;173:208-209. 

11. Matsushita S, Kudoh Y, Ohashi M. Transferable resistance to the vibriostatic 
agent 2,4-diamino-6,7-diisopropyl-pteridine (0/129) in Vibrio cholerae. Mi-
crobiol Immun. 1984;28:1159-1162. doi:10.1111/j.1348-0421.1984.tb00773.x

12. Beaume M, Monina N, Schrenzel J, François P. Bacterial genome evolution 
within a clonal population: From in vitro investigations to in vivo observa-
tions. Future Microbiol. 2013;8:661-74.

13. Austin B, Zachary A, Colwell RR. Recognition of Beneckea natriegens (Payne 
et al.) Baumann et al. as a member of the Genus Vibrio, as previously pro-
posed by Webb and Payne. Int J Syst Bacteriol. 1978;28:315-317. 

14. Eagon RG. Pseudomonas natriegens, a marine bacteria with a generation time 
of less than 10 minutes. J Bacteriol. 1962;83:736-737. 

15. Blount ZD. The unexhausted potential of E. coli. Elife. 2015 Mar 25;4. doi: 
10.7554/eLife.05826. 

16. Studier W, Daegelen P, Lenski RE, Maslov S, Kim J. Understanding the Differ-
ences between Genome Sequences of Escherichia coli B Strains REL606 and 
BL21(DE3) and Comparison of the E. coli B and K-12 Genomes. J. Mol. Biol. 
2009;394:653-680.

17. Wang JD, Levin PA. Metabolism, cell growth and the bacterial cell cycle. Nat 
Rev Micobiol. 2009;7:822-827. doi:10.1038/nrmicro2202.

18. Iyer-Biswas S, Wright CS, Henry JT, Lo K, Burov S, Lin Y, et al. Scaling 
laws governing stochastic growth and division of single bacterial cells. 
2014;111:15912-15917. doi:10.1073/pnas.1403232111.

19. Aiyar SE, Gaal T, Gourse RL. rRNA promotor activity in the fast-growing 
bacteria Vibrio natriegens. J Bacteriol. 2002;184:1349-1358. doi:10.1128/
JB.184.5.1349-1358.2002.

20. Maida I, Bosi E, Perrin E, Papaleo MC, Orlandini V, Fondi M, et al. Draft 
genome sequence of the fast-growing bacteria Vibrio natriegens strain DSMZ 
759. Genome Announc. 2013;1:e00648-13. doi:10.1128/genomeA.00648-13.

21. Wang Z, Lin B, Hervey WJ, Vora GJ. Draft Genome Sequence of the Fast-Grow-
ing Marine Bacteria Vibrio natriegens Strain ATCC 14048. Genome Announc. 
2013 Aug 8;1.(4) pii: e00589-13. doi: 10.1128/genomeA.00589-13.

22. Lee HH, Ostrov N, Wong BG, Gold MA, Khalil AS, Church GM. Vibrio 
natriegens, a new genomic powerhouse. 12 June 2016, posting date bioRxiv 
058487 doi:https://doi.org/10.1101/058487 

23. Weinstock MT, Hesek ED, Wilson CM, Gibson DG. Vibrio natriegens as a 
fast-growing host for molecular biology. Nature Methods. 2016;13:849-851. 
doi:10.1038/nmeth.3970.

24. Lee HH, Ostrov N, Gold MA, Church GM. Recombineering in Vibrio na-
triegens. 26 April 2017, posting date. bioRxiv 130088 doi:https://doi.
org/10.1101/130088

25. Zhang H, Fang L, Osburne MS, Pfeifer BA. The continued development of E. 
coli as a heterologous host for complex natural product biosynthesis. Methods 
Mol Biol. 2016;1401:121-134. doi:10.1007/978-1-4939-3375-4_8.

26. Baeshen MN, Al-Hejin AM, Bora RS, Ahmed MM, Ramadan HA, Saini KS, 
et al.  Production of biopharmaceuticals in E. coli: current scenario and fu-
ture perspectives. J Microbiol Biotechnol. 2015;25:953-962. doi:10.4014/
jmb.1412.12079.

27. Mahalik S, Sharma AK, Mukherjee KJ. Genome engineering for improved 

recombinant protein expression in Escherichia coli. Microbial Cell Factories 
2014;13:177. doi:10.1186/s12934-014-0177-1. 

28. Tripathi NK. Production and purification of recombinant proteins from Esch-
erichia coli. ChemBioEng Rev. 2016;3:116-133. doi:10.1002/cben.201600002


