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Industrial biotechnology generates over $324 billion in US rev-
enues annually, representing more than 2% of the US gross 
domestic product (GDP)1. Industrial biochemicals (for example, 

biofuels, food additives, biopolymers, and other commodity chem-
icals) represent more than $125 billion of these revenues and are 
the fastest growing subsector with year-over-year growth, consis-
tently exceeding 10% over the last decade. As a whole, industrial 
biotechnology is a substantial driver of the US economy, but a new 
generation of biochemical processes is needed for the industry to 
continue to expand. The remarkable advancement of synthetic biol-
ogy and metabolic engineering has provided the technical capa-
bilities to rapidly design and create cells with optimized pathways, 
but our ability to design low-cost bioprocesses has not kept pace 
with the new technical innovations driving this sector (for exam-
ple, genome editing by CRISPR–Cas9 and other similar systems2,  
low cost and rapid DNA synthesis3, and automated combinatorial 
gene assembly4).











Current challenges limiting the competitiveness of bioprocess-
ing include expensive feedstocks, high energy and water use, loss 
of productivity due to contamination, and high downstream sepa-
ration costs. These technical challenges have proven difficult to 
overcome, in part, because of inherent limitations in model host 
organisms. The genetics and metabolism of E. coli and S. cerevisiae, 
common lab-scale hosts, are well understood, and genome-editing 
techniques are advanced; however, both are mesophilic, do not tol-
erate environmental stresses, and have limited native or engineered 
capacity to metabolize carbon sources other than glucose5,6. Efforts 
have been made to address these limitations, but success is often 
limited because these phenotypes are frequently polygenic, requir-
ing the manipulation of multiple genes to bring about substantial 
changes. Moreover, the detailed molecular mechanisms underpin-
ning phenotype are not always fully understood.

Many non-conventional microbes (i.e., microbes not widely 
used in lab-scale studies and/or not common in industrial biopro-
cessing) have phenotypes that address the technical challenges in 
bioprocessing, but these are often not selected as new production 

Q2 Q3 Q4

hosts because their genetics are not sufficiently tractable and/or the 
synthetic biology tools necessary to optimize product titer, rate, and 
yield are not available. The expansion of synthetic biology into non-
model hosts promises to enable a new generation of bioprocessing, 
as microbes that natively possess industrially favorable phenotypes 
can be engineered as production strains with desired biosynthetic 
pathways. This is not to say that one host could address every pro-
cess challenge, but by increasing the number of industrially viable 
hosts, process designers can best match microbial phenotypes with 
process needs.

In this Perspective, we discuss how non-conventional microbes 
can enable new, low-cost bioprocessing for chemical production. 
The discussion begins with an analysis of the process benefits that 
can be realized by exploiting complex traits including tolerance to 
high temperatures, extreme pH, non-aqueous solvents and organic 
acids, and high osmotic stress. Following this, we discuss the molec-
ular underpinnings of stress-tolerance traits and engineering efforts 
to enhance these traits in both non-model and model hosts. We also 
describe the technical challenges in engineering non-conventional 
microbes. Lastly, we comment on the future directions of the field. 
This Perspective is not intended to be a comprehensive review of 
all potentially relevant microbes and their phenotypes, but instead 
uses selected examples (see Table 1) to illustrate our view that non-
conventional microbial hosts and their unique traits will play a 
central role in the future of biochemical processing.

Matching bioprocess challenges with microbial phenotypes
Typically, microbial fermentations are conducted at moderate tem-
peratures (for example, 30–37 °C); however, substantial benefits can 
be realized with microbes that sustain high growth rates at elevated 
temperatures. Bioreactor cooling is necessary because microbial 
growth is exothermic, releasing up to half of the energy stored in 
its substrates as heat. High cooling costs are particularly acute in 
tropical climates, in which sugarcane and other carbon sources are 
abundant at low cost. Operating at high temperatures can alleviate 
some of these costs, because lower cost cooling water is typically 
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Microbial chemical production is a rapidly growing industry, with much of the growth fueled by advances in synthetic biol-
ogy. New approaches have enabled rapid strain engineering for the production of various compounds; however, translation 
to industry is often problematic because native phenotypes of model hosts prevent the design of new low-cost bioprocesses. 
Here, we argue for a new approach that leverages the native stress-tolerant phenotypes of non-conventional microbes that 
directly address design challenges from the outset. Growth at high temperature, high salt and solvent concentrations, and 
low pH can enable cost savings by reducing the energy required for product separation, bioreactor cooling, and maintaining 
sterile conditions. These phenotypes have the added benefit of allowing for the use of low-cost sugar and water resources. Non-
conventional hosts are needed because these phenotypes are polygenic and thus far have proven difficult to recapitulate in the 
common hosts Escherichia coli and Saccharomyces cerevisiae.
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suitable for heat exchange, whereas lower bioreactor temperatures 
(<~35 °C) require expensive refrigerated cooling water to maintain 
a sufficient temperature gradient for temperature control. Moreover, 
elevated process temperatures also reduce the heating required for 
the separation of volatile bioproducts such as ethanol and butanol 
from spent media.

The bioprocessing costs and environmental impact associated 
with handling water, both as input and waste streams, can be sub-
stantial. For example, ethanol plants use an average of five gallons 
of treated water per gallon of ethanol produced7. Untreated water 
sources such as ocean water are abundant, but microbial growth is 
inhibited owing to high salt content. An alternative is to use growth 
media with high concentrations of carbon sources and nutrients to 
drive high cell density cultures, but this requires hosts that are tol-
erant to the osmotic pressure created by the media. The decrease 
in fermentation volume associated with high cell density cultures 
is also beneficial because smaller volumes require less purification 
equipment and smaller reaction vessels, which are simpler to steril-
ize and maintain.

Historical bioprocessing data reveals an inverse relationship 
between product titer and separation costs; products at low con-
centrations are difficult and costly to separate from large volumes 
of aqueous fermentation broth that not only contain the desired 

product but also waste compounds and side products8. Increasing 
product titer increases production and decreases separation costs, 
but high concentrations of some products can be toxic. This effect 
is readily apparent with S. cerevisiae ethanol production, wherein 
industrial titers are limited by ethanol toxicity9. This represents 
another area in which non-conventional microbial hosts with 
native tolerance to valuable bioproducts (for example, alcohols and 
organic acids) can benefit bioprocess design.

Microbial contamination reduces process yields by parasitically 
consuming the carbon source and by producing inhibitors that 
increase fermentation time. This is particularly problematic in bio-
processes with narrow profit margins in which even minimal losses 
in yield can substantially affect process economics. For example, 
bacterial contamination in S. cerevisiae cultures has been shown to 
reduce ethanol titers by more than 10 g/L, likely owing to inhibi-
tion of S. cerevisiae growth by acetic acid produced by the bacteria10. 
Non-aseptic culturing enabled by hosts that can withstand process 
conditions that are inhospitable to other microbes can provide 
major cost savings, as input streams do not need to be sterilized and 
simple reactor designs made from low-cost materials can be used. 
Of course, the process conditions for non-aseptic systems and/or 
conditions specific to a single stress must also be balanced with 
the needs of the desired product (for example, high-temperature 

Table 1 | Non-conventional and conventional microbial hosts discussed in this Perspective, their industrially relevant phenotypes,  
and metabolic engineering products

Microbial hosts and their limits Products

Thermotolerance

Thermoanaerobacterium saccharolyticum (45–65 °C) Ethanol, n-butanol29

Clostridium thermocellum (50–60 °C) Ethanol, isobutanol30

Geobacillus thermoglucosidasius (40–70 °C) Ethanol, lactate, formate, acetate, pyruvate31

Halomonas campaniensis (20–55 °C) Polyhydroxybutyrate32

Kluyveromyces marxianus (52 °C) Ethanol, ethyl acetate, inulase, galactosidase11, esters34, fatty acids38, 
hexanoic acid

Issatchenkia orientalis (30–45 °C) Ethanol24, succinate35, lactate75

Hansenula polymorpha (37–48 °C) Ethanol33

Metallosphaera sedula (70–75 °C) Metallic copper79

Model hosts*: E. coli (37 °C); S. cerevisiae (30 °C)

Osmotolerance

Halomonas campaniensis (1–20% (w/v) NaCl) Polyhydroxybutyrate32

Halomonas elongate (>20% (w/v) NaCl) Ectoine48

Model hosts*: E. coli (<3% (w/v) NaCl); S. cerevisiae (<4% (w/v) NaCl)

Solvent tolerance

Pseudomonas putida (1–3% (v/v) n-butanol) n-Butanol55, polyhydroxyalkanoates, rhamnolipids, phenol,  
p-coumarate, p-hydroxybenzoate65

Clostridium acetobutylicum (1–2% (v/v) n-butanol) Acetone, n-butanol, ethanol66

Model hosts*: E. coli (1% (v/v) n-butanol); S. cerevisiae (1–2% (v/v) n-butanol)

Acid Tolerance

Lactobacillus casei (pH 3.3-6.5) Lactate, acetate, fermented foods68

Issatchenkia orientalis (pH 1.5-8) Ethanol24, succinate35, lactate75

Kluyveromyces marxianus (pH 3.8) Ethanol, ethyl acetate, inulase, galactosidase11, esters34, fatty acids38, 
hexanoic acid39

Acidothiobacillus ferrooxidans (pH 1–2) Isobutyric acid, heptadecane, metallic copper77

Metallosphaera sedula (pH 1-4.5) Metallic copper79

Model hosts*: E. coli (pH 4.5); S. cerevisiae (pH 4)

*In some cases, high-tolerance phenotypes have been engineered, but typically are accompanied by other altered phenotypes that can be detrimental to bioprocessing (see text).
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fermentation would not be suitable for the biosynthesis of thermally 
labile compounds and culture pH must be matched with the desired 
product protonation state).

It is also important to consider how the traits of a host affect the 
design–build–test cycle. Critical to this cycle is the ability to make 
genomic edits within a reasonable timeframe, which is challeng-
ing when growth is slow. With current workflows, multiple edits 
can be made in E. coli and S. cerevisiae within a week or two. The 
growth rates of many of the non-conventional hosts discussed here 
are comparable to their conventional counterparts, thus facilitating 
rapid engineering. For example, Kluyveromyces marxianus is one of 
the fastest-growing eukaryotes with growth rates nearly double that 
of S. cerevisiae11. In the case of slower-growing non-conventional 
hosts (for example, Acidithiobacillus


 ferrooxidans), strain engineer-

ing may be slowed, but beginning with a set of phenotypes that 
match the desired process can limit the number of edits required to 
create the final production strain.

Acute and long-term responses to environmental stress
When exposed to environmental stress, microorganisms will try 
to counteract its effect, remove it, or repair its damage. How cells 
respond after acute stress differs from that during both gradual 
acclimation and evolutionary adaptation12. Adaptations used by 
stress-tolerant microbes are often reflected in numerous changes 
to cell physiology. Responses are transient mechanisms to prevent 
and repair damage, including the upregulation of protein-folding 
chaperones, transporters and other membrane-modulating factors, 
nucleic acid repair enzymes, and proteolytic enzymes that degrade 
terminally misfolded proteins13. Many of these responses are uni-
versally conserved and are triggered by shifts relative to the ideal 
conditions for a given species. For instance, thermophiles and meso-
philes express homologous molecular chaperones when rapidly 
heated 5–10 °C above their optimal growth temperature14. When 
slowly acclimated to a stress, these organisms can also survive in 
conditions in which an acute shock would be lethal15. Acclimating 
to prolonged stress, while maintaining some of the same patterns as 
the acute response, ultimately leads to distinct transcriptional states 
and a stress-tolerant phenotype16.

Many stresses converge on the proteome, as the ΔG between the 
folded and unfolded states is typically only a few kcal mol−1. Protein 
state is strongly influenced by temperature, pH, and osmolarity, and 
the response to proteotoxic challenges is well documented17. For 
example, a rapid increase in temperature leads to expression of aptly 

Q5

named heat shock proteins (HSPs). However, this response is better 
described as a general mechanism to protect the cell against protein 
unfolding13,18. In S. cerevisiae, HSPs are also induced by exposure to 
peroxides, diamides, osmotic shock, nitrogen or amino acid starva-
tion, and the diauxic shift19, thus pointing to the generality of the 
stress response. Similarly, in E. coli, a variety of acute proteotoxic 
stresses, including extremes of temperature, pH, and accumulation 
of ethanol lead to a shared response20.

Microbial stress-tolerance phenotypes
Thermotolerance. The polygenic underpinnings of thermotoler-
ance include adaptations such as altered membrane composition, 
efficient DNA repair, structural changes to genome packing, and 
increased HSP expression21. The various adaptations are illustrated 
by the diverse membrane compositions of stress-tolerant microbes 
(Fig. 1). Archaeal phospholipids have thermostable ether linkages 
and branched acyl chains22. The branched-chain phospholipids 
reduce membrane permeability, helping to maintain ion gradients 
under stress conditions. Higher production of unsaturated fatty 
acids in ethanol-producing strains of the thermotolerant yeasts  
K. marxianus23 and Issatchenkia orientalis24 is distinctly different 
from the thermotolerance solution adapted by many bacteria that 
produce saturated acyl chains under temperature stress21.

The various mechanisms that bring about thermotolerance are 
also evident from engineering efforts in E. coli and S. cerevisiae. Two 
long-term adaptive laboratory evolution studies were successful in 
isolating new strains of E. coli with maximum growth temperatures 
of ~48 °C25,26. In addition, rational design23, laboratory evolution27, 
and genome shuffling28 have been successful in increasing tolerance 
of S. cerevisiae to ~45 °C. Although these studies increased ther-
motolerance, negative phenotypic effects were observed in both 
organisms; specifically, the loss of growth on glycerol and reduced 
growth rates at standard temperature. These results again highlight 
the complex genetic interactions of tolerance phenotypes; in this 
case, the laboratory evolution of higher tolerance detracted from 
other critical traits.

When considering past successes in metabolic engineering, 
genetic tractability, and the availability of synthetic biology tools, 
the following bacterial hosts should be considered for thermo-
tolerant applications: Thermoanaerobacterium saccharolyticum, 
Clostridium thermocellum, Geobacillus thermoglucosidasius, and 
Halomonas campaniensis (Table  1). Each species has been shown 
to have a high capacity for growth at temperatures upward of 60 °C, 
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ergosterol. d, Changing the phospholipid 

head group allows tolerant microbes to adapt to higher temperatures, solvent concentrations, and acidities. R’ is any acyl chain found in membrane 
phospholipids.
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and standard metabolic engineering tools are available (i.e., trans-
formation protocols, expression plasmids, promoters, and gene 
deletion/integration methods). T. saccharolyticum, C. thermocellum,  
and G. thermoglucosidasius have primarily been the focus of bioen-
ergy and consolidated bioprocessing research and have been engi-
neered to produce n-butanol (1.05 g/L from xylose29), isobutanol 
(5.4 g/L from cellulose30), and ethanol (14.8 g/L on cellobiose31).  
H. campaniensis has been proposed as a multistress-tolerant host 
and has been demonstrated as a platform for low-cost polyhydroxy-
alkanoate production32.

K. marxianus, along with the other thermotolerant yeasts  
I. orientalis and Hansenula polymorpha, also have the native capacity 
to metabolize a range of carbon sources including glycerol, C5 and 
C6 sugar monomers, and C12 disaccharides33–35. This flexible metab-
olism benefits process design, as it allows the use of the lowest cost 
carbon source available. Pathway engineering success has also been 
demonstrated. In our own work, we enhanced the production of 
ethyl acetate in K. marxianus via a multiplexed CRISPR interference


 

(CRISPRi) engineering strategy36. K. marxianus has also been engi-
neered to overproduce esters, fatty acids, and ethanol37–39. Similarly, 
the native stress tolerance of I. orientalis has been leveraged to cre-
ate new overproduction strains for succinic acid biosynthesis35, and  
H. polymorpha has been explored as a high-temperature ethanol 
production host40.

Osmotolerance. Despite the general toxicity of high extracel-
lular osmolyte concentrations, a number of different microbes 
have evolved robust tolerance. Some produce internal osmolytes 
including ectoine, trehalose, and glycine betaine, which balance 
the osmotic gradient across the cell membrane (Fig. 2). Other halo-
tolerant microbes balance the osmotic pressure by allowing salts 
such as KCl to accumulate intracellularly. These microbes evolved 
proteomes with high acidic amino acid content, which is thought 
to maintain protein stability and activity under high salt concentra-
tions41. Though this strategy is less energetically costly than pro-
ducing internal osmolytes, the proteomes can denature at low salt 
concentration, thus limiting the range of conditions in which the 
microbe can survive42. Another strategy uses active ion pumps, most 
commonly Na+/H+ antiporters, to maintain Na+ and pH homeosta-
sis43. This pumping action also comes at a cost, because the antiport-
ers reduce the proton gradient across the outer membrane necessary 
for ATP 


generation.

Engineering microbes to withstand high osmotic conditions 
presents some challenges: ion pumping places a metabolic bur-
den on the cell, proteome-wide adaptations would be laborious to 
implement, and in cases in which high osmolyte concentrations 
are needed for protection, the yield of desired bioproduct could be 
reduced. The osmotolerance phenotype must also be well suited to 
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the range of process conditions experienced over the course of a  
single production run. In fermentations rich in sugars, the media 
composition substantially changes over time, thus presenting a vari-
able environmental stress: high osmotic stress at the outset and stress 
from high product titers toward the end of a production batch. In 
addition, some of these strategies may not be compatible with other 
tolerance phenotypes. For example, some Na+/H+ antiporters func-
tion at neutral pH, severely limiting the range of process conditions 
wherein this strategy could be implemented.

Many osmotolerance adaptions found in non-conventional 
microbes have inspired the engineering of model hosts. Synthetic 
trehalose production in E. coli increased NaCl and glucose mini-
mum inhibitory concentrations to over 550 and 800 mM, respec-
tively; however, the enhanced tolerance was accompanied by 
increased growth inhibition by ethanol44. Another study demon-
strated that heterologous expression of a sodium export pump in 
E. coli could improve growth at elevated NaCl concentrations, but 
final cell densities were significantly reduced in comparison to 
low salt conditions45. Saccharomyces pastoranus, a close relative of  
S. cerevisiae, has also been evolved for higher osmotolerance, which 
resulted in reducing fermentation time from 8 to 4.5 d when grown 
on a high-sugar medium. Interestingly, the evolved strain showed 



significantly less trehalose production, suggesting that an alterna-
tive compensation mechanism may be responsible for the improved 
fermentation46.

One source of highly salt-tolerant non-conventional bacteria 
is the genus Halomonas. Microbes from this genus primarily fight 
osmotic stress by producing the osmolyte ectoine47,48. Researchers 
have developed stable plasmids, high-expression promoters, and 
CRISPR–Cas9 genome-editing and gene-regulation systems49,50. By 
growing engineered strains under conditions inhospitable to most 
contaminants, products such as polyhydroxyalkanoates (~42 g/L 
PHB) have been produced in open, non-sterile bioreactors using 
ocean-water-based growth media32. Other compounds such as 
ectoine (15.9 g/L) have also been produced51. A recent report of a 
novel strain of S. cerevisiae capable of growing in sterilized ocean 
water and successful ethanol fermentation with K. marxianus grown 
on substrates produced in 50% ocean water are valuable examples of 
yeasts with native osmotolerance52,53.

Toxic product tolerance. As various toxic metabolites cause differ-
ent types of damage throughout cells, no single strategy has emerged 
to achieve broad product tolerance. Pseudomonads, which tolerate 
a wide range of solvents and have been extensively studied, are use-
ful examples of a multipronged approach54,55. Solvent tolerance in  
P. putida has been shown to arise from altered membrane composi-
tion (Fig. 1d)56 and the upregulation of RND (resistance-nodulation-
division) efflux pumps (Fig. 3)57,58 and protein-folding chaperones59. 
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the tripartite ATP-independent transporter TeaABC. TeaA is a substrate-binding protein, TeaC and TeaB span the cytoplasmic membrane, and TeaD is a 
negative regulator of TeaABC47. An unknown transporter (question 




mark) is thought to remove ectoine from the cytoplasm. Both the biosynthesis and 

transmembrane transport of ectoine are regulated by environmental salinity and by intra- and extracellular osmolyte levels. α–KG, α-ketoglutarate.
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With some success, E. coli has been engineered to increase product 
tolerance by exploiting these mechanisms. Growth screens with a 
library of 43 different efflux pumps with homology to a P. putida 
protein60 identified candidates that increased culture viability in the 
presence of various terpenoids (but not butanol or isopentanol). In 
another example, heterologous expression of an isomerase from  
P. aeruginosa increased octanoic acid titers by 29%61. Lastly, overex-
pressing the chaperone GroESL improved cell growth and viability 
in the presence of ethanol, n-butanol, and 2-butanol62. Although 

these engineering examples show some success, these methods vary 
in effectiveness, are likely not addressable by a single engineering 
strategy, and do not achieve the high-tolerance phenotypes natively 
found in pseudomonads.

In the example of ethanol tolerance in S. cerevisiae, the model 
species already possesses industrially relevant phenotypes; that is, 
high fermentative capacity to produce ethanol and tolerance to rea-
sonable concentrations of the desired product. Despite a natural 
tolerance to ethanol, the economics of commercial production has 
driven research to improve tolerance to enable higher titers. One 
study increased ethanol titers up to 80%9 by adding KCl and KOH 
to the media. The added salt restored K+ and H+ gradients across the 
cell membrane that were disrupted because of increased membrane 
permeability in high ethanol. The observed effect was success-
fully translated to a genetic strategy of hyperactivating a potassium 
importer and upregulating a proton exporter.

The high tolerance of P. putida to solvent stress represents a 
valuable opportunity to create new high-titer processes, as the  
tolerance of E. coli to solvents has proven limited. A number of  
synthetic biology tools, including promoters, expression vectors, 
and genome-editing systems (for example, CRISPR–Cas9 and λ-red 
recombineering) have also been developed63. These tools have been 
used to create new strains for both biodegradation64 and chemical 
biosynthesis (for example, polyhydroxyalkanoates, omega-3 fatty 
acids, and various organic acids, among others)65. The solventogenic 
Clostridium acetobutylicum is also a viable host. Notably, this host 
was used for the industrial fermentation of acetone to support war 
efforts in the early 20th century. More recently, advanced metabolic 
engineering tools have been used to control the ratio of acetone, 
butanol, and ethanol66; chemical synthesis routes have been devel-
oped to convert the fermented solvents into long chain gasoline-like 
molecules67; and in situ product-removal strategies have been used 
to improve product titers.

Acid tolerance. 


Natural adaptations to acidic environments are 

similar to other tolerance mechanisms, including altered membrane 
composition, active efflux pumps, and changes to the proteome. To 
preserve ion gradients under acid stress, tolerant microbes have 
membranes with reduced permeability, such as the highly methyl-
ated membranes of some archaea22. Active ion pumps can maintain 
a neutral cytoplasm by pumping out excess H+ at the cost of ATP68. 
Proteome adaptations also allow proteins to function at low pH. 
For example, acidophiles may also have proteins with fewer acidic 
amino acids to prevent electrostatic repulsion22. In addition to tol-
erating a low-pH environment, organic acid-producing hosts need 
to withstand the stress caused by the toxic organic acid product. 
Maintaining a low extracellular pH increases the fraction of organic 
acids in the protonated state, which allows the product to be directly 
extracted from the culture media, but also leads to toxic effects as 
the protonated organic acids diffuse across the cell membrane and 
dissociate in the near-neutral cytoplasm.

The common hosts E. coli and S. cerevisiae have been engineered 
for tolerance and production of organic acids, including lactic69,70, 
succinic71,72, and acetic acids73,74. In S. cerevisiae, adaptive labora-
tory evolution improved growth in the presence of ~5 g/L of ace-
tic acid at pH 4 (ref. 73). This engineered tolerance was conditional, 
as strains were unable to grow after acute exposure to these same 
conditions. Adaptive evolution has also been applied to E. coli, in 
which a strain was evolved to withstand high succinate concen-
trations72. Other studies have also been conducted to separate the 
effects of low pH and high concentrations of a specific organic acid. 
One study used multiple genomic libraries and growth selections to 
identify the mechanisms behind acetate tolerance in E. coli74. The 
broad range of mechanisms found to be responsible for enhanced 
acetate tolerance again supports the idea that tolerance is polygenic 
and arises from not one, but a set of parallel mechanisms.
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Native microbial producers of organic acids have also been engi-
neered for enhanced tolerance. Laboratory evolution of Lactobacillus 
casei, a species commonly used to produce fermented foods, 
improved biomass formation by 60% at a pH of ~4 (ref. 68). Another 
example of a natively acid-tolerant production host is a strain of  
I. orientalis engineered by Cargill, Inc. for lactic acid fermentation75. 
This host was chosen for its acid tolerance, as it must withstand the 
low pH caused by high titers of organic acids. Another potential 
yeast host is the previously mentioned K. marxianus, which main-
tains fast growth kinetics at pH ~3 (ref. 11).

Acidophilic extremophiles can also potentially serve as next-
generation hosts. The bacteria Acidithiobacillus ferrooxidans is used 
for industrial copper bioleaching and grows optimally at pH ~2. 
As a chemolithoautotroph, it can fix carbon from CO2 and obtain 
energy from iron and sulfur oxidation. These interesting pheno-
types as well as the increasing availability of genetic engineering 
tools (for example, completely sequenced genome76, functional 
plasmids77, chromosomal integration methods78) are also advan-
tageous. One proof-of-concept study successfully engineered  
A. ferrooxidans to produce isobutyric acid and heptadecane (570 μg/L 
and 0.6 μg/L, 


respectively), supporting the idea that electrochemi-

cal cells coupled to A. ferrooxidans could convert CO2 into useful 
chemicals77. Another potential host is the archaea Metallosphaera 
sedula, which is both thermophilic (70–75 °C) and acidophilic  
(pH ~3). M. sedula also has pathways for carbon fixation, sulfur oxi-
dation, and copper bioleaching as well as a fully sequenced genome 
and functional gene-knockout system79–81. Although M. sedula has 
yet to be engineered for biochemical production, its native combi-
nation of interesting phenotypes and the development of a system 
enabling transformation and selection suggests that future efforts 
toward more advanced metabolic engineering will be fruitful.

Challenges in engineering non-conventional 
microorganisms
The use of multitolerant microbes will help avoid technical chal-
lenges associated with biochemical process scale-up; however, 
engineering these microbes is almost always more difficult than 
engineering E. coli and S. cerevisiae. The extensive investment put 
toward gaining fundamental knowledge of the genetics and metab-
olism and the development of genetic-engineering tools that enable 
such studies provide a clear advantage for common hosts. The 
complete genomes of E. coli and S. cerevisiae have been sequenced 
for over 20 years, metabolic models have been constructed for 
each82,83, and genome-scale engineering techniques have been 
developed84,85. Moreover, transformation protocols, plasmids and 
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genome-integration strategies, and collections of genetic parts are 
standardized and widely available86,87. These synthetic biology tools 
greatly facilitate engineering through pathway expression level tun-
ing, high-throughput screening of mutational libraries, and rapid 
construction of new strains with desired heterologous pathways.

In many of the cases discussed in the previous sections, the 
bioproduct titers achieved with non-conventional hosts do not 
reach the levels of highly engineered E. coli or S. cerevisiae. For 
example, high-temperature ethanol production in K. marxianus or  
G. thermoglucosidasius is much lower than the >100 g/L of ethanol 
produced in industrial processes. The development of non-conven-
tional microbes as production hosts is at various stages. Many have 
traditional transformation and transfection methods, whereas oth-
ers have a small set of synthetic biology tools, but the multiplexed 
editing and combinatorial mutant libraries have yet to be developed 
(Fig. 4). As the technology gap decreases, engineered non-conven-
tional hosts will not only provide a phenotypic advantage, but also 
through strain engineering will achieve titers that are comparable to 
or surpass those from E. coli and S. cerevisiae.

The lack of tools and biological understanding is not the only 
hurdle to overcome in engineering non-conventional hosts, as they 
often have characteristics that make them recalcitrant to engineer-
ing, including resistance to harboring heterologous genes and low 
rates of foreign DNA incorporation, as well as prevention of easy 
access to genetic material owing to the biochemistry of tolerance 
phenotypes. Much of the engineering in S. cerevisiae relies upon 
its high native capacity to perform homologous recombination, a 
capacity that is not present in most other yeasts and higher eukary-
otes88. This limitation can be minimized by disrupting or repress-
ing competing DNA repair through nonhomologous end-joining 
(NHEJ), but such strategies can present challenges of their own, 
including the need for transient repression systems and/or the per-
manent disruption of native DNA repair mechanisms that can lead 
to long-term strain instability89.

Despite challenging genetic backgrounds, synthetic biology and 
metabolic engineering tools have been developed for many non-
conventional organisms. With advances in DNA sequencing, syn-
thesis, and synthetic biology, almost any microorganism that can 
be cultured and transformed with DNA can be adapted and used 
as a production host with designed pathways. Engineering of non-
conventional microbes has recently been enabled by the develop-
ment of CRISPR–Cas9 and related systems, which can allow facile 
and targeted genome editing. In non-model eukaryotes, CRISPR–
Cas9 has been used to knock genes out, integrate heterologous path-
ways, repress and activate transcription, and perform genome-wide 

Multiplex
CRISPR

genome edits 

Episomal
plasmid
system 

Targeted
gene knockouts
and insertions 

Sequenced
and annotated

genome 

Combinatorial
strain libraries

I. orientalis

K. marxianus, P. putida
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E. coli, S. cerevisiae

Pathway
expression
level tuning 

Single-site
CRISPR
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H. campaniensis, H. elongata C. acetobutylicum

C. thermocellum, T. saccharolyticum, G. thermoglucosidasius, M. sedula, A. ferrooxidans 

Fig. 4 | Progress of synthetic biology tool development. The current stages for select non-conventional microbial hosts compared to the conventional 
hosts E. coli and S. cerevisiae.
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studies90–92. In prokaryotes, CRISPR–Cas9 can be more challenging 
to use because of the absence of native DNA repair pathways that 
are present in eukaryotes (for example, NHEJ). Even so, CRISPR–
Cas9 still enables targeted genome editing and has been applied 
in a range of species2,11,50,63,90,93. Improvements in systems biology 
have also made it easier to identify genetic parts for testing (for 
example, promoters, terminators, and centromeric sequences for 
stable plasmid construction)94, to construct metabolic models to 
inform engineering decisions95, and to identify possible gene clus-
ters for novel products96. There is also promise in creating tools that 
are functional across diverse species that will enable more rapid 
engineering of new isolates97. Current successes in tool develop-
ment and engineering of non-conventional hosts demonstrate that 
many of the challenges in engineering these novel microbes can be 
overcome with sustained research efforts that build on past suc-
cesses with the model microbes and by leveraging new innovations  
across diverse fields.

Conclusion and outlook
In working toward the next generation of bioprocesses, we envision 
near-term effort focused on matching our ability to engineer non-
conventional microorganisms with the advanced synthetic biology 
tools that have been developed for E. coli and S. cerevisiae. Tools 
that can tightly control gene expression, rapidly create new path-
ways, and balance metabolic flux, as well as technologies that gen-
erate combinatorial strain libraries are needed to rapidly engineer 
new non-conventional production strains that maximize product 
titer, rate, and yield. These efforts are currently underway for a lim-
ited number of hosts, including the multitolerant hosts K. marxia-
nus11,36, H. campaniensis LS21 (refs. 32,49), and P. putida63. These are 
all examples of how the recent innovation of CRISPR–Cas genome 
editing has exponentially increased the speed with which advanced 
synthetic biology can be applied in a selected host. Once a func-
tional endonuclease-active CRISPR system is established for gene 
disruption, translation of that system to enable tuning of transcrip-
tion via CRISPR interference and CRISPR activation can be rapidly 
achieved89,93,98. Although these tools have enabled the engineering 
of these non-conventional hosts, more advanced tools such as high-
throughput screening of mutational libraries and automated sys-
tems to create combinatorial libraries are needed to match current 
capacities in model hosts. Additional investment is also needed to 
apply these strategies in newly identified microbes with advanta-
geous phenotypes.

In the longer term, we envision considerable research effort to 
identify new candidate hosts that have robust growth under envi-
ronmental stresses. Such phenotypes are not present in the common 
hosts E. coli and S. cerevisiae, and although engineering efforts have 
helped reveal the mechanism of stress tolerance, these efforts have 
not produced enhanced phenotypes that rival those of many non-
conventional hosts. New stress-tolerant organisms may be identi-
fied through bioprospecting in extreme environments by searching 
existing physical collections and through bioinformatic analysis of 
sequenced genomes. Bioprospecting is already routinely done and 
has identified novel isolates with industrially useful thermotolerant 
enzymes. Further bioprospecting promises to identify additional 
microbes with potent multitolerances. Several extensive repositories 
of microorganisms already exist, including the broad collections of 
microbes in the American Type Culture Collection, Agricultural 
Research Service Culture Collection (NRRL), and the German 
Collection of Microorganisms and Cell Cultures. Other, more 
curated repositories also exist. The Phaff Yeast Culture Collection 
at the University of California, Davis contains food and environ-
mental yeast isolates, and the collection at the University of Western 
Ontario Department of Plant Sciences contains mostly ascomycetes 
isolated from plants and insects99. Although these repositories col-
lectively have tens of thousands of different isolates, screening for 

desirable phenotypes within those collections is a slow and labor-
intensive process and represents an area in which technical innova-
tion is needed. Though advances in DNA sequencing have produced 
a large number of partial and complete genomes, computationally 
identifying organisms with tolerance phenotypes from only genome 
sequences is difficult and is an area of active research. Bioinformatic 
analysis across many species also provides insight into the genetic 
basis for tolerance phenotypes and promises to accelerate strain 
generation for industrial biotechnology.

In this Perspective, we have focused on how stress-tolerance 
phenotypes can address challenges in bioprocessing, but many non-
conventional microbes can also metabolize a wide range of carbon 
sources. This flexibility is advantageous, as it allows the use of the 
lowest cost available carbon source. For example, C. thermocellum 
produces multi-enzyme complexes that breakdown the long glucan 
and xylan chains in lignocellulosic biomass, an ability that is also 
present in new isolates of anaerobic gut fungi100. Oleaginous species 
such as the yeast Yarrowia lipolytica (itself a promising non-conven-
tional host with recently established synthetic biology tools89,91–93) 
are also viable options for industrial streams rich in fatty acids, 
alkanes, or glycerol.

As new microbes with advantageous phenotypes are identified, 
there is an immediate need to create novel synthetic biology tools 
that function across a wide range of species to accelerate onboard-
ing of novel organisms into engineering workflows. The core con-
cept is selecting a host for its desired native traits, and synthetic 
biology tools can be used to optimize the desired native or heterolo-
gous biosynthetic pathways, achieving industrially relevant titers. 
This strategy promises to generate poly-tolerant strains with care-
fully tuned metabolism toward production of a chemical of interest, 
enabling production strains that can be grown non-aseptically while 
approaching theoretical maxima for titer, rate, and yield.
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