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Abstract 

Aromatic compounds have broad applications and have been the target of biosynthetic processes for several dec-
ades. New biomolecular engineering strategies have been applied to improve production of aromatic compounds in 
recent years, some of which are expected to set the stage for the next wave of innovations. Here, we will briefly com-
plement existing reviews on microbial production of aromatic compounds by focusing on a few recent trends where 
considerable work has been performed in the last 5 years. The trends we highlight are pathway modularization and 
compartmentalization, microbial co-culturing, non-traditional host engineering, aromatic polymer feedstock utiliza-
tion, engineered ring cleavage, aldehyde stabilization, and biosynthesis of non-standard amino acids. Throughout this 
review article, we will also touch on unmet opportunities that future research could address.

Keywords:  Metabolic engineering, Biocatalysis, Synthetic biology, Aromatic, Modular pathway design, Co-culture, 
Aldehydes, Lignin utilization, Plastic utilization, Non-standard amino acids

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Introduction
Aromatic compounds function in roles as diverse as fla-
vors, dyes, neurotransmitters, therapeutics, and mono-
mers for polymeric materials. In addition to serving as 
end products, aromatic compounds find many uses as 
building blocks in the chemical industry. Over 40% of 
bulk chemicals are estimated to contain an aromatic 
component (Haveren et al. 2008). Historically, most aro-
matic chemicals are derived from fossil fuels, which are 
converted to benzene, toluene, xylene, or other simple 
aromatic compounds by several methods. These methods 
include the reforming of naphtha, which is a mostly non-
aromatic C6–C12 hydrocarbon mixture, the pyrolysis of 
hydrocarbons during ethylene manufacturing, the cataly-
sis of light hydrocarbons into aromatic compounds, and 
the pyrolysis of coal (Sweeney and Bryan 2000). However, 

as society is increasingly prioritizing sustainable routes 
to chemical manufacturing and is shifting away from its 
dependence on fossil fuels, there are more opportunities 
for the production of aromatic compounds from renew-
able resources. In addition to the interest in sustainable 
sources of aromatic bulk chemicals, an increasing aware-
ness of the bioactive properties of aromatic natural prod-
ucts is a strong driver for the development of engineered 
fermentative aromatic synthesis.

Here, we strive to capture the latest innovations in the 
arena of microbial aromatic compound biosynthesis. 
Many excellent reviews have already been published on 
this topic, including one that similarly focuses on emerg-
ing trends rather than specific pathways and products 
(Machas et  al. 2019). Another outstanding review pro-
vides a detailed description of pathways and products 
resulting from aromatic metabolism (Cao et al. 2020). As 
such, here we take more of the former approach of dis-
cussing trends, with a focus on strategies that have been 
reported during the last 5 years or that appear more rel-
evant for future directions. We focus on heterologous 
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reactions and do not describe strategies to increase flux 
from central metabolism that have been covered in detail 
by others (Berry 1996). Additionally, we do not discuss all 
relevant strategies from metabolic engineering; for exam-
ple, we chose to exclude metabolite biosensors. Extensive 
work has been performed during the last decade for the 
identification and engineering of genetically encoded 
metabolite biosensors based on allosteric transcription 
factors. We direct readers who may be interested in that 
topic towards other excellent reviews (Machas et al. 2019; 
Alvarez-Gonzalez and Dixon 2019). With the exception 
of certain key steps in flavonoid and stilbenoid biosyn-
thesis, we also do not discuss aromatic polyketide biosyn-
thesis as the assembly of these compounds can deviate 
significantly from the biosynthetic pathways of most aro-
matic compounds (Shen 2000).

Where do aromatic metabolites come from?
The core pathways for the biosynthesis of the three 
standard aromatic amino acids (AAAs)—tyrosine, phe-
nylalanine, and tryptophan—are responsible for the pro-
duction of the majority of natural aromatic metabolites 
(Huccetogullari et al. 2019). Although AAA biosynthesis 

is well-conserved within microorganisms and plants, it 
serves a broader range of purposes in plants and results 
in greater molecular diversity (Tzin and Galili 2010; Vogt 
2010). AAA biosynthesis begins with the condensation of 
phosphoenolpyruvate (PEP) and erythrose 4-phosphate 
(E4P).  This achieves the formation of 3-deoxy-d-arabi-
noheptulosonate 7-phosphate (DAHP), which is the first 
metabolite of the seven-step shikimate pathway for the 
production of chorismate (Herrmann and Weaver 1999) 
(Fig. 1). Chorismate is a precursor for all three standard 
AAAs and a key branch point for secondary aromatic 
metabolites. These secondary metabolites include large 
family classes such as flavonoids and isoquinoline alka-
loids. Additionally, diverse commodity and high-value 
products have been produced by engineered micro-
bial hosts, many of which will be described later in this 
review.

Converting unwieldy pathways into modules
The last decade of metabolic engineering research has 
embraced the concept of modular pathway design and 
assembly. This has utility for the production of aromatic 
compounds given that their associated biosynthetic 

Fig. 1  The aromatic amino acid biosynthesis pathway illustrated with several examples of engineered microbial products. Precursor molecules 
of erythrose-4-phosphate (E4P) and phosphoenolpyruvate (PEP) are shown in blue. Shikimate pathway metabolites are shown in red with 
abbreviations as follows: DAHP deoxy-d-arabinoheptulosonate 7-phosphate, DHQ 3-dehydroquinate, DHS 3-dehydroshikimate; SHK shikimate, S3P 
shikimate 3-phosphate, EPS 5-enolpyruvylshikimate-3-phosphate, CHM chorismate. Orange metabolites are native to non-auxotrophic microbes 
downstream of the chorismate branch point in aromatic amino acid biosynthesis. A representative sampling of metabolites that are non-native to 
most microbes but have been overproduced as a result of engineered heterologous expression are shown in green. Abbreviations used here are 
amino-Phe (4-amino-l-phenylalanine), DOPA (l-dihydroxyphenylalanine), and 5-hydroxy-Trp (5-hydroxy-l-tryptophan)
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pathways can feature branch points, secreted intermedi-
ates, and inhibitory intermediates. Modularity is achieved 
in pathway design when a pathway is subdivided into dis-
tinct modules whose regulation and expression level can 
be independently tuned (Yadav et  al. 2012). Modularity 
also allows for the interchangeability of pathway sections, 
which can enable product diversification. This can occur 
via substitution of downstream branches from a common 
platform pathway or via substitution of upstream path-
ways that generate different precursors for promiscuous 
enzymes that are located within downstream modules. 
In the production of aromatic compounds, modularity is 
more often used to optimize titers of key molecules that 
are entry points within a product class such that different 
downstream modules can be harnessed to achieve over-
production of a specific member of that class. Examples 
of aromatic biosynthesis pathway modules are described 
in the “Compartmentalization and co-culturing” sections 
that follow.

Placing pathway modules within specialized 
compartments
As the complexity of synthetic pathways continues to 
grow, optimizing production titers can be limited by 
potential cross-talk of exogenous enzymes and native 
cellular responses (Lee et  al. 2011). The co-localization 
of enzymes by covalent or non-covalent tethering in the 
cytosol is a common strategy to help potentially eliminate 
the escape of pathway intermediates which can reduce 
undesired side products. For eukaryotes, subcellular 
compartments allow for the physical separation of meta-
bolic pathways within membrane organelles which can 
help ensure limitation of side reactions, toxicity, redox 
state and secretion of pathway intermediates (Sampson 
and Bobik 2008; Lee et al. 2011; Ayer et al. 2013; Hammer 
and Avalos 2017). This natural metabolic compartmen-
talization approach can be applied to aromatic biosyn-
thesis pathways to increase flux to desired branches or 
isolate harmful reactions (Fig.  2A). One such compart-
ment is the peroxisome, as the peroxisomal membrane 
has size-dependent permeability that allows free access 
for small hydrophilic molecules but presents a barrier for 
bulky co-factors (NAD/H, NADP/H, CoA) (Antonenkov 
et  al. 2004). An enhanced, noncleaved, and tripeptide 
C-terminal peroxisomal targeting signal type 1 (ePTS1) 
in Saccharomyces cerevisiae was identified for rapid 
sequestering of non-native cargo proteins. The ePTS1 
was applied to signal a two-enzyme pathway module into 
peroxisomes for the production of the green pigment 
prodeoxyviolacein (PDV) from tryptophan. The result-
ing recruitment of tagged enzymes into the peroxisome 
saw a 35% increase in PDV production compared to the 
nontagged controls and a decrease in the spontaneous 

by-product, chromopyrrolic acid (DeLoache et al. 2016). 
A similar strategy was used to increase mandelic acid 
titers from chorismate in S. cerevisiae through the com-
partmentalization of three enzymes in the mitochondria 
or peroxisomes (Reifenrath et al. 2018). Mandelic acid is 
used in the cosmetic industry and in the production of 
pharmaceutically active compounds. Enzymes targeted 
into the peroxisomes utilized the same ePTS1 targeting 
sequence as previously mentioned. Compartmentaliza-
tion of enzymes into the mitochondria was achieved by 
using a N-terminal mitochondrial targeting sequence 
(MTS), consisting of less than 55 amino acids (West-
ermann and Neupert 2000). Both works suggest com-
partmentalization as a possible tool for increasing local 
concentrations of substrate and decreasing off-pathway 
by-product formation. Work has also been conducted 
to demonstrate that compartmentalization can mitigate 
toxicity by sequestering toxic proteins. High norcoclau-
rine synthase activity is required for efficient produc-
tion of norcoclaurine, a key branch point intermediate 
in the biosynthesis of many benzylisoquinoline alkaloids 
(Nakagawa et al. 2011). However, the most active variant 
of norcoclaurine synthase is toxic when expressed in the 
cytosol of S. cerevisiae. Norcoclaurine titers from tyros-
ine were increased in S. cerevisiae through the use of the 
ePTS1 tag that targeted the toxic norcoclaurine synthase 
into the peroxisome to alleviate cytotoxicity (Grewal 
et al. 2021).

The concept of compartmentalization has also been 
expanded upon outside of native cellular compartments. 
Artificial vesicles derived from the endoplasmic reticu-
lum (ER) have been used to form metabolic organelles for 
compartmentalization. This was achieved via the fusion 
of metabolic enzymes to Zera, a synthetic peptide com-
posed of an N-terminal signal peptide, for the production 
of cis,cis-muconic acid (Reifenrath et al. 2020). Although 
the results showed lower enzymatic activity and muconic 
acid titers as compared to the cytosolic pathway, the 
utilization of ER-derived metabolic vesicles offers novel 
possibilities for metabolic engineering in yeast cells. 
Light-based inducible synthetic organelles have also been 
utilized in S. cerevisiae on the deoxyviolacein pathway as 
a model metabolic pathway. The light-switchable active 
enzyme clustering was shown to enhance product for-
mation 6-fold and product specificity 18-fold (Zhao et al. 
2019) The concept of harnessing selectively permeable 
barriers within cells to limit endogenous cross-talk can 
be extended further by applying it across two different 
strains.

Splitting pathway modules across different strains
Metabolic burden, imposed by the expression of mul-
tiple enzymes or by feedback inhibition, can decrease 
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the efficiency of aromatic compound production in 
microbial hosts. If the desired intermediates can be 
exchanged freely between microbes, division of labor 

through co-culturing is a potential option to circumvent 
these issues (Fig.  2B). This technique enables individual 
microbes in a consortium to express fewer enzymes 

Fig. 2  Emerging strategies used to improve the production of aromatic compounds in engineered microbes. A Internal cellular compartments can 
be used in eukaryotic microbes to target specific pathway modules. B Cultivation of two different organisms in one pot, also known as co-culturing, 
can be used to achieve division of labor between organisms that express distinct pathway modules. C New heterologous hosts are emerging 
for aromatic compound production given natural tendencies they may have for specific pathways and products. D A broader range of aromatic 
polymers are being broken down and utilized or valorized by microbes. E Aromatic compounds can be produced as intermediates with designed 
ring cleavage to achieve monomer units for important polymers. F Aldehyde stabilization has improved production of many different aldehyde or 
aldehyde-derived products across different organisms and research groups. G Aromatic non-standard amino acids are attractive emerging targets 
for biosynthesis given the ultra-high-value applications of the proteins that they can be incorporated within
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by splitting a pathway across multiple strains. Besides 
decreasing burden, co-culturing is in many ways the 
bacterial analogy to the compartmentalization strat-
egy demonstrated in eukaryotic microbes given that 
bacteria do not generally contain compartments (with 
the exception of a limited number of bacterial micro-
compartments that are not known to permit transport 
of aromatic compounds). The production of aromatic 
compounds through co-culturing remains relatively 
underexplored, with the first Escherichia coli co-cul-
ture experiment for flavonoid production published 
only 5  years ago (Jones et  al. 2016). The optimized co-
culture produced 40.7  mg/L of flavan-3-ols; a 970-fold 
improvement over previous monoculture productions. 
The increased titer in this study demonstrated a poten-
tial advantage for product formation through division 
of labor. The choice to co-culture strains expands the 
breadth of engineering design considerations at the cel-
lular and process levels. For example, in the previously 
mentioned production of flavan-3-ols, parameters such 
as inoculation ratio, induction temperature, and strain 
compatibility had to be considered to achieve maximal 
titers. Despite these additional considerations, progress 
has been made on the production of aromatic products 
using E. coli co-cultures, and higher titers than were pre-
viously achieved through monoculture are now possible 
for certain products. Co-culturing has also led to product 
formation when the product was undetectable in an engi-
neered monoculture. This was the case for the biosynthe-
sis of specific pyranoanthocyanins that contribute to the 
taste and color of wine (Akdemir et al. 2019). Improved 
titers were achieved, however, optimized conditions only 
resulted in a final concentration of 19.5 mg/L after 7 days.

While division of labor through co-culturing can be 
beneficial, there are limitations that must be considered. 
The inefficiencies of transporting intermediates between 
microbes could significantly restrict the productivity of a 
co-culture. Not only is it difficult to control efflux systems 
(Zhou et al. 2012), but their expression can also burden 
the cell (Turner and Dunlop 2014). Also, some important 
lipophilic or activated pathway intermediates and co-
factors, such as specific CoA species and phosphorylated 
molecules, have limited transport capabilities across the 
cell membrane (Jones et al. 2017; Jawed et al. 2019). Cul-
ture resources will also be divided when a pathway is split 
between two strains. Without adequate concentrations 
of necessary nutrients and careful optimization, the co-
culture will not be stable. A theoretical model has been 
generated to predict when the aforementioned limita-
tions posed by co-culture will be less burdensome than 
expressing a pathway in monoculture (Tsoi et al. 2018).

Besides division of labor, another benefit of co-cultur-
ing is that metabolites can be physically separated from 

enzymes they inhibit. For example, the tyrosine ammo-
nia lyase (TAL) enzyme may be inhibited by coumaroyl-
CoA (Santos et al. 2011). Researchers have overcome this 
issue by separating the pathway across two strains at the 
p-coumaric acid node, resulting in an upstream producer 
and a downstream utilizer. An example of this technique 
was demonstrated through the co-culture production of 
the curcuminoid bisdemethoxycurcumin, which has anti-
oxidant and antibiotic properties. Its production in co-
culture with glucose as the sole carbon source resulted in 
approximately 60% higher titers than monoculture sim-
ply by separating the production pathway between two 
strains at the p-coumaric acid node (Fang et  al. 2018). 
In another study, a similar split in the pathway was con-
ducted through co-culture to produce the therapeutic 
compound sakuranetin that reported the highest con-
centration produced compared to other E. coli produc-
tion methods at 79 mg/L after bioreactor scale-up (Wang 
et  al. 2020). By physically separating the TAL enzyme 
and coumaroyl-CoA, TAL inhibition by metabolites will 
no longer be a major barrier to achieving the maximum 
potential titer of the desired product.

Other co-culturing strategies have emerged recently 
that have been applied to aromatic compound biosyn-
thesis. Researchers have created additional controls for 
the ratio of two microbes by employing quorum sens-
ing. By splitting the path for naringenin production after 
p-coumaric acid production, a balance must be struck 
between its production and utilization to maximize titer. 
Therefore, a quorum-sensing circuit was created to use 
N-acyl homoserine lactone production to down regulate 
the growth of the p-coumaric acid producing strain and 
trigger malonyl-CoA accumulation in the p-coumaric 
acid utilizing strain (Dinh et  al. 2020). Also, the use of 
E. coli polycultures have proven to produce aromatic 
compounds from complicated processes with increased 
product titers. The complex process of expressing 15 
exogenous enzymes to produce the red pigment anthocy-
anidin-3-O-glucoside callistephin from glucose was suc-
cessfully implemented for the first time outside of a plant 
using an E. coli polyculture, even though the final titer 
was only 9.5 mg/L (Jones et al. 2017). A polyculture again 
proved useful for the non-linear production pathway of 
rosmarinic acid, a polyphenol with both pharmaceutical 
and nutraceutical properties. Through this technique, 
researchers achieved a 38-fold titer increase compared to 
monoculture (Li et al. 2019). There is already significant 
promise for increased production capabilities by split-
ting pathways between E. coli strains. However, it has 
also been demonstrated that it is not only possible, but 
beneficial in some cases to move from co-cultures using 
exclusively E. coli strains to co-cultures between E. coli 
and S. cerevisiae or even purely S. cerevisiae co-cultures 
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(Du et al. 2020; Yuan et al. 2020). As more knowledge is 
gained about other microbes, production could be fur-
ther improved by splitting a pathway between multiple 
species that are better suited for specific steps. Similarly, 
a full pathway could be transferred to a less conventional 
host to improve aromatic compound production while 
still using monoculture, which will be further discussed 
below.

Introducing heterologous pathways into new hosts
Many milestones in AAA biosynthetic pathway devel-
opment were achieved in model E. coli and S. cerevisiae 
strains due to genetic tractability, genome annotation, 
and tools for gene expression (Ji et  al. 2018). However, 
there may be other organisms better suited for over-
production of specific metabolites due to factors such 
as (i) elevated carbon flux through certain pathways; 
(ii) the ability to utilize non-conventional feedstocks; 
(iii) improved expression of plant-derived enzymes; (iv) 
improved growth rates under desired reactor condi-
tions, and (v) increased tolerance of aromatic products 
(Fig.  2C). Here we describe a few other organisms that 
have recently been engineered to produce derivatives of 
AAA biosynthesis.

A yeast alternative to S. cerevisiae that has shown 
promising qualities for metabolite overproduction is 
Kluyveromyces marxianus. As a crab-tree negative yeast, 
diversion of flux from glucose to ethanol is not a concern, 
making it a promising choice for biomass accumulation. 
Its high production capabilities are coupled with a high 
secretory capacity, giving the strain potential for harvest-
ing desired products or working in co-culture (Lin et al. 
2017). Thus far, K. marxianus has been used as a host for 
production of aromatic compounds such as 2-phenyle-
thanol (Kim et al. 2014) and, more recently, the non-aro-
matic carotenoid product astaxanthin (Lin et al. 2017). K. 
marxianus was also used in conjunction with the anaero-
bic fungus Piromyces indianae in a novel two-stage bio-
process to produce 2-phenylethanol from lignocellulosic 
biomass that was hydrolyzed by P. indianae (Hillman 
et  al. 2021). As progress continues to be made in syn-
thetic biology and the capabilities of genetic manipula-
tion in K. marxianus are improved, there is potential for 
it to become a much more common strain for biosynthe-
sis of AAA derivatives.

Another yeast strain that has emerged as a promising 
host for biosynthesis of aromatic compounds is the ole-
aginous yeast Yarrowia lipolytica. Like K. marxianus, Y. 
lipolytica has also been engineered to produce 2-pheny-
lethanol, achieving titers of 2 g/L that were competitive 
with other yeasts as of 2013 (Celińska et al. 2013). In the 
past year, Y. lipolytica has been engineered to produce 
p-coumaroyl-CoA derived products such as resveratrol 

and naringenin (Palmer et al. 2020; Sáez-Sáez et al. 2020), 
as well as tryptophan-derived dyes such as violacein and 
deoxyviolacein (Gu et al. 2020) or protodeoxyviolaceinic 
acid (Larroude et  al. 2020). As an oleaginous yeast, Y. 
lipolytica has high flux through lipid biosynthesis. Addi-
tionally, industrial know how around this organism has 
increased during the last decade. However, its relevance 
to aromatic compounds may be highest for its catabolism 
of aromatic compounds to produce fatty acid derivatives. 
Recent work has screened numerous oleaginous yeasts 
for these abilities (Yaguchi et al. 2020).

A cyanobacterium, Synechocystis sp. PCC 6803, has 
been shown to successfully express p-coumarate-3-hy-
droxylase, which is a cytochrome P450 enzyme that has 
traditionally been difficult to express in other organ-
isms (Xue et  al. 2014). This allowed production of caf-
feic acid from p-coumaric acid. Caffeic acid comes from 
plants and has antioxidant and anticancer abilities among 
other therapeutic properties. The study suggests it could 
be easier for photosynthetic Synechocystis to express 
proteins similar to cytochrome P450 enzymes because 
many already exist in cyanobacteria. Additionally, their 
photosynthetic capabilities may make them more ame-
nable to expression of plant-derived enzymes (Xue et al. 
2014). The ability of Synechocystis to produce and excrete 
precursors to phenylpropanoids, like p-coumaric acid, 
cinnamic acid, and caffeic acid, has already been demon-
strated (Brey et al. 2020).

Corynebacterium glutamicum is well-known as an 
amino acid overproducer with mature genome-scale 
metabolic models and past flux balance analysis (Witt-
mann 2010). When using soil bacteria to produce aro-
matic compounds, one may have to inactivate complex 
catabolic networks that are capable of breaking down 
aromatic compounds (Kallscheuer et  al. 2016). Yet in 
some cases, the catabolism of aromatic compounds 
is a phenotype that is strongly sought after because it 
increases the likelihood of utilizing aromatic feedstocks. 
In the case of C. glutamicum, carbon flux is elevated from 
central metabolism to various amino acid biosynthesis, 
and thus it may be advantageous to design pathways from 
simple carbon sources while knocking out aromatic cata-
bolic networks. It was shown that by knocking out 4 gene 
clusters comprising 21 enzymes in the aromatic catabolic 
network, several stilbenes and (2S)-flavanones were able 
to be produced by this strain. Similarly, in a continuation 
of this work, additional catabolic pathways were knocked 
out to form several hydroxybenzoates, which follow-
ing oxidation form industrially relevant hydroxybenzoic 
acids (Kallscheuer and Marienhagen 2018).

While our list of organisms used for production of 
microbial compounds is not intended to be comprehen-
sive, we will mention one other important bacterium, 
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Pseudomonas putida. Considerable work was reported in 
the early 2000s to engineer this microbe to produce aro-
matic compounds. These include the biosynthesis of phe-
nol via the action of a heterologous tyrosine phenol lyase 
(Wierckx et  al. 2005), cinnamic acid from glucose or 
glycerol (Nijkamp et al. 2005), p-coumaric acid (Nijkamp 
et al. 2007), p-hydroxybenzoic acid (Verhoef et al. 2007; 
Meijnen et  al. 2011), p-hydroxystyrene (Verhoef et  al. 
2009), and anthranilate (Kuepper et al. 2015). It has been 
used for the conversion of lignin breakdown products to 
the aliphatic polymer precursor adipic acid (Niu et  al. 
2020) and to polyhydroxyalkanoate biopolymers (Sal-
vachúa et  al. 2020). Additionally, P. putida was recently 
engineered for the production of the aromatic pigment, 
indigoidine, though this pathway extends from l-glu-
tamine (Eng et al. 2021). Overall, the choice of an optimal 
and less-conventional heterologous host largely depends 
on the target aromatic compound and the desired pro-
cess conditions, but evidence suggests that alternative 
hosts could aid in the titer optimization required for 
industrial feasibility (Table 1).

Harnessing natural and synthetic aromatic polymers 
as feedstocks
Whether aromatic polymers are of natural or synthetic 
origin, they are often discarded in the environment or 
incinerated due to their recalcitrance for (re)use. Alter-
natively, their aromatic monomers could be utilized as 
atom-economical feedstocks for engineered microbes, 

particularly if the goal is to form aromatic bioproducts 
(Fig.  2D). One notable example is lignin, which is the 
most abundant aromatic polymer that occurs in nature. 
Lignin is a non-edible and multi-unit aromatic heter-
opolymer that provides plants their tough exterior and 
structure. As of 1998, 99% of lignin obtained during 
paper production was burned for energy (Thielemans 
et al. 2002). With the rise in demand for biofuels, biore-
fineries that convert cellulosic biomass into fuels will 
generate a greater abundance of lignin than needed to 
power the operation (Ragauskas et  al. 2014). Consider-
able work has been performed on degradation pathways 
for lignin-based aromatics; however, the complex struc-
ture, variety of linkages, and recalcitrance of lignin still 
presents a challenging task for depolymerization efforts. 
Lignin can be classified as native or technical lignin. 
Native lignin refers to the original lignin structure in lig-
nocellulose and technical lignin refers to modified lignin 
which has been extracted from biomass or recovered 
from industrial processes. Various fractionation methods 
have been developed for the isolation of technical lignin 
from lignocellulose (Chakar and Ragauskas 2004; Pinkert 
et al. 2009; Bunzel et al. 2011; Kim et al. 2016; Sun et al. 
2018b). Technical lignin (Kraft, soda, sulfite, organo-
solv, ionic liquid, deep eutectic solvent-extracted lignin) 
offer aromatic hydroxyl groups as a major constituents 
(Chio et  al. 2019). A considerable amount of research 
has focused on conventional catalytic depolymerization 
approaches for the potential valorization of lignins, with 

Table 1  Relevant attributes and notable products of unconventional hosts for AAA biosynthesis

Species Attributes Notable products

K. marxianus Withstands temperatures up to 52 °C
Utilizes xylose and lactose as carbon sources
Fast growth rate

2-Phenylethanol
Astaxanthin

Y. lipolytica Catabolizes aromatic compounds
High flux through lipid biosynthesis

2-Phenylethanol
Resveratrol
Naringenin
Violacein
Deoxyviolacein
Protodeoxyviolaceinic acid

Synechocystis Photosynthetic
Large NADH pool
Natural secretion of aromatic products

Caffeic acid
p-Coumaric acid
Cinnamic acid

C. glutamicum Amino acid overproducer
Catabolizes aromatic compounds

Stilbenes
(2S)-Flavanones
Hydroxybenzoates

P. putida Solvent tolerant
Catabolizes aromatic compounds
Highly reductive

Phenol
Cinnamic acid
p-Coumaric acid
p-Hydroxybenzoic acid
p-Hydroxystyrene
Anthranilate
Adipic acid
Polyhydroxyalkanoate biopolymers
Indigoidine
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particular focus for its valorization into value-added phe-
nolic monomers (Zakzeski et al. 2010; Zhang and Wang 
2020; Liu et al. 2020b). Additionally, the emerging strat-
egy of reductive catalytic fractionation of lignin presents 
a promising method for phenolic monomer production 
(Ma et  al. 2015; Van Den Bosch et  al. 2015; Liu et  al. 
2020b). Bio-catalytic processes for lignin depolymeriza-
tion and valorization have also been studied to enable 
lignin processing under milder conditions (Lancefield 
et al. 2016; Picart et al. 2017; Xu et al. 2018; Bugg et al. 
2020). However, efficient breakdown of lignin remains a 
challenge.

When lignin is broken down biologically, major deg-
radation products such as ferulic acid, p-coumaric acid, 
and syringic acid, offer a great deal of synthetic path-
way versatility. However, the complexity of lignin prod-
uct mixtures presents a potential problem as isolating 
pure chemicals from a diverse input stream is challeng-
ing. One strategy to alleviate this hurdle is the concept of 
metabolic funneling, which converts a broad mixture into 
a smaller pool of central platform intermediates that can 
then be transformed into desired products (Linger et al. 
2014; Schutyser et  al. 2018). Alternatively, the relatively 
high cost and inefficiencies of biological or synthetic 
lignin degradation strategies could be more commercially 
palatable if coupled to production of higher value mate-
rials or bioactive products. The high-value applications 
and growing markets of aromatic secondary metabolites, 
as well as the technical advances of the last decade, create 
several possibilities for harnessing aromatic feedstock for 
such “upcycling”.

Similar principles can apply to synthetic aromatic poly-
mers that have accumulated in the environment, such as 
the common consumer plastic polyethylene terephtha-
late (PET) (Koshti et al. 2018). As the consumer demand 
for PET continues to increase, so do the environmental 
concerns surrounding plastic waste. The majority of high 
market-share plastics are obtained from the use of non-
renewable and ecologically damaging petroleum/natural 
gas feedstocks and processing techniques. The high envi-
ronmental persistence, low recycling rates, and the loss 
of mechanical properties of plastic when recycled addi-
tionally intensify these concerns (Jankauskaite et al. 2008; 
Hong 2017; EPA 2018; Eriksen et  al. 2019). Bio-based 
alternatives to PET have gained traction to address the 
sustainability of raw materials. Polyethylene furanoate 
(PEF) contains similar polyester linkages and is produced 
from 100% renewable materials. However, PEF is also not 
biodegradable and thus requires methods of mechanical 
or chemical recycling to avoid waste. The depolymeriza-
tion of PET is well-established catalytically, with the glyc-
olysis of PET yielding a bis(2-hydroxyethyl) terephthalate 
monomer (Raheem et al. 2019; Xin et al. 2021). Although 

extensive work has been done to find greener catalytic 
routes for PET depolymerization, problems with long 
reaction times, low yields, and undesirable conditions 
still remain (Al-Sabagh et al. 2016). Alternatively, biocat-
alytic routes for the depolymerization of PET or PEF to 
their respective monomer substrates of terephthalic acid 
(TPA) or furandicarboxylate (FDCA) can be achieved. In 
the field of enzymatic plastic degradation, there are two 
main families of enzymes; single plastic-specific hydro-
lases and the more promiscuous cutinases. Since the 
first discovery of PET hydrolases in Thermobifida fusca 
in 2005, great strides have been made for more efficient 
depolymerization methods (Müller et  al. 2005). Hydro-
lytic enzymes, PETase (PET hydrolase) and MHETase 
(Mono(2-hydroxyethyl) terephthalic acid (MHET) 
hydrolase), from a novel bacterium, Ideonella sakaien-
sis, were discovered that are capable of using PET as its 
major energy and carbon source (Yoshida et  al. 2016). 
This PET degradation pathway of PETase and MHETase 
for the production of TPA has been extensively studied 
over the past 5 years with activity also shown on PEF as a 
substrate for the production of FDCA (Austin et al. 2018; 
Knott et al. 2020). PET hydrolases are versatile polyester-
ases that have the advantage of high thermostability in 
terms of reaction speed and durability (Kawai et al. 2020).

As biological depolymerization of PET into monomer 
units of TPA has become increasingly viable, research-
ers have reported bioconversions that harness PET or 
TPA directly. Gallic acid, pyrogallol, catechol, muconic 
acid, and vanillic acid have been synthesized from TPA 
using a whole-cell catalysis comprising engineered 
E. coli expressing necessary metabolic enzymes (Kim 
et  al. 2019). Additionally, a one-pot chemo-bioprocess 
involving chemical glycolysis, enzymatic hydrolysis, 
and whole-cell bioconversion has been shown for the 
production of protocatechuic acid (Kim et  al. 2021). 
The chemical glycolysis of PET utilized a biocompatible 
betaine catalyst for the production of bis(2-hydroxy-
ethyl) terephthalate that can be converted to TPA via 
mutant PETases. As in the case of lignin upgrading, 
many researchers seek to identify microbes and associ-
ated pathways that can utilize these aromatic polymers 
for growth. Entry of carbon flux into central metabolic 
pathways alleviates the need for another carbon source 
and enables redirection of flux towards theoretically 
any bioproduct, including high-volume and low-cost 
applications such as fuels, commodity chemicals, and 
animal food additives. However, these strategies com-
monly feature the destruction of the aromatic ring. 
We believe a useful alternative worth exploring is the 
preservation of aromatic structures by channeling 
breakdown products to high-value secondary aromatic 
metabolites using bioconversion processes. Overall, the 



Page 9 of 17Dickey et al. Bioresour. Bioprocess.            (2021) 8:91 	

prospect of lignin and plastic upcycling offers strategies 
for utilization of sustainable feedstocks in novel syn-
thetic pathways.

Cleaving aromatic rings to form valuable compounds
In some cases, the cleavage of an aromatic precursor is 
well-justified, particularly during the biosynthesis of 
monomers that are currently used at high volumes to 
produce polymers (Fig. 2E). Although the final products 
are no longer aromatic, the dependence of these routes 
on genes involved in aromatic metabolism should inter-
est readers given increased opportunities to expand the 
microbial product portfolio. In addition to the use of aro-
matic catabolic pathways mentioned earlier, innovative 
de novo biosynthetic pathway designs have been reported 
recently that couple AAA biosynthesis pathways to a ring 
cleavage reaction pathway. For example, cis,cis-muconic 
acid is an important precursor for the production of adi-
pic acid, TPA, 1,6-hexanediol, and pharmaceuticals. Its 
production in E. coli was proposed via a non-native path-
way utilizing the ring opening of catechol from a choris-
mate intermediate (Sengupta et al. 2015). This work was 
expanded on with the implementation of five non-nat-
ural pathways, starting from chorismate, tyrosine, and 
3-dehydroshikimate to generate a synthetic “metabolic 
funnel” to the catechol aromatic ring opening (Thompson 
et al. 2017). Additional advances in muconic acid produc-
tion in subsequent years have been made through AAA 
gene knockouts as well as the overexpression of a fusion 
protein to increase chorismate flux to isochorismate 
(Fujiwara et al. 2018). Similar to the pathway for muconic 
acid production, a synthetic pathway was constructed 
in E. coli for the synthesis of maleate, a high-valued 
building block of polymer materials and pharmaceuti-
cals. The benzene ring cleavage reaction from aromatic 
compound-degrading bacteria is then used to produce 
maleate. This pathway design with further optimization 
under fed-batch culture conditions enabled the produc-
tion of 4.5 g/L of maleate, a 268-fold improvement com-
pared with the titer generated by the wild-type E. coli 
strain carrying the entire maleate biosynthetic pathway 
(Noda et  al. 2017). An alternative maleate biosynthesis 
pathway from glycerol and using salicylate as an inter-
mediate has also been shown (Sheng et  al. 2021). This 
ring-opening strategy has been implemented to catabo-
lize protocatechuate, a common intermediate in lignin 
degradation, to provide a platform for the conversion 
of lignin-derived aromatics. This heterologous pathway 
using protocatechuate as a model compound allowed for 
cell growth with protocatechuate as the sole source of 
carbon and energy (Clarkson et al. 2017). A biosynthesis 
pathway for the production of glutaconic acid, a potential 
precursor for the production of nylons and biodegradable 

polymers, has also been introduced into E. coli again 
using the heterologous catechol ring opening pathway 
(Sun et  al. 2018a). Collectively, these works illustrate 
that aromatic ring cleavage presents an alternative fate 
for biosynthesized aromatic compounds, which expands 
their relevance to industrially significant non-aromatic 
compounds.

Controlling the fate of aromatic aldehydes in live cells
In the pursuit of engineering de novo product biosyn-
thesis or whole-cell bioconversions, aldehydes had been 
overlooked for a long time despite large and growing 
markets for these products in high-value applications 
such as flavors and fragrances, where there is also con-
sumer preference for biologically derived products (Kun-
japur and Prather 2015; Sulzbach and Kunjapur 2020; 
Zhou et  al. 2020; Kazimírová and Rebroš 2021). These 
include products such as vanillin (Walton et  al. 2003), 
benzaldehyde (Opgrande et al. 2000), and piperonal (also 
known as heliotropin) (Gatfield 1999). Owing to their 
unique reactivity, aldehydes can also be useful as inter-
mediates including to non-natural compounds such as 
the chiral pharmaceutical intermediate (R)-phenylace-
tylcarbinol (R-PAC) (Tripathi et al. 1997). Limited focus 
on aromatic aldehyde products was, in part, due to few 
known promiscuous biocatalysts for their synthesis, 
short stability of aldehydes in the presence of metaboli-
cally active microbial cells, and inherent toxicity of alde-
hydes to microbial cells. However, as described in the 
following paragraphs, several of these challenges have 
recently been overcome, allowing for aldehyde biosyn-
thesis and retention as well as an expansion of aldehyde-
based enzymatic transformations in live cells (Fig. 2F).

Many aromatic metabolites that are downstream of shi-
kimate contain one or more carboxylic acid functional 
groups as a ring substituent or on a sidechain. An ideal 
enzyme for aldehyde biogenesis would catalyze chem-
oselective and partial reduction of this group with broad 
substrate tolerance while maintaining some orthogo-
nality to primary metabolic pathways to avoid toxic-
ity. Carboxylic acid reductases (CARs) are an enzyme 
class where the first notable member was character-
ized in recombinant hosts in the early 2000s (Butler and 
Kunjapur 2020). At that time, the CAR from Nocardia 
iowensis (NiCAR) was shown to exhibit broad substrate 
specificity for aromatic carboxylic acids (He et  al. 2004; 
Venkitasubramanian et  al. 2007). Because heterologous 
expression of CARs in E. coli enabled facile bioconver-
sion of externally supplied carboxylic acids to their cor-
responding alcohols, one remaining challenge was to 
mitigate or prevent the overreduction that was believed 
to be due to many native redundant aldehyde reduc-
tases. Deletion of the genes that encode a limited number 
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of candidate aldehyde reductases across two enzyme 
superfamilies, aldo–keto reductases (dkgA, dkgB, yeaE) 
and alcohol dehydrogenases (yqhD, yahK, yjgB), has 
proven very effective at stabilizing a wide range of aro-
matic aldehydes in the presence of CAR overexpression. 
The resulting E. coli strain, named “RARE” for its attrib-
ute of “Reduced aromatic aldehyde reduction”, was ini-
tially demonstrated to achieve efficient bioconversion of 
benzoic acid to benzaldehyde, de novo biosynthesis of 
vanillin, and bioconversion of benzaldehyde to (R)-PAC 
(Kunjapur et al. 2014). This de novo vanillin biosynthesis 
pathway in E. coli has since been further optimized at the 
step of O-methylation through deregulation of S-aden-
osylmethionine biosynthesis (Kunjapur et  al. 2016) and 
construction of a genetically encoded vanillate biosen-
sor to screen O-methyltransferases for increased activity 
on the precursor protocatechuate (Kunjapur and Prather 
2019). Additional biosynthetic pathways or bioconver-
sion processes that have been enabled by the retention 
of aromatic aldehydes in live microbial cells are listed in 
Table 2.

The value of aromatic aldehyde stabilization has also 
been shown recently in yeast. The tetrahydroisoquino-
line structural moiety forms the basis of over 3000 natu-
ral products, of which the benzylisoquinoline alkaloids 
mentioned earlier are a subset. Key to the synthesis of 
tetrahydroisoquinolines is the Pictet–Spengler conden-
sation between an aryl amine and a carbonyl compound 
(Pyne et  al. 2020). Much of the structural diversity of 
this category of alkaloid products arises from four alde-
hyde species: 4-hydroxyphenylacetaldehyde, 4-hydroxy-
dihydrocinnamaldehyde, protocatechuic aldehyde, and 
secologanin. The condensation of 4-hydroxyphenylacetal-
dehyde and dopamine produces the entry molecule nor-
coclaurine, which can be converted to the downstream 
scaffold molecule (S)-reticuline. To overcome undesired 

oxidation/reduction of 4-hydroxyphenylacetaldehyde, a 
functionally redundant subset of seven oxidoreductases 
(Ari1, Adh6, Ypr1, Ydr541c, Aad3, Gre2, and Hfd1) were 
deleted from the genome of S. cerevisiae. The resulting 
stabilization of 4-hydroxyphenylacetaldehyde was com-
bined with improvements to dopamine biosynthesis to 
achieve titers of norcoclaurine exceeding 1 g/L.

Recent efforts have strived to improve aromatic alde-
hyde stabilization by avoiding the need for gene knock-
outs and by circumventing aromatic aldehyde toxicity. 
One strategy attempted to lower by-product alcohol for-
mation resulting from E. coli host cells by increasing 
reaction temperature to 50  °C (Ni et al. 2018). The pro-
posed concept is to then identify desired biocatalysts 
for aldehyde synthesis from thermophilic hosts for het-
erologous expression in E. coli during elevated reaction 
temperatures. A complementary approach was imple-
mented in yeast to minimize redox byproducts of sup-
plemented benzaldehyde during R-PAC bioconversion 
(Bruder and Boles 2017). Here, the CAR from N. iowen-
sis was expressed in yeast to eliminate accumulation of 
benzoic acid. Furthermore, based on the hypothesis that 
NADPH-dependent aldehyde reductases play a more 
dominant role in benzaldehyde reduction under the 
conditions tested, the native glucose-6-phosphate dehy-
drogenase enzyme (Zwf1) was deleted to lower cellular 
NADPH production. This method succeeded in lower-
ing benzyl alcohol production and in increasing R-PAC 
titers. This approach could be useful for resting cell bio-
catalysis but is unlikely to work well during de novo bio-
synthesis using metabolically active cells.

To mitigate the issue of aromatic aldehyde toxicity, 
the aldehyde steady-state concentration has been low-
ered by fostering conditions for it to reversibly convert 
in an equilibrium between the carboxylic acid, aldehyde, 
and alcohol states (Bayer et  al. 2017). An interesting 

Table 2  Novel biosynthetic pathways or bioconversions based on stabilization of aromatic aldehydes

Feedstock Product References

Glucose Vanillin Kunjapur et al. (2014)

Benzaldehyde and glucose (R)-Phenylacetylcarbinol Kunjapur et al. (2014)

Piperonylic acid Piperonal Schwendenwein et al. (2016)

Phenylalanine Benzaldehyde
Benzyl amine

Liu et al. (2020a), Zhu et al. (2020)

Glucose Norcoclaurine
(S)-reticuline

Pyne et al. (2020)

Isoeugenol Vanillic acid
Muconic acid

Chen et al. (2021)

Coumaric acid or ferulic acid Hydroxyphenylacetic acid
Homovanillic acid

Zhao et al. (2021)

Polyethylene terephthalate Vanillin Sadler and Wallace (2021)
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observation noted in this study and in the original report 
describing the creation of the E. coli RARE strain is that 
oxidation of aldehydes to the carboxylate form is seen in 
the absence of CAR expression. Because CARs require 
ATP and NADPH co-factors to restore the aldehyde 
form, whereas endogenous aldehyde dehydrogenases are 
likely to use NAD+, simultaneous use of CAR and endog-
enous aldehyde oxidation creates a costly futile cycle. 
The unseen endogenous aldehyde oxidation occurring 
in the background of CAR expression is an unaddressed 
challenge for all cellular reactions that feature aldehyde 
accumulation after reduction catalyzed by CAR. Future 
research directions could seek to eliminate the endoge-
nous oxidation of aromatic aldehydes that is observed in 
the absence of CAR expression by determining and delet-
ing the associated aldehyde dehydrogenases.

Biosynthesizing non‑standard aromatic amino acids 
for protein engineering
An emerging frontier for the field of metabolic engi-
neering is the biosynthesis of non-standard amino acids 
(nsAAs) (Völler and Budisa 2017), which are amino acids 
that are not among the 20 standard amino acids used by 
the ribosome for protein translation. The last few dec-
ades have featured demonstrations of incorporation of 
over 300 nsAAs within user-directed sites of target pro-
teins using engineered aminoacyl-tRNA synthetases (de 
la Torre and Chin 2020). Notably, the majority of these 
nsAAs have been aromatic derivatives of phenylala-
nine and tyrosine (Dumas et  al. 2015). nsAAs broaden 
the repertoire of biological chemistry available for tar-
geted protein modulation in living systems for applica-
tions such as polypeptide conjugation (Chin et al. 2002; 
Wang et al. 2003; Deiters and Schultz 2005; Seitchik et al. 
2012), polypeptide stimuli–response (Alfonta et al. 2003; 
Bose et al. 2006; Peters et al. 2009), artificial metalloen-
zyme engineering (Xie et al. 2007), and intrinsic biologi-
cal containment of whole organisms (Mandell et al. 2015; 
Rovner et  al. 2015; Kunjapur et  al. 2018, 2021; Kohman 
et al. 2018; Parker and Kunjapur 2020).

Several distinct biocatalysts have been applied previ-
ously for nsAA synthesis, with some exhibiting substrate 
polyspecificity and most exhibiting reaction revers-
ibility (Nagasawa et  al. 1981; Taylor et  al. 1998; Ward 
and Wohlgemuth 2010; Fesko 2016; Rowles et al. 2016). 
Biocatalysis usually achieves high enantiomeric excess, 
which is important for most applications that feature 
amino acids, including site-specific incorporation in live 
cells. Additionally, these chemoselective enzymes avoid 
the need for protection/deprotection strategies associ-
ated with traditional synthesis, which is important given 
the propensity of nsAAs to contain reactive functional 

groups on their sidechains (Almhjell et  al. 2018). How-
ever, the need for enzyme purification, excess reactant 
concentrations to drive reactions forward, and product 
isolation has limited the use of biocatalysis.

The engineering of nsAA biosynthesis in live cells is 
an attractive option and may offer several important 
advantages over biocatalysis. One advantage is that live 
cells could integrate both steps of nsAA production and 
incorporation, resulting in one-pot fermentation and bio-
manufacturing process intensification. Another advan-
tage of engineering nsAA biosynthesis is the ability to 
produce nsAAs on-demand and in diverse environmental 
contexts from available inexpensive precursors or simple 
carbon sources. Furthermore, nsAA biosynthesis can cir-
cumvent challenges of cellular uptake of nsAAs, increase 
intracellular pool sizes of nsAAs to improve aminoacyla-
tion, overcome thermodynamic barriers associated with 
nsAA-producing biocatalysts, and lower raw material 
cost. Several of these issues have been a hindrance to the 
use of nsAAs in industrial scale biomanufacturing but are 
beginning to be addressed (Fig. 2G).

The first report in which an nsAA was biosynthesized 
for the purpose of incorporation within proteins focused 
on a naturally occurring nsAA, p-amino-phenylalanine 
(amino-Phe) (Mehl et al. 2003), which was a well-known 
intermediate of the chloramphenicol biosynthesis path-
way in Streptomyces species (Westlake and Vining 1969; 
Blanc et  al. 1997). Transformation of E. coli with the 
papABC genetic operon resulted in conversion of the 
endogenous metabolite chorismate to p-aminophe-
nylpyruvate. Endogenous aminotransferase reversibly led 
to the formation of amino-Phe, which was subsequently 
incorporated into a target protein based on suppression 
of an amber stop codon enabled by an engineered deriva-
tive of the tyrosyl-tRNA synthetase from Methanocal-
dococcus jannaschii. This pioneering effort was followed 
up on in recent years as labs identified applications for 
amino-Phe or sought to increase amino-Phe titers using 
metabolic engineering strategies. The utility of amino-
Phe increased when a mild bioconjugation strategy was 
developed for aniline residues on proteins (Obermeyer 
et al. 2014). Strains that were capable of amino-Phe bio-
synthesis and utilization were then engineered to incor-
porate amino-Phe within an anti-HER2 single-chain 
variable fragment antibody for streamlined fluorophore 
labeling and imaging (Chen et  al. 2018). In two other 
studies, amino-Phe biosynthesis was improved indepen-
dently of incorporation technology given its diverse end 
uses. One study featured the use of papABC orthologs 
from Pseudomonas fluorescens and a feedback-resistant 
DAHP synthase, resulting in 4.4  g/L amino-Phe and a 
yield of 17% by mass during fed-batch culturing from 
glucose (Masuo et  al. 2016). Another study investigated 
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the effect of several changes, including glycerol utiliza-
tion, overexpression of the pabAB operon from C. glu-
tamicum in place of the papA gene from S. venezuelae, 
overexpression of the endogenous aroFBL genes, use of 
a host strain that is auxotrophic for tyrosine and pheny-
lalanine and features additional copies of tktA and glpX 
genes, and deletion of the tyrR regulator (Mohammadi 
Nargesi et al. 2018). Collectively, these modifications ena-
bled a titer of 5.47 g/L amino-Phe and a mass yield of 16% 
from glycerol.

To our knowledge, two other naturally occurring aro-
matic nsAAs have been targeted for de novo biosynthe-
sis with the motivation of incorporation within proteins: 
l-dihydroxyphenylalanine (DOPA) and 5-hydroxytrypto-
phan. As with amino-Phe, there are diverse end uses for 
DOPA that make it a desirable target for biosynthesis, 
including its role as an FDA-approved therapeutic for the 
treatment of Parkinson’s disease. Biosynthesis of DOPA 
requires just one enzymatic step downstream of tyrosine, 
which is catalyzed by the two-component flavin-depend-
ent monooxygenase HpaBC. Genes encoding hpaBC are 
native to certain E. coli strains such as E. coli W and were 
initially implicated in the catabolism of hydroxyphe-
nylacetic acid (Dı́az et  al. 2001). Metabolic engineering 
was first applied to DOPA biosynthesis in 2011, with the 
application of many standard interventions such as tyrR 
deletion, phosphotransferase system inactivation, feed-
back-resistant DAHP synthase overexpression, and over-
expression of certain endogenous pathway genes (Muñoz 
et al. 2011). A later study applied the genome engineering 
technique of multiplex automated genome engineering 
(MAGE) to 23 genomic targets in E. coli, which increased 
titers to 8.67  g/L in fed-batch cultivation (Wei et  al. 
2016). More recently, titers as high as 25 g/L have been 
achieved by engineering the HpaB protein and using E. 
coli BL21 as a host (Fordjour et al. 2019). An alternative 
strategy of supplying catechol, pyruvate, and ammonia 
to E. coli whole cells that express tyrosine phenol lyase 
derived from Erwinia herbicola has led to comparable or 
superior DOPA titers (Zeng et al. 2019; Han et al. 2020). 
Both of these DOPA biosynthesis strategies have recently 
been used to achieve combined biosynthesis and incor-
poration in individual strains (Kim et  al. 2018; Thyer 
et  al. 2021). Lastly, biosynthesis and incorporation of 
5-hydroxytryptophan, which occurs naturally in eukary-
otes, was achieved using a promiscuous phenylalanine 
4-hydroxylase from Xanthomonas campestris, an artifi-
cial tetrahydromonapterin co-factor recycling pathway, 
and an engineered tryptophanyl-tRNA synthetase from 
S. cerevisiae (Chen et al. 2020). This nsAA was used for 
bio-orthogonal conjugation of proteins using a rapid che-
moselective azo-coupling reaction.

Overall, exciting strides have been taken in recent years 
to expand the set of AAAs that microbes can produce 
and then site-specifically incorporate within target pro-
teins. One other notable effort related to nsAA biosyn-
thesis is the recent elucidation of the biosynthesis of a 
terminal alkyne-containing amino acid (Marchand et al. 
2019), but we do not discuss that further here given that 
it is not an aromatic compound. Given that efforts to date 
have demonstrated the biosynthesis of a limited number 
of naturally occurring nsAAs, an outstanding question 
in this emerging field is what breadth of useful natural 
or unnatural nsAAs could be attainable via metabolic 
engineering.

Conclusions and future directions
While the production of aromatic compounds in 
microbes has long been of interest, innovations in 
roughly the last 5  years have driven the field in distinct 
directions. Conceptual advances in the subdivision and 
spatial arrangement of aromatic biosynthesis pathways 
have helped overcome inhibition and created new oppor-
tunities for engineering. Pathway engineering in diverse 
hosts has generated a plethora of options guided by 
industrial considerations such as rapid growth, substrate 
utilization, and tolerance of solvent or products. Much 
work underway is geared towards the utilization of poly-
meric aromatic feedstocks or their breakdown products. 
Innovative strategies have been designed to harness AAA 
biosynthesis pathways on route to non-aromatic prod-
ucts. Stabilization of aromatic aldehydes has enabled 
diverse biosynthesis and bioconversion processes that 
feature aldehydes as products or intermediates. Lastly, 
out-of-the-box applications are being pursued for the 
metabolic engineering of aromatic products, including 
engineering biosynthesis of aromatic nsAAs that can be 
site-specifically incorporated within proteins. Collec-
tively, these developments suggest that research in aro-
matic compound biosynthesis is far from stagnating and 
promises to aid in the pursuit of an ever-growing set of 
objectives that benefit society.

In future research efforts, we expect to see innovative 
contexts in which biosynthesis pathways for aromatic 
compounds are shared among microbes in a consortium. 
We also expect to learn more about the molecular basis 
for aromatic product tolerance in unique microbes and 
to witness examples of partially transferring these traits 
to conventional hosts through heterologous expres-
sion. Improved enzymes for the degradation of recalci-
trant polymer wastes are routinely being reported, and 
we expect greater integration with non-biological pre-
treatment or catalytic strategies. Designed ring cleavage 
pathways for aromatic compounds hold high promise 
for forming monomers of new materials and we may see 
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more of those materials synthesized and evaluated in the 
coming years. Additionally, future biosynthesis research 
efforts may access a greater diversity of aromatic nsAAs 
and may devise novel pathways that feature aromatic 
aldehydes as intermediates.

Acknowledgements
We acknowledge Shelby Anderson for brainstorming discussions as we 
shaped this review article. We also acknowledge Morgan Sulzbach and Neil 
Butler for detailed manuscript comments, and Ryan Buchser for conducting 
a literature search related to alternative feedstocks. This review was written 
as part of a special issue in memory of the late professor Daniel I.C. Wang, for 
whom one of us served as a Teaching Assistant in his popular Fermentation 
Technology short course at MIT.

Authors’ contributions
All authors wrote and edited the manuscript. AMK generated the figures. All 
authors read and approve the final manuscript.

Funding
This review article was principally supported by funding from the Center for 
Plastics Innovation, an Energy Frontier Research Center funded by the U.S. 
Department of Energy (DOE), Office of Science, Basic Energy Sciences (BES), 
under Award # DE‐SC0021166. AMF received support from a Mort Collins 
Foundation Fellowship.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
The authors consent for the custom artwork generated for figures to be used 
for publication.

Competing interests
The authors declare that they have no competing interests.

Received: 31 May 2021   Accepted: 18 August 2021

References
Akdemir H, Silva A, Zha J et al (2019) Production of pyranoanthocyanins 

using Escherichia coli co-cultures. Metab Eng. https://​doi.​org/​10.​1016/j.​
ymben.​2019.​05.​008

Alfonta L, Zhang Z, Uryu S et al (2003) Site-specific incorporation of a redox-
active amino acid into proteins. J Am Chem Soc 125:14662–14663. 
https://​doi.​org/​10.​1021/​ja038​242x

Almhjell PJ, Boville CE, Arnold FH (2018) Engineering enzymes for noncanoni-
cal amino acid synthesis. Chem Soc Rev 47:8980–8997. https://​doi.​org/​
10.​1039/​C8CS0​0665B

Al-Sabagh AM, Yehia FZ, Eshaq G et al (2016) Greener routes for recycling of 
polyethylene terephthalate. Egypt J Pet 25:53–64

Alvarez-Gonzalez G, Dixon N (2019) Genetically encoded biosensors for 
lignocellulose valorization. Biotechnol Biofuels 12:246. https://​doi.​org/​
10.​1186/​s13068-​019-​1585-6

Antonenkov VD, Sormunen RT, Hiltunen JK (2004) The rat liver peroxisomal 
membrane forms a permeability barrier for cofactors but not for small 
metabolites in vitro. J Cell Sci 117:5633–5642. https://​doi.​org/​10.​1242/​
jcs.​01485

Austin HP, Allen MD, Donohoe BS et al (2018) Characterization and engineer-
ing of a plastic-degrading aromatic polyesterase. Proc Natl Acad Sci 
115:E4350LP – E4357. https://​doi.​org/​10.​1073/​pnas.​17188​04115

Ayer A, Sanwald J, Pillay BA et al (2013) Distinct redox regulation in sub-cellular 
compartments in response to various stress conditions in Saccharomy-
ces cerevisiae. PLoS ONE 8:65240. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00652​40

Bayer T, Milker S, Wiesinger T et al (2017) In vivo synthesis of polyhydroxylated 
compounds from a “hidden reservoir” of toxic aldehyde species. Chem-
CatChem 9:2919–2923. https://​doi.​org/​10.​1002/​cctc.​20170​0469

Berry A (1996) Improving production of aromatic compounds in Escherichia 
coli by metabolic engineering. Trends Biotechnol 14:250–256. https://​
doi.​org/​10.​1016/​0167-​7799(96)​10033-0

Blanc V, Gil P, Bamas-Jacques N et al (1997) Identification of analysis of genes 
from Streptomyces pristinaespiralis encoding enzymes involved in the 
biosynthesis of the 4-dimethylamino-L-phenylalanine precursor of 
pristinamycin I. Mol Microbiol 23:191–202. https://​doi.​org/​10.​1046/j.​
1365-​2958.​1997.​20315​74.x

Bose M, Groff D, Xie J et al (2006) The incorporation of a photoisomerizable 
amino acid into proteins in E. coli. J Am Chem Soc 128:388–389. https://​
doi.​org/​10.​1021/​ja055​467u

Brey LF, Włodarczyk AJ, Bang Thøfner JF et al (2020) Metabolic engineering of 
Synechocystis sp. PCC 6803 for the production of aromatic amino acids 
and derived phenylpropanoids. Metab Eng 57:129–139. https://​doi.​org/​
10.​1016/j.​ymben.​2019.​11.​002

Bruder S, Boles E (2017) Improvement of the yeast based (R)-phenylacetyl-
carbinol production process via reduction of by-product formation. 
Biochem Eng J 120:103–112. https://​doi.​org/​10.​1016/j.​bej.​2016.​09.​021

Bugg TDH, Williamson JJ, Rashid GMM (2020) Bacterial enzymes for lignin 
depolymerisation: new biocatalysts for generation of renewable chemi-
cals from biomass. Curr Opin Chem Biol 55:26–33. https://​doi.​org/​10.​
1016/J.​CBPA.​2019.​11.​007

Bunzel M, Schüßler A, Tchetseubu Saha G (2011) Chemical characterization of 
klason lignin preparations from plant-based foods. J Agric Food Chem 
59:12506–12513. https://​doi.​org/​10.​1021/​jf203​1378

Butler N, Kunjapur AM (2020) Carboxylic acid reductases in metabolic engi-
neering. J Biotechnol 307:1–14. https://​doi.​org/​10.​1016/j.​jbiot​ec.​2019.​
10.​002

Cao M, Gao M, Suástegui M et al (2020) Building microbial factories for the pro-
duction of aromatic amino acid pathway derivatives: from commodity 
chemicals to plant-sourced natural products. Metab Eng 58:94–132

Celińska E, Kubiak P, Białas W et al (2013) Yarrowia lipolytica: the novel and 
promising 2-phenylethanol producer. J Ind Microbiol Biotechnol 
40:389–392. https://​doi.​org/​10.​1007/​s10295-​013-​1240-3

Chakar FS, Ragauskas AJ (2004) Review of current and future softwood kraft 
lignin process chemistry. Ind Crops Prod 20:131–141. https://​doi.​org/​10.​
1016/J.​INDCR​OP.​2004.​04.​016

Chen Y, Loredo A, Gordon A et al (2018) A noncanonical amino acid-based 
relay system for site-specific protein labeling. Chem Commun 
54:7187–7190. https://​doi.​org/​10.​1039/​C8CC0​3819H

Chen Y, Tang J, Wang L et al (2020) Creation of bacterial cells with 5-hydroxy-
tryptophan as a 21st amino acid building block. Chem. https://​doi.​org/​
10.​1016/j.​chempr.​2020.​07.​013

Chen Y, Fu B, Xiao G et al (2021) Bioconversion of lignin-derived feedstocks 
to muconic acid by whole-cell biocatalysis. ACS Food Sci Technol 
1:382–387. https://​doi.​org/​10.​1021/​acsfo​odsci​tech.​1c000​23

Chin JW, Santoro SW, Martin AB et al (2002) Addition of p-azido-L-phenylala-
nine to the genetic code of Escherichia coli. J Am Chem Soc 124:9026–
9027. https://​doi.​org/​10.​1021/​ja027​007w

Chio C, Sain M, Qin W (2019) Lignin utilization: a review of lignin depolymeriza-
tion from various aspects. Renew Sustain Energy Rev 107:232–249

Clarkson SM, Giannone RJ, Kridelbaugh DM et al (2017) Construction and opti-
mization of a heterologous pathway for protocatechuate catabolism 
in Escherichia coli enables bioconversion of model aromatic compou. 
Appl Environ Microbiol 83:e01313-e1317. https://​doi.​org/​10.​1128/​AEM.​
01313-​17

de la Torre D, Chin JW (2020) Reprogramming the genetic code. Nat Rev Genet 
22:169–184. https://​doi.​org/​10.​1038/​s41576-​020-​00307-7

Deiters A, Schultz PG (2005) In vivo incorporation of an alkyne into proteins in 
Escherichia coli. Bioorg Med Chem Lett 15:1521–1524. https://​doi.​org/​
10.​1016/j.​bmcl.​2004.​12.​065

DeLoache WC, Russ ZN, Dueber JE (2016) Towards repurposing the yeast 
peroxisome for compartmentalizing heterologous metabolic pathways. 
Nat Commun. https://​doi.​org/​10.​1038/​ncomm​s11152

https://doi.org/10.1016/j.ymben.2019.05.008
https://doi.org/10.1016/j.ymben.2019.05.008
https://doi.org/10.1021/ja038242x
https://doi.org/10.1039/C8CS00665B
https://doi.org/10.1039/C8CS00665B
https://doi.org/10.1186/s13068-019-1585-6
https://doi.org/10.1186/s13068-019-1585-6
https://doi.org/10.1242/jcs.01485
https://doi.org/10.1242/jcs.01485
https://doi.org/10.1073/pnas.1718804115
https://doi.org/10.1371/journal.pone.0065240
https://doi.org/10.1371/journal.pone.0065240
https://doi.org/10.1002/cctc.201700469
https://doi.org/10.1016/0167-7799(96)10033-0
https://doi.org/10.1016/0167-7799(96)10033-0
https://doi.org/10.1046/j.1365-2958.1997.2031574.x
https://doi.org/10.1046/j.1365-2958.1997.2031574.x
https://doi.org/10.1021/ja055467u
https://doi.org/10.1021/ja055467u
https://doi.org/10.1016/j.ymben.2019.11.002
https://doi.org/10.1016/j.ymben.2019.11.002
https://doi.org/10.1016/j.bej.2016.09.021
https://doi.org/10.1016/J.CBPA.2019.11.007
https://doi.org/10.1016/J.CBPA.2019.11.007
https://doi.org/10.1021/jf2031378
https://doi.org/10.1016/j.jbiotec.2019.10.002
https://doi.org/10.1016/j.jbiotec.2019.10.002
https://doi.org/10.1007/s10295-013-1240-3
https://doi.org/10.1016/J.INDCROP.2004.04.016
https://doi.org/10.1016/J.INDCROP.2004.04.016
https://doi.org/10.1039/C8CC03819H
https://doi.org/10.1016/j.chempr.2020.07.013
https://doi.org/10.1016/j.chempr.2020.07.013
https://doi.org/10.1021/acsfoodscitech.1c00023
https://doi.org/10.1021/ja027007w
https://doi.org/10.1128/AEM.01313-17
https://doi.org/10.1128/AEM.01313-17
https://doi.org/10.1038/s41576-020-00307-7
https://doi.org/10.1016/j.bmcl.2004.12.065
https://doi.org/10.1016/j.bmcl.2004.12.065
https://doi.org/10.1038/ncomms11152


Page 14 of 17Dickey et al. Bioresour. Bioprocess.            (2021) 8:91 

Dı́az E, Ferrández A, Prieto MA, Garcı́a JL, (2001) Biodegradation of aromatic 
compounds by Escherichia coli. Microbiol Mol Biol Rev 65:523–569. 
https://​doi.​org/​10.​1128/​mmbr.​65.4.​523-​569.​2001

Dinh CV, Chen X, Prather KLJ (2020) Development of a quorum-sensing based 
circuit for control of coculture population composition in a naringenin 
production system. ACS Synth Biol 9:590–597. https://​doi.​org/​10.​1021/​
acssy​nbio.​9b004​51

Du Y, Yang B, Yi Z et al (2020) Engineering Saccharomyces cerevisiae cocul-
ture platform for the production of flavonoids. J Agric Food Chem 
68:2146–2154. https://​doi.​org/​10.​1021/​acs.​jafc.​9b079​16

Dumas A, Lercher L, Spicer CD, Davis BG (2015) Designing logical codon reas-
signment—expanding the chemistry in biology. Chem Sci 6:50–69. 
https://​doi.​org/​10.​1039/​c4sc0​1534g

Eng T, Banerjee D, Lau AK et al (2021) Engineering Pseudomonas putida for 
efficient aromatic conversion to bioproduct using high throughput 
screening in a bioreactor. Metab Eng 66:1–33. https://​doi.​org/​10.​1016/j.​
ymben.​2021.​04.​015

EPA (2018) Advancing sustainable materials management. https://​www.​epa.​
gov/​facts-​and-​figur​es-​about-​mater​ials-​waste-​and-​recyc​ling/​advan​cings​
ustai​nable-​mater​ials-​manag​ement

Eriksen MK, Christiansen JD, Daugaard AE, Astrup TF (2019) Closing the loop 
for PET, PE and PP waste from households: influence of material proper-
ties and product design for plastic recycling. Waste Manag 96:75–85. 
https://​doi.​org/​10.​1016/J.​WASMAN.​2019.​07.​005

Fang Z, Jones JA, Zhou J, Koffas MAG (2018) Engineering Escherichia coli 
co-cultures for production of curcuminoids from glucose. Biotechnol J. 
https://​doi.​org/​10.​1002/​biot.​20170​0576

Fesko K (2016) Threonine aldolases: perspectives in engineering and screen-
ing the enzymes with enhanced substrate and stereo specificities. 
Appl Microbiol Biotechnol 100:2579–2590. https://​doi.​org/​10.​1007/​
s00253-​015-​7218-5

Fordjour E, Adipah FK, Zhou S et al (2019) Metabolic engineering of Escherichia 
coli BL21 (DE3) for de novo production of l-DOPA from d-glucose. 
Microb Cell Fact 18:74. https://​doi.​org/​10.​1186/​s12934-​019-​1122-0

Fujiwara R, Noda S, Tanaka T, Kondo A (2018) Muconic acid production using 
gene-level fusion proteins in Escherichia coli. ACS Synth Biol 7:2698–
2705. https://​doi.​org/​10.​1021/​acssy​nbio.​8b003​80

Gatfield IL (1999) Biotechnological production of natural flavor materials. 
Flavor chemistry. Springer, Berlin, pp 211–227

Grewal PS, Samson JA, Baker JJ et al (2021) Peroxisome compartmentaliza-
tion of a toxic enzyme improves alkaloid production. Nat Chem Biol 
17:96–103. https://​doi.​org/​10.​1038/​s41589-​020-​00668-4

Gu Y, Ma J, Zhu Y et al (2020) Engineering Yarrowia lipolytica as a Chassis 
for de novo synthesis of five aromatic-derived natural products and 
chemicals. ACS Synth Biol 9:2096–2106. https://​doi.​org/​10.​1021/​acssy​
nbio.​0c001​85

Hammer SK, Avalos JL (2017) Harnessing yeast organelles for metabolic engi-
neering. Nat Chem Biol 13:823–832. https://​doi.​org/​10.​1038/​nchem​
bio.​2429

Han H, Xu B, Zeng W, Zhou J (2020) Regulating the biosynthesis of pyridoxal 
5’-phosphate with riboswitch to enhance L-DOPA production by 
Escherichia coli whole-cell biotransformation. J Biotechnol 321:68–77. 
https://​doi.​org/​10.​1016/j.​jbiot​ec.​2020.​05.​009

He A, Li T, Daniels L et al (2004) Nocardia sp. carboxylic acid reductase: cloning, 
expression, and characterization of a new aldehyde oxidoreductase 
family. Appl Environ Microbiol 58:2116–2122. https://​doi.​org/​10.​1128/​
aem.​70.3.​1874-​1881.​2004

Herrmann KM, Weaver LM (1999) The shikimate pathway. Annu Rev Plant 
Physiol Plant Mol Biol 50:473–503. https://​doi.​org/​10.​1146/​annur​ev.​
arpla​nt.​50.1.​473

Hillman ET, Li M, Hooker CA et al (2021) Hydrolysis of lignocellulose by anaero-
bic fungi produces free sugars and organic acids for two-stage fine 
chemical production with Kluyveromyces marxianus. Biotechnol Prog. 
https://​doi.​org/​10.​1002/​btpr.​3172

Hong M (2017) Chemically recyclable polymers: a circular economy approach 
to sustainability. Green Chem. https://​doi.​org/​10.​1039/​c7gc0​1496a

Huccetogullari D, Luo ZW, Lee SY (2019) Metabolic engineering of microor-
ganisms for production of aromatic compounds. Microb Cell Fact 18:41. 
https://​doi.​org/​10.​1186/​s12934-​019-​1090-4

Jankauskaite V, Macijauskas G, Lygaitis R (2008) Polyethylene terephthalate 
waste recycling and application possibilities: a review. Polym Compos 
14:119–127

Jawed K, Yazdani SS, Koffas MAG (2019) Advances in the development and 
application of microbial consortia for metabolic engineering. Metab 
Eng Commun 9:e00095. https://​doi.​org/​10.​1016/j.​mec.​2019.​e00095

Ji X-J, Liu Q, Xie X et al (2018) Metabolic engineering of the shikimate pathway 
for production of aromatics and derived compounds—present and 
future strain construction strategies. Bioeng Biotechnol 6:32. https://​
doi.​org/​10.​3389/​fbioe.​2018.​00032

Jones JA, Vernacchio VR, Sinkoe AL et al (2016) Experimental and computa-
tional optimization of an Escherichia coli co-culture for the efficient 
production of flavonoids. Metab Eng 35:55–63. https://​doi.​org/​10.​
1016/j.​ymben.​2016.​01.​006

Jones JA, Vernacchio VR, Collins SM et al (2017) Complete biosynthesis of 
anthocyanins using E. coli polycultures. Mbio 8:e00621-17. https://​doi.​
org/​10.​1128/​mBio.​00621-​17

Kallscheuer N, Marienhagen J (2018) Corynebacterium glutamicum as 
platform for the production of hydroxybenzoic acids. Microb Cell Fact 
17:70. https://​doi.​org/​10.​1186/​s12934-​018-​0923-x

Kallscheuer N, Vogt M, Stenzel A et al (2016) Construction of a Corynebacte-
rium glutamicum platform strain for the production of stilbenes and 
(2S)-flavanones. Metab Eng 38:47–55. https://​doi.​org/​10.​1016/j.​ymben.​
2016.​06.​003

Kawai F, Kawabata T, Oda M (2020) Current state and perspectives related to 
the polyethylene terephthalate hydrolases available for biorecycling. 
ACS Sustain Chem Eng 8:8894–8908. https://​doi.​org/​10.​1021/​acssu​
schem​eng.​0c016​38

Kazimírová V, Rebroš M (2021) Production of aldehydes by biocatalysis. Int J 
Mol Sci 22:4949. https://​doi.​org/​10.​3390/​ijms2​20949​49

Kim TY, Lee SW, Oh MK (2014) Biosynthesis of 2-phenylethanol from glucose 
with genetically engineered Kluyveromyces marxianus. Enzyme Microb 
Technol 61–62:44–47. https://​doi.​org/​10.​1016/j.​enzmi​ctec.​2014.​04.​011

Kim JS, Lee YY, Kim TH (2016) A review on alkaline pretreatment technology for 
bioconversion of lignocellulosic biomass. Bioresour Technol 199:42–48. 
https://​doi.​org/​10.​1016/J.​BIORT​ECH.​2015.​08.​085

Kim S, Sung BH, Kim SC, Lee HS (2018) Genetic incorporation of l -dihydroxy-
phenylalanine (DOPA) biosynthesized by a tyrosine phenol-lyase. Chem 
Commun 54:3002–3005. https://​doi.​org/​10.​1039/​C8CC0​0281A

Kim HT, Kim JK, Cha HG et al (2019) Biological valorization of poly(ethylene 
terephthalate) monomers for upcycling waste PET. ACS Sustain Chem 
Eng 7:19396–19406. https://​doi.​org/​10.​1021/​acssu​schem​eng.​9b039​08

Kim DH, Han DO, In Shim K et al (2021) One-Pot Chemo-bioprocess of PET 
depolymerization and recycling enabled by a biocompatible catalyst, 
betaine. ACS Catal 11:3996–4008. https://​doi.​org/​10.​1021/​acsca​tal.​
0c040​14

Knott BC, Erickson E, Allen MD et al (2020) Characterization and engineering of 
a two-enzyme system for plastics depolymerization. Proc Natl Acad Sci 
117:25476LP – 25485. https://​doi.​org/​10.​1073/​pnas.​20067​53117

Kohman RE, Kunjapur AM, Hysolli E et al (2018) From designing the molecules 
of life to designing life: future applications derived from advances in 
DNA technologies. Angew Chem Int Ed 57:4313–4328

Koshti R, Mehta L, Samarth N (2018) Biological recycling of polyethylene 
terephthalate: a mini-review. J Polym Environ 26:3520–3529. https://​doi.​
org/​10.​1007/​s10924-​018-​1214-7

Kuepper J, Dickler J, Biggel M et al (2015) Metabolic engineering of Pseu-
domonas putida KT2440 to produce anthranilate from glucose. Front 
Microbiol 6:1310. https://​doi.​org/​10.​3389/​fmicb.​2015.​01310

Kunjapur AM, Prather KLJ (2015) Microbial engineering for aldehyde synthesis. 
Appl Environ Microbiol 81:1892–1901. https://​doi.​org/​10.​1128/​AEM.​
03319-​14

Kunjapur AM, Prather KLJ (2019) Development of a vanillate biosensor for the 
vanillin biosynthesis pathway in E. coli. ACS Synth Biol 8:1958–1967. 
https://​doi.​org/​10.​1021/​acssy​nbio.​9b000​71

Kunjapur AM, Tarasova Y, Prather KLJ (2014) Synthesis and accumulation of aro-
matic aldehydes in an engineered strain of Escherichia coli. J Am Chem 
Soc 136:11644–11654. https://​doi.​org/​10.​1021/​ja506​664a

Kunjapur AM, Hyun JC, Prather KLJ (2016) Deregulation of S-adenosylmethio-
nine biosynthesis and regeneration improves methylation in the E. 
coli de novo vanillin biosynthesis pathway. Microb Cell Fact 15:1–17. 
https://​doi.​org/​10.​1186/​s12934-​016-​0459-x

https://doi.org/10.1128/mmbr.65.4.523-569.2001
https://doi.org/10.1021/acssynbio.9b00451
https://doi.org/10.1021/acssynbio.9b00451
https://doi.org/10.1021/acs.jafc.9b07916
https://doi.org/10.1039/c4sc01534g
https://doi.org/10.1016/j.ymben.2021.04.015
https://doi.org/10.1016/j.ymben.2021.04.015
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancingsustainable-materials-management
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancingsustainable-materials-management
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancingsustainable-materials-management
https://doi.org/10.1016/J.WASMAN.2019.07.005
https://doi.org/10.1002/biot.201700576
https://doi.org/10.1007/s00253-015-7218-5
https://doi.org/10.1007/s00253-015-7218-5
https://doi.org/10.1186/s12934-019-1122-0
https://doi.org/10.1021/acssynbio.8b00380
https://doi.org/10.1038/s41589-020-00668-4
https://doi.org/10.1021/acssynbio.0c00185
https://doi.org/10.1021/acssynbio.0c00185
https://doi.org/10.1038/nchembio.2429
https://doi.org/10.1038/nchembio.2429
https://doi.org/10.1016/j.jbiotec.2020.05.009
https://doi.org/10.1128/aem.70.3.1874-1881.2004
https://doi.org/10.1128/aem.70.3.1874-1881.2004
https://doi.org/10.1146/annurev.arplant.50.1.473
https://doi.org/10.1146/annurev.arplant.50.1.473
https://doi.org/10.1002/btpr.3172
https://doi.org/10.1039/c7gc01496a
https://doi.org/10.1186/s12934-019-1090-4
https://doi.org/10.1016/j.mec.2019.e00095
https://doi.org/10.3389/fbioe.2018.00032
https://doi.org/10.3389/fbioe.2018.00032
https://doi.org/10.1016/j.ymben.2016.01.006
https://doi.org/10.1016/j.ymben.2016.01.006
https://doi.org/10.1128/mBio.00621-17
https://doi.org/10.1128/mBio.00621-17
https://doi.org/10.1186/s12934-018-0923-x
https://doi.org/10.1016/j.ymben.2016.06.003
https://doi.org/10.1016/j.ymben.2016.06.003
https://doi.org/10.1021/acssuschemeng.0c01638
https://doi.org/10.1021/acssuschemeng.0c01638
https://doi.org/10.3390/ijms22094949
https://doi.org/10.1016/j.enzmictec.2014.04.011
https://doi.org/10.1016/J.BIORTECH.2015.08.085
https://doi.org/10.1039/C8CC00281A
https://doi.org/10.1021/acssuschemeng.9b03908
https://doi.org/10.1021/acscatal.0c04014
https://doi.org/10.1021/acscatal.0c04014
https://doi.org/10.1073/pnas.2006753117
https://doi.org/10.1007/s10924-018-1214-7
https://doi.org/10.1007/s10924-018-1214-7
https://doi.org/10.3389/fmicb.2015.01310
https://doi.org/10.1128/AEM.03319-14
https://doi.org/10.1128/AEM.03319-14
https://doi.org/10.1021/acssynbio.9b00071
https://doi.org/10.1021/ja506664a
https://doi.org/10.1186/s12934-016-0459-x


Page 15 of 17Dickey et al. Bioresour. Bioprocess.            (2021) 8:91 	

Kunjapur AM, Stork DA, Kuru E et al (2018) Engineering posttranslational proof-
reading to discriminate nonstandard amino acids. Proc Natl Acad Sci 
USA 115:619–624. https://​doi.​org/​10.​1073/​pnas.​17151​37115

Kunjapur AM, Napolitano MG, Hysolli E et al (2021) Synthetic auxotrophy 
remains stable after continuous evolution and in coculture with mam-
malian cells. Sci Adv 7:eabf5851. https://​doi.​org/​10.​1126/​SCIADV.​ABF58​
51

Lancefield CS, Rashid GMM, Bouxin F et al (2016) Investigation of the chem-
ocatalytic and biocatalytic valorization of a range of different lignin 
preparations: the importance of β-o-4 content. ACS Sustain Chem Eng 
4:6921–6930. https://​doi.​org/​10.​1021/​acssu​schem​eng.​6b018​55

Larroude M, Nicaud JM, Rossignol T (2020) Yarrowia lipolytica chassis strains 
engineered to produce aromatic amino acids via the shikimate path-
way. Microb Biotechnol. https://​doi.​org/​10.​1111/​1751-​7915.​13745

Lee H, DeLoache WC, Dueber JE (2011) Spatial organization of enzymes for 
metabolic engineering. Metab Eng. https://​doi.​org/​10.​1016/j.​ymben.​
2011.​09.​003

Li Z, Wang X, Zhang H (2019) Balancing the non-linear rosmarinic acid biosyn-
thetic pathway by modular co-culture engineering. Metab Eng 54:1–11. 
https://​doi.​org/​10.​1016/j.​ymben.​2019.​03.​002

Lin YJ, Chang JJ, Lin HY et al (2017) Metabolic engineering a yeast to produce 
astaxanthin. Bioresour Technol 245:899–905. https://​doi.​org/​10.​1016/j.​
biort​ech.​2017.​07.​116

Linger JG, Vardon DR, Guarnieri MT et al (2014) Lignin valorization through 
integrated biological funneling and chemical catalysis. Proc Natl Acad 
Sci 111:12013LP – 12018. https://​doi.​org/​10.​1073/​pnas.​14106​57111

Liu L, Zhu Y, Chen Y et al (2020a) One-pot cascade biotransformation for 
efficient synthesis of benzyl alcohol and its analogs. Chem an Asian J 
15:1018–1021. https://​doi.​org/​10.​1002/​asia.​20190​1680

Liu X, Bouxin FP, Fan J et al (2020b) Recent advances in the catalytic depolym-
erization of lignin towards phenolic chemicals: a review. Chemsuschem 
13:4296–4317. https://​doi.​org/​10.​1002/​cssc.​20200​1213

Ma B, Zhao C, Agrawal SR, Abu-Omar M (2015) A synergistic biorefinery based 
on catalytic conversion of lignin prior to cellulose starting from ligno-
cellulosic biomass. Green Chem. https://​doi.​org/​10.​1039/​c4gc0​1911c

Machas M, Kurgan G, Jha AK et al (2019) Emerging tools, enabling technolo-
gies, and future opportunities for the bioproduction of aromatic 
chemicals. J Chem Technol Biotechnol 94:38–52. https://​doi.​org/​10.​
1002/​jctb.​5762

Mandell DJ, Lajoie MJ, Mee MT et al (2015) Biocontainment of genetically 
modified organisms by synthetic protein design. Nature 518:55–60. 
https://​doi.​org/​10.​1038/​natur​e14121

Marchand JA, Neugebauer ME, Ing MC et al (2019) Discovery of a pathway for 
terminal-alkyne amino acid biosynthesis. Nature. https://​doi.​org/​10.​
1038/​s41586-​019-​1020-y

Masuo S, Zhou S, Kaneko T, Takaya N (2016) Bacterial fermentation platform for 
producing artificial aromatic amines. Sci Rep 6:25764. https://​doi.​org/​
10.​1038/​srep2​5764

Mehl RA, Christopher Anderson J, Santoro SW et al (2003) Generation of a 
bacterium with a 21 amino acid genetic code. J Am Chem Soc. https://​
doi.​org/​10.​1021/​JA028​4153

Meijnen JP, Verhoef S, Briedjlal AA et al (2011) Improved p-hydroxybenzoate 
production by engineered Pseudomonas putida S12 by using a mixed-
substrate feeding strategy. Appl Microbiol Biotechnol 90:885–893. 
https://​doi.​org/​10.​1007/​s00253-​011-​3089-6

Mohammadi Nargesi B, Trachtmann N, Sprenger GA, Youn JW (2018) Produc-
tion of p-amino-l-phenylalanine (l-PAPA) from glycerol by metabolic 
grafting of Escherichia coli. Microb Cell Fact 17:1–11. https://​doi.​org/​10.​
1186/​s12934-​018-​0996-6

Müller R-J, Schrader H, Profe J et al (2005) Enzymatic degradation of 
poly(ethylene terephthalate): rapid hydrolyse using a hydrolase from 
T. fusca. Macromol Rapid Commun 26:1400–1405. https://​doi.​org/​10.​
1002/​marc.​20050​0410

Muñoz AJ, Hernández-Chávez G, de Anda R et al (2011) Metabolic engineering 
of Escherichia coli for improving l-3,4-dihydroxyphenylalanine (l-DOPA) 
synthesis from glucose. J Ind Microbiol Biotechnol 38:1845–1852. 
https://​doi.​org/​10.​1007/​s10295-​011-​0973-0

Nagasawa T, Utagawa T, Goto J et al (1981) Syntheses of l-tyrosine-related 
amino acids by tyrosine phenol-lyase of Citrobacter intermedius. Eur 
J Biochem 117:33–40. https://​doi.​org/​10.​1111/j.​1432-​1033.​1981.​tb062​
99.x

Nakagawa A, Minami H, Kim J-S et al (2011) A bacterial platform for fermenta-
tive production of plant alkaloids. Nat Commun 2:326. https://​doi.​org/​
10.​1038/​ncomm​s1327

Ni J, Gao YY, Tao F et al (2018) Temperature-directed biocatalysis for the sus-
tainable production of aromatic aldehydes or alcohols. Angew Chem 
Int Ed 57:1214–1217. https://​doi.​org/​10.​1002/​anie.​20171​0793

Nijkamp K, Van Luijk N, De Bont JAM, Wery J (2005) The solvent-tolerant 
Pseudomonas putida S12 as host for the production of cinnamic acid 
from glucose. Appl Microbiol Biotechnol 69:170–177. https://​doi.​org/​
10.​1007/​s00253-​005-​1973-7

Nijkamp K, Westerhof RGM, Ballerstedt H et al (2007) Optimization of the 
solvent-tolerant Pseudomonas putida S12 as host for the production 
of p-coumarate from glucose. Appl Microbiol Biotechnol 74:617–624. 
https://​doi.​org/​10.​1007/​s00253-​006-​0703-0

Niu W, Willett H, Mueller J et al (2020) Direct biosynthesis of adipic acid from 
lignin-derived aromatics using engineered Pseudomonas putida 
KT2440. Metab Eng 59:151–161. https://​doi.​org/​10.​1016/j.​ymben.​2020.​
02.​006

Noda S, Shirai T, Mori Y et al (2017) Engineering a synthetic pathway for 
maleate in Escherichia coli. Nat Commun 8:1153. https://​doi.​org/​10.​
1038/​s41467-​017-​01233-9

Obermeyer AC, Jarman JB, Netirojjanakul C et al (2014) Mild bioconjugation 
through the oxidative coupling of ortho-aminophenols and anilines 
with ferricyanide. Angew Chem Int Ed 53:1057–1061. https://​doi.​org/​
10.​1002/​anie.​20130​7386

Opgrande JL, Dobratz CJ, Brown E et al (2000) Benzaldehyde. In: Kirk-Othmer 
encyclopedia of chemical technology. Wiley

Palmer CM, Miller KK, Nguyen A, Alper HS (2020) Engineering 4-coumaroyl-
CoA derived polyketide production in Yarrowia lipolytica through a 
β-oxidation mediated strategy. Metab Eng 57:174–181. https://​doi.​org/​
10.​1016/j.​ymben.​2019.​11.​006

Parker MT, Kunjapur AM (2020) Deployment of engineered microbes: contri-
butions to the bioeconomy and considerations for biosecurity. Health 
Secur 18:278–296. https://​doi.​org/​10.​1089/​hs.​2020.​0010

Peters FB, Brock A, Wang J, Schultz PG (2009) Photocleavage of the polypep-
tide backbone by 2-nitrophenylalanine. Chem Biol 16:148–152. https://​
doi.​org/​10.​1016/j.​chemb​iol.​2009.​01.​013

Picart P, Liu H, Grande PM et al (2017) Multi-step biocatalytic depolymerization 
of lignin. Appl Microbiol Biotechnol 101:6277–6287. https://​doi.​org/​10.​
1007/​s00253-​017-​8360-z

Pinkert A, Marsh NK, Pang S, Staiger PM (2009) Ionic liquids and their interac-
tion with cellulose. Chem Rev 109:6712–6728. https://​doi.​org/​10.​1021/​
cr900​1947

Pyne ME, Kevvai K, Grewal PS et al (2020) A yeast platform for high-level 
synthesis of tetrahydroisoquinoline alkaloids. Nat Commun 11:3337. 
https://​doi.​org/​10.​1038/​s41467-​020-​17172-x

Ragauskas AJ, Beckham GT, Biddy MJ et al (2014) Lignin valorization: improv-
ing lignin processing in the biorefinery. Science (80−) 344:1246843. 
https://​doi.​org/​10.​1126/​scien​ce.​12468​43

Raheem AB, Noor ZZ, Hassan A et al (2019) Current developments in chemical 
recycling of post-consumer polyethylene terephthalate wastes for new 
materials production: a review. J Clean Prod 225:1052–1064. https://​doi.​
org/​10.​1016/J.​JCLEP​RO.​2019.​04.​019

Reifenrath M, Bauer M, Oreb M, Boles E (2018) Bacterial bifunctional choris-
mate mutase-prephenate dehydratase PheA increases flux into the 
yeast phenylalanine pathway and improves mandelic acid production. 
Metab Eng Commun 7:e00079. https://​doi.​org/​10.​1016/j.​mec.​2018.​
e00079

Reifenrath M, Oreb M, Boles E, Tripp J (2020) Artificial ER-derived vesicles as 
synthetic organelles for in vivo compartmentalization of biochemical 
pathways. ACS Synth Biol 9:2909–2916. https://​doi.​org/​10.​1021/​acssy​
nbio.​0c002​41

Rovner AJ, Haimovich AD, Katz SR et al (2015) Recoded organisms engineered 
to depend on synthetic amino acids. Nature 518:89–93. https://​doi.​org/​
10.​1038/​natur​e14095

Rowles I, Groenendaal B, Binay B et al (2016) Engineering of phenylalanine 
ammonia lyase from Rhodotorula graminis for the enhanced synthesis 
of unnatural L-amino acids. Tetrahedron 72:7343–7347. https://​doi.​org/​
10.​1016/j.​tet.​2016.​06.​026

https://doi.org/10.1073/pnas.1715137115
https://doi.org/10.1126/SCIADV.ABF5851
https://doi.org/10.1126/SCIADV.ABF5851
https://doi.org/10.1021/acssuschemeng.6b01855
https://doi.org/10.1111/1751-7915.13745
https://doi.org/10.1016/j.ymben.2011.09.003
https://doi.org/10.1016/j.ymben.2011.09.003
https://doi.org/10.1016/j.ymben.2019.03.002
https://doi.org/10.1016/j.biortech.2017.07.116
https://doi.org/10.1016/j.biortech.2017.07.116
https://doi.org/10.1073/pnas.1410657111
https://doi.org/10.1002/asia.201901680
https://doi.org/10.1002/cssc.202001213
https://doi.org/10.1039/c4gc01911c
https://doi.org/10.1002/jctb.5762
https://doi.org/10.1002/jctb.5762
https://doi.org/10.1038/nature14121
https://doi.org/10.1038/s41586-019-1020-y
https://doi.org/10.1038/s41586-019-1020-y
https://doi.org/10.1038/srep25764
https://doi.org/10.1038/srep25764
https://doi.org/10.1021/JA0284153
https://doi.org/10.1021/JA0284153
https://doi.org/10.1007/s00253-011-3089-6
https://doi.org/10.1186/s12934-018-0996-6
https://doi.org/10.1186/s12934-018-0996-6
https://doi.org/10.1002/marc.200500410
https://doi.org/10.1002/marc.200500410
https://doi.org/10.1007/s10295-011-0973-0
https://doi.org/10.1111/j.1432-1033.1981.tb06299.x
https://doi.org/10.1111/j.1432-1033.1981.tb06299.x
https://doi.org/10.1038/ncomms1327
https://doi.org/10.1038/ncomms1327
https://doi.org/10.1002/anie.201710793
https://doi.org/10.1007/s00253-005-1973-7
https://doi.org/10.1007/s00253-005-1973-7
https://doi.org/10.1007/s00253-006-0703-0
https://doi.org/10.1016/j.ymben.2020.02.006
https://doi.org/10.1016/j.ymben.2020.02.006
https://doi.org/10.1038/s41467-017-01233-9
https://doi.org/10.1038/s41467-017-01233-9
https://doi.org/10.1002/anie.201307386
https://doi.org/10.1002/anie.201307386
https://doi.org/10.1016/j.ymben.2019.11.006
https://doi.org/10.1016/j.ymben.2019.11.006
https://doi.org/10.1089/hs.2020.0010
https://doi.org/10.1016/j.chembiol.2009.01.013
https://doi.org/10.1016/j.chembiol.2009.01.013
https://doi.org/10.1007/s00253-017-8360-z
https://doi.org/10.1007/s00253-017-8360-z
https://doi.org/10.1021/cr9001947
https://doi.org/10.1021/cr9001947
https://doi.org/10.1038/s41467-020-17172-x
https://doi.org/10.1126/science.1246843
https://doi.org/10.1016/J.JCLEPRO.2019.04.019
https://doi.org/10.1016/J.JCLEPRO.2019.04.019
https://doi.org/10.1016/j.mec.2018.e00079
https://doi.org/10.1016/j.mec.2018.e00079
https://doi.org/10.1021/acssynbio.0c00241
https://doi.org/10.1021/acssynbio.0c00241
https://doi.org/10.1038/nature14095
https://doi.org/10.1038/nature14095
https://doi.org/10.1016/j.tet.2016.06.026
https://doi.org/10.1016/j.tet.2016.06.026


Page 16 of 17Dickey et al. Bioresour. Bioprocess.            (2021) 8:91 

Sadler JC, Wallace S (2021) Microbial synthesis of vanillin from waste 
poly(ethylene terephthalate). Green Chem 23:4665–4672. https://​doi.​
org/​10.​1039/​D1GC0​0931A

Sáez-Sáez J, Wang G, Marella ER et al (2020) Engineering the oleaginous yeast 
Yarrowia lipolytica for high-level resveratrol production. Metab Eng 
62:51–61. https://​doi.​org/​10.​1016/j.​ymben.​2020.​08.​009

Salvachúa D, Rydzak T, Auwae R et al (2020) Metabolic engineering of Pseu-
domonas putida for increased polyhydroxyalkanoate production from 
lignin. Microb Biotechnol 13:290–298. https://​doi.​org/​10.​1111/​1751-​
7915.​13481

Sampson EM, Bobik TA (2008) Microcompartments for B12-dependent 
1,2-propanediol degradation provide protection from DNA and cellular 
damage by a reactive metabolic intermediate. J Bacteriol 190:2966LP – 
2971. https://​doi.​org/​10.​1128/​JB.​01925-​07

Santos CNS, Koffas M, Stephanopoulos G (2011) Optimization of a heterolo-
gous pathway for the production of flavonoids from glucose. Metab 
Eng 13:392–400. https://​doi.​org/​10.​1016/j.​ymben.​2011.​02.​002

Schutyser W, Renders T, Van den Bosch S et al (2018) Chemicals from lignin: an 
interplay of lignocellulose fractionation, depolymerisation, and upgrad-
ing. Chem Soc Rev 47:852–908. https://​doi.​org/​10.​1039/​C7CS0​0566K

Schwendenwein D, Fiume G, Weber H et al (2016) Selective enzymatic trans-
formation to aldehydes in vivo by fungal carboxylate reductase from 
Neurospora crassa. Adv Synth Catal 358:3414–3421. https://​doi.​org/​10.​
1002/​adsc.​20160​0914

Seitchik JL, Peeler JC, Taylor MT et al (2012) Genetically encoded tetrazine 
amino acid directs rapid site-specific in vivo bioorthogonal ligation 
with trans-cyclooctenes. J Am Chem Soc 134:2898–2901. https://​doi.​
org/​10.​1021/​ja210​9745

Sengupta S, Jonnalagadda S, Goonewardena L, Juturu V (2015) Metabolic 
engineering of a novel muconic acid biosynthesis pathway via 
4-hydroxybenzoic acid in E. coli. Appl Environ Microbiol 81:8037LP – 
8043. https://​doi.​org/​10.​1128/​AEM.​01386-​15

Shen B (2000) Biosynthesis of aromatic polyketides. In: Leeper FJ, Vederas 
JC (eds) Biosynthesis—aromatic polyketides, isoprenoids, alkaloids. 
Springer, Berlin, pp 1–51

Sheng H, Jing Y, An N et al (2021) Extending the shikimate pathway for micro-
bial production of maleate from glycerol in engineered Escherichia coli. 
Biotechnol Bioeng. https://​doi.​org/​10.​1002/​bit.​27700

Sulzbach M, Kunjapur AM (2020) The pathway less traveled: engineering 
biosynthesis of nonstandard functional groups. Trends Biotechnol 
38:532–545. https://​doi.​org/​10.​1016/j.​tibte​ch.​2019.​12.​014

Sun J, Ren Y, Raza M et al (2018a) Microbial production of glutaconic acid 
via extradiol ring cleavage of catechol. J Chem Technol Biotechnol 
93:1677–1683. https://​doi.​org/​10.​1002/​jctb.​5540

Sun Z, Fridrich B, de Santi A et al (2018b) Bright side of lignin depolymeriza-
tion: toward new platform chemicals. Chem Rev 118:614–678. https://​
doi.​org/​10.​1021/​acs.​chemr​ev.​7b005​88

Sweeney WA, Bryan PF (2000) BTX processing. In: Kirk‐othmer encyclopedia of 
chemical technology. Wiley

Taylor PP, Pantaleone DP, Senkpeil RF, Fotheringham IG (1998) Novel biosyn-
thetic approaches to the production of unnatural amino acids using 
transaminases. Trends Biotechnol 16:412–418. https://​doi.​org/​10.​1016/​
S0167-​7799(98)​01240-2

Thielemans W, Can E, Morye SS, Wool RP (2002) Novel applications of lignin in 
composite materials. J Appl Polym Sci 83:323–331. https://​doi.​org/​10.​
1002/​app.​2247

Thompson B, Pugh S, Machas M, Nielsen DR (2017) Muconic acid production 
via alternative pathways and a synthetic “metabolic funnel.” ACS Synth 
Biol 7:565–575. https://​doi.​org/​10.​1021/​acssy​nbio.​7b003​31

Thyer R, d’Oelsnitz S, Blevins MS et al (2021) Directed evolution of an improved 
aminoacyl-tRNA synthetase for incorporation of L-3,4-dihydroxypheny-
lalanine (L-DOPA). Angew Chem. https://​doi.​org/​10.​1002/​ange.​20210​
0579

Tripathi CM, Agarwal SC, Basu SK (1997) Production of l-phenylacetylcarbinol 
by fermentation. J Ferment Bioeng 84:487–492. https://​doi.​org/​10.​
1016/​S0922-​338X(97)​81900-9

Tsoi R, Wu F, Zhang C et al (2018) Metabolic division of labor in microbial sys-
tems. Proc Natl Acad Sci USA 115:2526–2531. https://​doi.​org/​10.​1073/​
pnas.​17168​88115

Turner WJ, Dunlop MJ (2014) Trade-offs in improving biofuel tolerance using 
combinations of efflux pumps. ACS Synth Biol 4:1056–1063. https://​doi.​
org/​10.​1021/​sb500​307w

Tzin V, Galili G (2010) New insights into the shikimate and aromatic amino 
acids biosynthesis pathways in plants. Mol Plant 3:956–972. https://​doi.​
org/​10.​1093/​mp/​ssq048

Van Den Bosch S, Schutyser W, Vanholme R et al (2015) Open access article. | 
Energy Environ Sci 8:1748. https://​doi.​org/​10.​1039/​c5ee0​0204d

van Haveren J, Scott EL, Sanders J (2008) Bulk chemicals from biomass. Biofuels 
Bioprod Biorefin 2:41–57. https://​doi.​org/​10.​1002/​bbb.​43

Venkitasubramanian P, Daniels L, Rosazza JPN (2007) Chapter 15 Biocatalytic 
reduction of carboxylic acids: mechanism and applications. In: Patel R 
(ed) Biocatalysis in the pharmaceutical and biotechnology industries. 
CRC Press, Boca Raton, pp 425–440

Verhoef S, Ruijssenaars HJ, de Bont JAM, Wery J (2007) Bioproduction of 
p-hydroxybenzoate from renewable feedstock by solvent-tolerant 
Pseudomonas putida S12. J Biotechnol 132:49–56. https://​doi.​org/​10.​
1016/j.​jbiot​ec.​2007.​08.​031

Verhoef S, Wierckx N, Westerhof RGM et al (2009) Bioproduction of 
p-hydroxystyrene from glucose by the solvent-tolerant bacterium 
Pseudomonas putida S12 in a two-phase water-decanol fermentation. 
Appl Environ Microbiol 75:931–936. https://​doi.​org/​10.​1128/​AEM.​
02186-​08

Vogt T (2010) Phenylpropanoid Biosynthesis. Mol Plant 3:2–20. https://​doi.​
org/​10.​1093/​mp/​ssp106

Völler J-S, Budisa N (2017) Coupling genetic code expansion and metabolic 
engineering for synthetic cells. Curr Opin Biotechnol 48:1–7. https://​
doi.​org/​10.​1016/J.​COPBIO.​2017.​02.​002

Walton NJ, Mayer MJ, Narbad A (2003) Vanillin. Phytochemistry 63:505–515. 
https://​doi.​org/​10.​1016/​S0031-​9422(03)​00149-3

Wang L, Zhang Z, Brock A, Schultz PG (2003) Addition of the keto functional 
group to the genetic code of Escherichia coli. Proc Natl Acad Sci USA 
100:56–61. https://​doi.​org/​10.​1073/​pnas.​02348​24100

Wang X, Li Z, Policarpio L et al (2020) De novo biosynthesis of complex 
natural product sakuranetin using modular co-culture engineering. 
Appl Microbiol Biotechnol 104:4849–4861. https://​doi.​org/​10.​1007/​
s00253-​020-​10576-1

Ward J, Wohlgemuth R (2010) High-yield biocatalytic amination reactions 
in organic synthesis. In: Current organic chemistry. Bentham Science 
Publishers, pp 1914–1927

Wei T, Cheng B-Y, Liu J-Z (2016) Genome engineering Escherichia coli for 
L-DOPA overproduction from glucose. Sci Rep 6:30080. https://​doi.​
org/​10.​1038/​srep3​0080

Westermann B, Neupert W (2000) Mitochondria-targeted green fluorescent 
proteins: convenient tools for the study of organelle biogenesis in 
Saccharomyces cerevisiae. Yeast 16:1421–1427. https://​doi.​org/​10.​
1002/​1097-​0061(200011)​16:​15%​3c142​1::​AID-​YEA624%​3e3.0.​CO;2-U

Westlake DWS, Vining LC (1969) Biosynthesis of chloramphenicol. Biotech-
nol Bioeng 11:1125–1134. https://​doi.​org/​10.​1002/​bit.​26011​0609

Wierckx NJP, Ballerstedt H, De Bont JAM, Wery J (2005) Engineering of 
solvent-tolerant Pseudomonas putida S12 for bioproduction of phe-
nol from glucose. Appl Environ Microbiol 71:8221–8227. https://​doi.​
org/​10.​1128/​AEM.​71.​12.​8221-​8227.​2005

Wittmann C (2010) Analysis and engineering of metabolic pathway fluxes 
in Corynebacterium glutamicum. Adv Biochem Eng Biotechnol 
120:21–49. https://​doi.​org/​10.​1007/​10_​2009_​58

Xie J, Liu W, Schultz PG (2007) A genetically encoded bidentate, metal-
binding amino acid. Angew Chem 119:9399–9402. https://​doi.​org/​
10.​1002/​ange.​20070​3397

Xin J, Zhang Q, Huang J et al (2021) Progress in the catalytic glycolysis of 
polyethylene terephthalate. J Environ Manage 296:113267. https://​
doi.​org/​10.​1016/J.​JENVM​AN.​2021.​113267

Xu R, Zhang K, Liu P et al (2018) Lignin depolymerization and utilization by 
bacteria. Bioresour Technol 269:557–566. https://​doi.​org/​10.​1016/J.​
BIORT​ECH.​2018.​08.​118

Xue Y, Zhang Y, Grace S, He Q (2014) Functional expression of an Arabidop-
sis p450 enzyme, p-coumarate-3-hydroxylase, in the cyanobacterium 
Synechocystis PCC 6803 for the biosynthesis of caffeic acid. J Appl 
Phycol 26:219–226. https://​doi.​org/​10.​1007/​s10811-​013-​0113-5

https://doi.org/10.1039/D1GC00931A
https://doi.org/10.1039/D1GC00931A
https://doi.org/10.1016/j.ymben.2020.08.009
https://doi.org/10.1111/1751-7915.13481
https://doi.org/10.1111/1751-7915.13481
https://doi.org/10.1128/JB.01925-07
https://doi.org/10.1016/j.ymben.2011.02.002
https://doi.org/10.1039/C7CS00566K
https://doi.org/10.1002/adsc.201600914
https://doi.org/10.1002/adsc.201600914
https://doi.org/10.1021/ja2109745
https://doi.org/10.1021/ja2109745
https://doi.org/10.1128/AEM.01386-15
https://doi.org/10.1002/bit.27700
https://doi.org/10.1016/j.tibtech.2019.12.014
https://doi.org/10.1002/jctb.5540
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1016/S0167-7799(98)01240-2
https://doi.org/10.1016/S0167-7799(98)01240-2
https://doi.org/10.1002/app.2247
https://doi.org/10.1002/app.2247
https://doi.org/10.1021/acssynbio.7b00331
https://doi.org/10.1002/ange.202100579
https://doi.org/10.1002/ange.202100579
https://doi.org/10.1016/S0922-338X(97)81900-9
https://doi.org/10.1016/S0922-338X(97)81900-9
https://doi.org/10.1073/pnas.1716888115
https://doi.org/10.1073/pnas.1716888115
https://doi.org/10.1021/sb500307w
https://doi.org/10.1021/sb500307w
https://doi.org/10.1093/mp/ssq048
https://doi.org/10.1093/mp/ssq048
https://doi.org/10.1039/c5ee00204d
https://doi.org/10.1002/bbb.43
https://doi.org/10.1016/j.jbiotec.2007.08.031
https://doi.org/10.1016/j.jbiotec.2007.08.031
https://doi.org/10.1128/AEM.02186-08
https://doi.org/10.1128/AEM.02186-08
https://doi.org/10.1093/mp/ssp106
https://doi.org/10.1093/mp/ssp106
https://doi.org/10.1016/J.COPBIO.2017.02.002
https://doi.org/10.1016/J.COPBIO.2017.02.002
https://doi.org/10.1016/S0031-9422(03)00149-3
https://doi.org/10.1073/pnas.0234824100
https://doi.org/10.1007/s00253-020-10576-1
https://doi.org/10.1007/s00253-020-10576-1
https://doi.org/10.1038/srep30080
https://doi.org/10.1038/srep30080
https://doi.org/10.1002/1097-0061(200011)16:15%3c1421::AID-YEA624%3e3.0.CO;2-U
https://doi.org/10.1002/1097-0061(200011)16:15%3c1421::AID-YEA624%3e3.0.CO;2-U
https://doi.org/10.1002/bit.260110609
https://doi.org/10.1128/AEM.71.12.8221-8227.2005
https://doi.org/10.1128/AEM.71.12.8221-8227.2005
https://doi.org/10.1007/10_2009_58
https://doi.org/10.1002/ange.200703397
https://doi.org/10.1002/ange.200703397
https://doi.org/10.1016/J.JENVMAN.2021.113267
https://doi.org/10.1016/J.JENVMAN.2021.113267
https://doi.org/10.1016/J.BIORTECH.2018.08.118
https://doi.org/10.1016/J.BIORTECH.2018.08.118
https://doi.org/10.1007/s10811-013-0113-5


Page 17 of 17Dickey et al. Bioresour. Bioprocess.            (2021) 8:91 	

Yadav VG, De Mey M, Giaw Lim C et al (2012) The future of metabolic engi-
neering and synthetic biology: towards a systematic practice. Metab 
Eng 14:233–241. https://​doi.​org/​10.​1016/j.​ymben.​2012.​02.​001

Yaguchi A, Franaszek N, O’Neill K et al (2020) Identification of oleaginous 
yeasts that metabolize aromatic compounds. J Ind Microbiol Biotech-
nol 47:801–813. https://​doi.​org/​10.​1007/​s10295-​020-​02269-5

Yoshida S, Hiraga K, Takehana T et al (2016) A bacterium that degrades and 
assimilates poly(ethylene terephthalate). Science (80−) 351:1196–
1199. https://​doi.​org/​10.​1126/​scien​ce.​aad63​59

Yuan SF, Yi X, Johnston TG, Alper HS (2020) De novo resveratrol production 
through modular engineering of an Escherichia coli-Saccharomyces 
cerevisiae co-culture. Microb Cell Fact 19:143. https://​doi.​org/​10.​
1186/​s12934-​020-​01401-5

Zakzeski J, Bruijnincx PCA, Jongerius AL, Weckhuysen BM (2010) The catalytic 
valorization of lignin for the production of renewable chemicals. Chem 
Rev 110:3552–3599. https://​doi.​org/​10.​1021/​cr900​354u

Zeng W, Xu B, Du G et al (2019) Integrating enzyme evolution and high-
throughput screening for efficient biosynthesis of l -DOPA. J Ind 
Microbiol Biotechnol 46:1631–1641. https://​doi.​org/​10.​1007/​
s10295-​019-​02237-8

Zhang C, Wang F (2020) Catalytic lignin depolymerization to aromatic chemi-
cals. Acc Chem Res 53:470–484. https://​doi.​org/​10.​1021/​acs.​accou​nts.​
9b005​73

Zhao EM, Suek N, Wilson MZ et al (2019) Light-based control of metabolic flux 
through assembly of synthetic organelles. Nat Chem Biol 15:589–597. 
https://​doi.​org/​10.​1038/​s41589-​019-​0284-8

Zhao M, Tao Y, Wu X, Xiao Y (2021) One-pot efficient biosynthesis of 4-hydroxy-
phenylacetic acid and its analogues from lignin-related p-coumaric and 
ferulic acids. ACS Sustain Chem Eng 9:6400–6409. https://​doi.​org/​10.​
1021/​acssu​schem​eng.​1c009​93

Zhou K, Zou R, Stephanopoulos G, Too H-P (2012) Metabolite profiling identi-
fied methylerythritol cyclodiphosphate efflux as a limiting step in 
microbial isoprenoid production. PLoS ONE 7:e47513

Zhou J, Chen Z, Wang Y (2020) Bioaldehydes and beyond: expanding the 
realm of bioderived chemicals using biogenic aldehydes as platforms. 
Curr Opin Chem Biol 59:37–46. https://​doi.​org/​10.​1016/j.​cbpa.​2020.​04.​
007

Zhu Y, Yang T, Chen Y et al (2020) One-pot synthesis of aromatic amines from 
renewable feedstocks via whole-cell biocatalysis. ChemistrySelect 
5:14292–14295. https://​doi.​org/​10.​1002/​slct.​20200​3807

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.ymben.2012.02.001
https://doi.org/10.1007/s10295-020-02269-5
https://doi.org/10.1126/science.aad6359
https://doi.org/10.1186/s12934-020-01401-5
https://doi.org/10.1186/s12934-020-01401-5
https://doi.org/10.1021/cr900354u
https://doi.org/10.1007/s10295-019-02237-8
https://doi.org/10.1007/s10295-019-02237-8
https://doi.org/10.1021/acs.accounts.9b00573
https://doi.org/10.1021/acs.accounts.9b00573
https://doi.org/10.1038/s41589-019-0284-8
https://doi.org/10.1021/acssuschemeng.1c00993
https://doi.org/10.1021/acssuschemeng.1c00993
https://doi.org/10.1016/j.cbpa.2020.04.007
https://doi.org/10.1016/j.cbpa.2020.04.007
https://doi.org/10.1002/slct.202003807

	Advances in engineering microbial biosynthesis of aromatic compounds and related compounds
	Abstract 
	Introduction
	Where do aromatic metabolites come from?
	Converting unwieldy pathways into modules
	Placing pathway modules within specialized compartments
	Splitting pathway modules across different strains
	Introducing heterologous pathways into new hosts
	Harnessing natural and synthetic aromatic polymers as feedstocks
	Cleaving aromatic rings to form valuable compounds
	Controlling the fate of aromatic aldehydes in live cells
	Biosynthesizing non-standard aromatic amino acids for protein engineering

	Conclusions and future directions
	Acknowledgements
	References




