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Abstract
Transport engineering strategies use altered expression of
transporter proteins to change metabolite distribution within an
organism. The production of plant specialized metabolites in
microbial cell factories encounters a set of challenges that
could benefit from the implementation of transport engineering
technology. The range of challenges includes premature
pathway termination due to secretion of intermediates, feed-
back inhibition due to inefficient export of final products, low
yields in bioconversion processes due to inefficient import of
precursors, and poor connectivity between subcellular com-
partments expressing different parts of complex biosynthetic
pathways. We highlight the latest examples of transport engi-
neering in microbial cell factories producing plant specialized
metabolites, identify the current knowledge gap, and propose
future research for advancing the field.
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Introduction
Synthetic biology aimed at producing high-value com-
pounds by engineering biosynthetic pathways in mi-
crobial cell factories is regarded as an attractive

environmentally friendly approach to obtaining rich
sources of natural products that may only be available in
minute amounts in nature. However, microbial produc-
tion often suffers from low yields due to, for example,
cellular toxicity of the final product, feedback inhibi-
tion, and the presence of metabolic bottlenecks that
www.sciencedirect.com C
cause accumulation of biosynthetic intermediates
resulting in premature abortion of the engineered
pathway.

Transport engineering has emerged as a strategy to
overcome challenges in establishment of microbial cell
factories. This includes altering expression of trans-
porters to 1) import compounds that the microbe is
using as substrate in a bioconversion reaction, 2) re-
import escaped intermediates or prevent export of in-
termediates, 3) facilitate transport of intermediates

between intracellular compartments, and 4) export final
products to prevent autotoxicity and feedback inhibi-
tion and allow cost-efficient purification of final prod-
ucts from the surrounding growth medium. Transport
engineering may involve altering expression and/or ac-
tivity of either endogenous microbial transporters or
heterologous transporters. Several excellent reviews
have recently focused on the application of transport
engineering in microbial factories producing primary
metabolites and biofuels [1e4]. In this review, we focus
on recent examples of transport engineering of microbial

cell factories for production of each of the major classes
of plant specialized metabolites, alkaloids, phenyl-
propanoids, and terpenoids. We highlight the challenges
overcome by transport engineering and discuss the
largely unexploited potential of using plant transporters
(Table 1).
Transport engineering application on major
classes of plant specialized metabolites
Alkaloids
Alkaloids are a major class of plant natural products
characterized broadly as nitrogen-containing com-
pounds, where one or more nitrogen atoms may be in a
heterocycle. Many alkaloids are of medicinal relevance
including analgesics morphine and codeine, anticancer
drug noscapine or scopolamine, and hyoscyamine used

as neuromuscular disease treatment [5]. Due to their
high pKa, alkaloid intermediates and products carry a
positive charge during microbial fermentations, which
impairs their ability to cross cellular membranes [6].
Alkaloid transport engineering challenges therefore are
uptake of pathway intermediates from the fermentation
medium and efficient export of the final product.

Co-cultures and stepwise fermentations, where the
biosynthetic pathways are partitioned into multiple
microbial strains (modules), are popular strategies for de
urrent Opinion in Green and Sustainable Chemistry 2022, 33:100576
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Table 1

Overview of the major transporter families transporting plant
specialized metabolites. The name of these four families of plant
transporters, which represent most transporters identified for
plant specializedmetabolites, does not reflect the function of the
members of the family as evidenced by examples in the text. The
mechanism column indicates a current and generalized view.
Additional mechanisms are likely to be discovered when more
family members are biochemically characterized.

Family Type Mechanism

ATP-binding cassette
(ABC) family

Primary active
transporters

ATP-driven pump

Multidrug and toxic
compound extrusion
(MATE) family

Secondary active
transporters

Antiporter

Nitrate transporter 1/
peptide transporter
family (NPF)

Secondary active
transporters

Symporter

Purine permease (PUP)
family

Secondary active
transporters or
uniporters

Symporter or
bidirectional facilitator
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novo production of benzylisoquinoline alkaloids (BIAs)
[6e8]. Partitioning BIA pathway distributes the enzyme
expression load between individual modules and allows

for spatial separation of incompatible pathway steps
[8,9]. However, in co-culturing strategies, the effective
trafficking of intermediates, in and out of the modules,
becomes critical to achieve high titers. Mining the
transcriptome of Papaver somniferum (opium poppy)
identified nine transporters that facilitate the uptake of
BIAs and their intermediates [6]. The transporters were
named BIA uptake permeases (BUPs) as they belong to
the purine permeases (PUPs) family. Co-expression of
PsBUP1 with the codeine biosynthetic pathway in a
Saccharomyces cerevisiae co-culture system enabled

detectable levels of codeine in the medium by
increasing the ability of the respective modules to
import key intermediates such as L-DOPA, S-reticuline,
and thebaine (Figure 1b) [6]. (R, S)-reticuline-pro-
ducing modules are common in BIA production, because
reticuline serves as a central BIA intermediate, which,
based on the downstream enzymes, can lead to many
different products. In a recent study focused on such
module, Arabidopsis thaliana transporter AtDTX1 of the
multidrug and toxic compound extrusion (MATE)
family was expressed in S-reticuline-producing Escher-
ichia coli, which led up to 11-fold increase in S-reticuline
titer [10]. Co-expression of PsBUPs and AtDTX1 could
lead to co-culture systems efficient in both import and
export of substrates between pathway modules.

As an alternative to co-culturing, heterologous pathways
can be partitioned between multiple cellular organelles
to ensure optimal reaction conditions or to sequester
toxic intermediates and enzymes. Using this strategy,
two important members of the medicinal tropane
Current Opinion in Green and Sustainable Chemistry 2022, 33:100576
alkaloids (TAs), scopolamine and hyoscyamine, were
successfully synthesized in S. cerevisiae with the help of
transport engineering [11e13]. Here, the pathway of
the TAs was split between cytosol, mitochondria, vac-
uole, peroxisome, and the membranes of ER and vacu-
ole, approximating the organization in planta. To allow
efficient movement of pathway intermediates across
compartments, two transporters from Nicotiana tobacco,
NtJAT1 and NtMATE2, were expressed on the vacuolar
membrane. NtJAT1 and NtMATE2 facilitate import of
tropine into the vacuole, where it is converted to
littorine, and their expression increased the final titers
of TAs by up to 74% (Figure 1d) [12]. In a follow-up
study, identifying the vacuolar step as critical, Atropa
belladonna AbLP1 and AbPUP1 were expressed on the
vacuolar membrane to facilitate littorine transport into
the yeast cytosol. Co-expression of AbLP1 and AbPUP1
with NtMATE2 in an optimized yeast strain resulted in
100-fold hyoscyamine production and a 7-fold increase

for scopolamine over the previous work [13]. These
studies showcase the potential of plant transporters in
the production of plant specialized metabolites in
microbes.

Phenylpropanoids
Phenylpropanoids are structurally diverse class of plant
specialized metabolites derived from the aromatic
amino acid phenylalanine [14]. Phenylpropanoids have
health-promoting properties, and they are known for
their antioxidant activities. They have potential appli-
cations in nutraceutical, pharmaceutical, and cosmetic
industries [15]. Microbial production of phenyl-
propanoids can suffer from 1) background transport or

membrane diffusion intermediates (such as naringenin,
kaempferol, and dihydrokaempferol) [16e18], which
can be reimported for further metabolism, and 2)
instability of final products (e.g. anthocyanins in intra-
cellular alkaline pH) [19,20], which can be benefitted
from timely secretion of the products into the growth
medium.

Microbial production in E. coli of the anthocyanin
cyanidin 3-O-glucoside (C3G) with application as, for
example, antioxidant, anti-inflammatory agent and as

natural food colorant has suffered from inefficient
export of C3G and low cytosolic availability of the
catechin precursor and of UDP-D-glucose [20e22]. The
YadH efflux pump was identified as an endogenous C3G
exporter, and its overexpression improved extracellular
C3G titer by 15%. In parallel, mutation of the outer
membrane protein TolC reduced endogenous export of
the intermediate catechin and improved C3G titer by
55% [22]. This study illustrates how mutagenesis can be
used to change substrate specificity of native interme-
diate exporters to maintain high concentration of

intracellular intermediates. In another E. coli study, C3G
production was improved by overexpression of a
www.sciencedirect.com
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Figure 1

Schematic illustration of transport engineering approaches to improve microbial production of plant natural products with specific examples
from the text. (a) Import of substrates: bacterial glucose facilitator ZmGLF was expressed in E. coli to increase glucose uptake and its subsequent
bioconversion into cyanidin-3-O-glucoside [23]. (b) (Re-)uptake of intermediates: in a yeast co-culture producing benzylisoquinoline alkaloids, PsBUP1
from opium poppy allowed efficient transport of intermediates between individual pathway modules [6]. In a single cell, the same approach might
counteract the escape of intermediates by their re-uptake back into cytosol. (c) Export of final product: the expression of a specific heterologous
exporter AtPUP8 in S. cerevisiae improved secretion of intracellularly accumulated phlorizin product into the growth medium and increased the final titer
[24]. (d) Intracellular trafficking of intermediates: tropine import into vacuole by expressing heterologous NtJAT1 improved scopolamine production in
yeast by making the vacuolar step more efficient [12]. Created with https://biorender.com/.
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heterologous glucose importer, ZmGlf, from Zymomonas
mobilis, in combination with UDP-D-glucose biosynthesis
genes, which led to enhanced intracellular levels of

UDP-D-glucose (Figure 1a) [23]. In a recent study
demonstrating the first example of de novo production of
anthocyanin in S. cerevisiae, pelargonidin 3-O-glucoside
(P3G) was produced from glucose, although at very
low titer (0.01 mmol/g cell dry weight) [17]. This is
likely due to the poor secretion of P3G potentially
causing feedback inhibition and limited cytosolic avail-
ability of the intermediate dihydrokaempferol, which
was readily secreted [17]. Similar to anthocyanin pro-
duction in E. coli, the transport limitations in yeast could
potentially be alleviated through transport engineering

to facilitate secretion of P3G and to enhance the cyto-
solic availability of dihydrokaempferol by either
www.sciencedirect.com C
mutating endogenous exporter(s) and/or expressing of
heterologous dihydrokaempferol importers.

Phlorizin is an antidiabetic phenylpropanoid predomi-
nantly produced in apples. Transport engineering was
recently explored for increasing phlorizin production in
S. cerevisiae through improved efflux [24]. Functional
screening of an Arabidopsis cDNA library containing 600
putative transporters in Xenopus laevis oocytes identified
a member of the PUP family, PUP8, as a bidirectional
phlorizin transporter. Expressing PUP8 in phlorizin-
producing yeast strain improved the extracellular titer
by nearly 90% (Figure 1c) [24]. Unlike C3G and P3G,
yeast appears to readily secrete phlorizin probably

through endogenous transporters. The ability to boost
export and titer through expression of a plant phlorizin
urrent Opinion in Green and Sustainable Chemistry 2022, 33:100576
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transporter presents an alternative strategy to identi-
fying and overexpressing endogenous transporters.

Resveratrol has antioxidant, anti-inflammatory, anti-
aging, and anticancer properties [25]. Resveratrol pro-
duction is established in both E. coli and S. cerevisiae, but
poor export of final product is suggested to limit pro-
duction [26,27]. In E. coli, 10 endogenous genes were

overexpressed. These included seven transporters,
MarA (a positive expression regulator of AcrAB-TolC
efflux pump), and two outer membrane proteins,
OmpW and OmpF. The effects of overexpression were
investigated by analyzing intracellular and extracellular
levels of resveratrol. Most prominent titer increases
were obtained from the overexpression of MarA and the
two outer membrane proteins, of which OmpF had the
highest effect with 1.9-fold increase in extracellular
resveratrol titer. Interestingly, overexpression of some of
the other transporters resulted in reduction in biomass

and the extracellular level of resveratrol, suggesting the
importance of prescreening endogenous transporters
[26]. In S. cerevisiae, heterologous expression of a bac-
terial arabinose transporter AraE increased resveratrol
titer by 2.44-fold [27].

Lignin is immensely abundant and the only source of
renewable aromatics on Earth. Hence, efficient lignin
valorization through bioconversion in microbial cell
factories has potential to provide a rich source of value-
added chemicals. This requires efficient uptake of

lignin-derived aromatics and export of the value-added
compounds. In the bacterium Sphingobium paucimobilis
strain SYK-6 expressing well-characterized catabolic
enzymes [28], the bioconversion was hampered due to
the lack of transporters capable of importing lignin-
derived substrates. Overexpression of an endogenous
protocatechuate transporter, pcaK, improved proto-
catechuate conversion by 1.27-fold and resulted in
production of 2-pyrone-4,6-dicarboxylate by 1.24-fold
[28]. In another study in E. coli, the vanillin-inducible
promoter ADH7 from S. cerevisiae was used to drive
the expression of an aromatic transporter CouP from

Rhodopseudomonas palustris and the pathway converting
vanillin to catechol [29]. The coordinated expression of
CouP increased vanillin import and thereby improved
catechol yield by 40%. The previously mentioned ex-
amples illustrate that transport engineering is important
for microbial production of phenylpropanoids.

Application of plant transporters in microbial phenyl-
propanoid production is limited, although many plant
phenylpropanoid transporters belonging to the MATE
and ATP-binding cassette (ABC) transporter families

have been identified [30e32]. The potential of these
plant transporters to increase microbial production of
plant natural products remains to be exploited.
Current Opinion in Green and Sustainable Chemistry 2022, 33:100576
Terpenoids
Terpenes are made by combination of C5 isoprene units,
and terpenoids are their derivatives with additional
functional groups. The hydrophobicity of terpenoids
allows them to permeate through membranes, making it
challenging to retain them within a cell or a compart-
ment, and contributes to the toxicity of some terpenoids
[33]. Monoterpenoids are an attractive target for mi-
crobial production with applications as pharmaceuticals,
insecticides, fragrances, and as potential renewable jet
fuels [34e37]. However, monoterpenes and their in-

termediates exhibit toxicity to both bacteria and yeast
[38,39]. The overexpression of endogenous efflux
pumps is a proven strategy to mitigate the inhibitory
effects of monoterpenoids [40]. By screening 43 bacte-
rial efflux pumps against seven monoterpenoids, candi-
dates were identified that improved E. coli tolerance to
limonene, geraniol, and a-pinene [40]. Yet, when over-
expressed, the efflux pumps negatively impacted mi-
crobial growth [39]. To balance the trade-off between
the pumps’ impact on growth and pinene toxicity, a
dynamic expression system was developed, wherein a

feedback loop was used to control the expression of
AcrAB by a transcriptional repressor from Pseudomonas
aeruginosa that was first inactivated when pinene levels
increased [41].

The overexpression of bacterial efflux pumps also found
success in the production of a sesquiterpene amorpha-
diene, which attracted a lot of attention of the microbial
engineering community as a precursor of the antima-
larial drug artemisinin [42,43]. The bacterial tripartite
efflux pumps, which are able to pump out a wide range

of substrates [44e46], have been targeted to improve
amorphadiene and kaurene production in E. coli. Over-
expression of only a single component (such as AcrB,
TolC, or MexB) of the tripartite efflux pumps AcrAB-
TolC, MdtEF-TolC, and MexAB-OprM increased the
specific yield of amorphadiene and kaurene by up to
70% [42]. The yield was further improved when the
different combinations of pump components were
coexpressed. The highest specific yield of amorpha-
diene (118% improvement) and kaurene (104%
improvement) was achieved from tuning expression of a

combination of TolC and AcrB components and AcrA,
TolC, and AcrB components, respectively [42].

In another example, mutants of endogenous efflux
transporters were screened for their impact on export of
amorphadiene. Deletion of the outer membrane protein
TolC resulted in an 8.2-fold increase in intracellular
amorphadiene titer and a concomitant 90% decrease in
extracellular titer [43], whereas deletion of the inner
membrane proteins had no effect, probably due to
redundancy [43]. TolC that lacks substrate specificity is

located at the outer membrane and functions by forming
www.sciencedirect.com
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assemblies with periplasmic and inner membrane pro-
teins. Overexpression of TolC with its associated com-
ponents further improved amorphadiene titer up to
more than three-fold for most TolC combinations,
indicating that many endogenous transporters export
amorphadiene [43]. The previously mentioned exam-
ples demonstrate that tripartite efflux pumps can in-
crease the efficiency of transport engineering.

Perspective
Transport engineering technology in microbial cell fac-

tories to produce plant specialized metabolites is still in
its infancy. Most efforts have focused on engineering
microbial transporters by screening for transporters with
specific substrate preferences and subsequently over-
expressing or mutating target transporters. Considering
the structural similarities between late intermediates
and final products, it is an open question whether the
microbial transportomes will be able to provide trans-
porters with suitable substrate specificities, and
whether the microbial cell factories can cope with
overexpression of the endogenous transporters and/or

their absence.

An alternative route would be to explore plant trans-
portomes. The advantage here is that we would be
harnessing the transport engineering ‘invented’ by the
natural producer. Moreover, considering the plethora of
plant specialized metabolites, it can be assumed that
this diversity is mirrored in an equal diversity of trans-
porter substrate specificities. The idea of exploring
plant transporters in bioengineering has been hampered
by a large knowledge gap on plant transporters in

specialized metabolism. This knowledge gap can largely
be attributed to that it is notoriously difficult to identify
them. However, recent advances such as functional
screening of large transporter libraries in Xenopus oo-
cytes [24,47] and advanced mining of transcriptional co-
expression data [13,48] have proven successful. From
mainly including the ABC and MATE transporter fam-
ilies, discoveries via these novel approaches and others
have expanded the transporters of plant specialized
metabolites to include the nitrate transporter 1/peptide
transporter family (NPF) [47e54] and PUP family

[6,24,55e57].

Expanding the catalog of transporters of specialized
metabolites will certainly provide transporters with novel
substrate specificities of use for bioengineering purposes.
However, to further unleash the potential of transport
engineering, we also foresee a need for being able to
engineer the transporters themselves, for example, to
increase transport rates or fine-tune substrate specific-
ities. Using a gene shuffling approach on OsSUTI (su-
crose transporter 1 from Oryza sativa), mutating only five

amino acidswas sufficient to convert it froma type I into a
type II sucrose transporter that also accepts various
www.sciencedirect.com C
glucosides such as coumarin b-glucoside esculin as sub-
strate [58]. In another context, characterization of
closely related glucosinolate transporters from a wide
range of plant species revealed widely varying substrate
specificities and transport rates [51,59]. So far, we have
very limited knowledge on the molecular determinants
controlling the properties of transporters of plant
specialized metabolites. However, these examples indi-

cate that increased knowledge on the structuree
functional relationship in hotspot families like the NPF
may provide a rationale for engineering transporters with
transport properties that are desired in bioengineering
approaches.
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