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Building on recombinant DNA technology, leaps in synthesis, assembly, and analysis of DNA have revolutionized genetics and
molecular biology over the past two decades (Kosuri and Church, 2014). These technological advances have accelerated the
emergence of synthetic biology as a new discipline (Cameron et al., 2014). Synthetic biology is characterized by efforts targeted
at the modification of existing and the design of novel biological systems based on principles adopted from information tech-
nology and engineering (Andrianantoandro et al., 2006; Khalil and Collins, 2010). As in more traditional engineering disciplines
such as mechanical, electrical and civil engineering, synthetic biologists utilize abstraction, decoupling and standardization to
make the design of biological systems more efficient and scalable. To facilitate the management of complexity, synthetic biology
relies on an abstraction hierarchy composed of multiple levels (Endy, 2005): DNA as genetic material, “parts” as elements of
DNA encoding basic biological functions (e.g. promoter, ribosome-binding site, terminator sequence), “devices” as any combi-
nation of parts implementing a human-defined function, and “systems” as any combination of devices fulfilling a predefined
purpose. Parts are designated to perform predictable and modular functions in the context of higher-level devices or systems,

which are successively refined through a cycle of designing, building, and testing.

Within the past two decades, the synthetic biology ap-
proach has produced several notable successes, espe-
cially in microbial systems. These include, for example,
the design of a minimal bacterial genome (Hutchison
et al, 2016) and a highly modified yeast genome
(Richardson et al., 2017), as well as the metabolic engi-
neering of yeast for the biosynthesis of the antimalarial
drug precursor artemisinic acid (Ro et al., 2006) and
the opioid compounds thebaine and hydrocodone
(Galanie et al., 2015). Compared to synthetic biology in
bacteria and yeast, synthetic biology in algae and plants
is still lagging behind. While the potential of photoau-
totrophic organisms for environmentally sustainable
bioproduction has long been recognized (Georgianna
and Mayfield, 2012; Fesenko and Edwards, 2014; Liu
and Stewart, 2015; Boehm et al., 2017), their relatively
slow growth, scarcely available tools for genetic ma-
nipulation, and the physiological as well as genomic
complexity of plant systems have delayed their wide-
spread adoption as synthetic biology chassis. However,
especially the small genome of the plastid (chloroplast)
represents a highly promising platform for engineer-
ing the sophisticated metabolism and physiology of
the eukaryotic cell it is embedded in (Fig. 1).

The chloroplast originated through the endosymbi-
otic uptake of a cyanobacterium by a heterotrophic
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eukaryote more than a billion years ago (Palmer,
2003). Following this event, the endosymbiont evolved
mechanisms for facilitated exchange of metabolites
with the host cell, underwent radical streamlining of
its genome (by gene loss and large-scale transfer of
genes to the host nuclear genome) and established an
import machinery for the uptake of nucleus-encoded
proteins. The resulting organelle serves as the major
biosynthetic compartment in photoautotrophic organ-
isms, and has been exploited as a platform for met-
abolic engineering and molecular farming since the
successful development of transformation technolo-
gies in the late 1980s (Boynton et al., 1988; Svab et al.,
1990). Compared to nuclear genetic engineering, plas-
tid transformation offers several notable advantages
relevant to plant biotechnology. These include (1) the

ADVANCES

e The function of most plastid genes is known.

e Plastid transformation vectors can be cloned
using a modular toolbox.

e Inducible plastid gene expression has been
demonstrated in the absence of nuclear
transgenes.

e Heterologous metabolic pathways composed of
up to nine enzymes have been implemented in
plastids.

e Synthetic plastomes can be designed,
assembled and amplified.

e Engineered plastomes can be introduced into
non-transformable species using horizontal
genome transfer.
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Figure 1. Biological properties and existing technical capacities for synthetic biology of plastids compared to bacteria, yeast
and the plant nucleus. The number of asterisks roughly illustrates the relative degree of (top) presence of a biological feature, (mid-
dle) availability of a tool or technique, and (bottom) current implementation of a type of application across the different chassis.

high precision of genetic engineering enabled by ef-
ficient homologous recombination, (2) the possibility
of transgene stacking in synthetic operons, (3) the po-
tential for high-level expression of gene products, (4) the
absence of epigenetic transgene silencing, and (5) the re-
duced risk of unwanted transgene transmission due to
maternal inheritance of plastid DNA (Bock, 2015).

In this article, we provide an update on tools and
technologies available for extending the synthetic bi-
ology approach to plastids and highlight key challeng-
es to be addressed through future research. Guided
by an abstraction hierarchy of biological design, we
identify a scarcity of well-characterized genetic parts,
tightly controlled expression devices, and quantitative
knowledge of plastid gene expression as current key
limitations to plastid synthetic biology. We highlight
recent technological developments narrowing the ex-
isting complexity gap between bacterial and plastid
synthetic biology and provide an outlook to the imple-
mentation of complex systems such as synthetic meta-
bolic feedback loops, designer subcompartments and
tailor-made genomes in chloroplasts.

Parts

The Registry of Standard Biological Parts (http://
parts.igem.org) currently contains over 20,000 genetic
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elements which can be requested by researchers for use
in synthetic biology applications. From this collection,
approximately 100 parts each have been designed for
use in the unicellular green alga Chlamydomonas rein-
hardtii and in multicellular plants (e.g. the seed plants
Nicotiana tabacum and Arabidopsis thaliana, the moss
Physcomitrella patens and the liverwort Marchantia poly-
morpha). The majority of these parts are designated for
nuclear engineering, with only about two dozen suit-
able for gene expression from the chloroplast genome.
One explanation for the relative paucity of plastid ge-
netic elements in the Registry of Standard Biological
Parts lies in the half-year timeframe of projects pursued
as part of the international Genetically Engineered
Machine (iGEM) competition (Smolke, 2009), which is
barely compatible with the generation and character-
ization of stable plastid-engineered (transplastomic)
organisms. Beyond iGEM, the repertoire of regulatory
sequences routinely used for transgene expression in
plastids has remained similarly small: it is comprised
of a few preferred promoters (e.g. from the plastid
rRNA operon, Prrn; the gene for the large subunit of
Rubisco, PrbcL; and the gene for the D1 protein of pho-
tosystem II, PpsbA) and a handful of 5'-and 3'-UTRs
(Jin and Daniell, 2015). In addition, the bacterial hybrid
promoter Ptrc (Newell et al., 2003) and several bacte-
riophage-derived expression elements (McBride et al.,
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1994; Kuroda and Maliga, 2001; Yang et al., 2013) have
been successfully used for plastid transgene expres-
sion. A greater variety of parts available for controlled
expression of plastid transgenes is desirable for several
reasons. First, multiple use of the same genetic element
within the chloroplast genome is problematic due to
the risk of unwanted homologous recombination be-
tween sequence stretches as short as 50 bp (Dauvillee
et al., 2004; Rogalski et al., 2006). Second, synthetic ge-
netic circuits commonly require precise tuning of the
activity of their constitutive parts for optimal function
(Brophy and Voigt, 2014).

For synthetic biology applications in plastids to catch
up in versatility and complexity with those already
demonstrated in bacteria, gene expression elements
covering a wider activity range will be required. Nat-
ural plastid genomes represent an obvious source of
such elements. The small size and low coding capacity
of chloroplast genomes (in most seed plants, approxi-
mately 130 genes in an ~ 150 kb genome) should allow
refactoring of all coding and regulatory regions into
standardized genetic parts. The sequences of over 800
chloroplast genomes have been determined (Daniell
et al., 2016), and the functions of most of their (widely
conserved) genes are known (Scharff and Bock, 2014).
Plastid genetic elements contained within this wealth
of sequence data can be domesticated according to a
recently proposed common syntax for plant synthetic
biology (Patron etal., 2015). This scheme promises to fa-
cilitate sharing of genetic resources among the commu-
nity and, although developed for a eukaryotic system,
is also compatible with GoldenBraid-based modular
cloning of chloroplast transformation vectors (Vafaee
et al., 2014). Plastid parts containing internal recog-
nition sites for type IIS restriction enzymes (e.g. Bsal,
BsmBI, Bbsl) that cannot be synonymously changed
(e.g. because they constitute essential sequence motifs
in a promoter or UTR sequence) may alternatively be
assembled using long-overlap-based methods such as
Gibson Assembly (Gibson et al., 2009).

Gene Expression Devices

Gene expression devices send or receive signals in
the form of levels of gene expression. A basic device of
this kind may be composed of four parts: a promoter, a
ribosome-binding site, a coding sequence and a termi-
nator. This device architecture is commonly used for the
quantification of part performance to inform the ratio-
nal design of genetic circuits. Hundreds of prokaryotic
gene-expression elements (including promoters, ribo-
some-binding sites and terminators) have been char-
acterized in bacterial hosts using reporter gene-based
assays (Salis et al., 2009; Cambray et al., 2013; Chen
et al., 2013; Kosuri et al., 2013; Mutalik et al., 2013), and
standards have been formulated for quantifying their
activities (Canton et al., 2008; Kelly et al., 2009; Rudge
et al, 2016). To reduce the context dependence of
part activity, standardized flanking sequences (Mutalik
et al., 2013), strong terminators (Chen et al., 2013) and
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enzymatic cleavage of UTRs (Lou et al., 2012; Qi et al.,
2012) have been successfully employed as insulators in
bacteria. In plastids, not more than two dozen combi-
nations of regulatory elements (i.e. promoters, 5'-UTRs
and 3’-UTRs) have been systematically characterized
for their impact on transgene expression using GFP
(Barnes et al., 2005; Caroca et al., 2013), GUS (Eibl
etal., 1999; Herz et al., 2005; Gerasymenko et al., 2017)
or other reporter proteins (Ruhlman et al., 2010; Zhang
et al., 2012).

Compared to part characterization in microbes, that
in plastids involves several notable challenges. First,
relatively long timescales are required to generate
transplastomic organisms ready for characterization.
While only a few days are needed for transformation
of the microbial models Escherichia coli or Saccharomy-
ces cerevisiae by a genetic part, several months of se-
lection are needed to recover homoplasmic plastid
transformants (i.e. transplastomic cells or plants that
are devoid of residual copies of the wild-type plastid
genome). In theory, the establishment of homoplasmy
could be accelerated through inducible expression of
endonucleases that selectively target the wild-type
chloroplast genome, but it remains to be tested how
much time this approach can save. Alternatively, mea-
surement fidelity can be traded for high-throughput,
transient assays to quantify part performance within
days of particle bombardment of algal cells or plant tis-
sues. Such assays will require (1) high transient trans-
formation frequencies, (2) high sensitivity, and (3) a
robust way of normalizing the primary reporter signal
to the copy number of transformed plastomes. The lat-
ter could be achieved by using a ratiometric approach
(Rudge et al., 2016; Boehm et al., 2018). If a suitable re-
porter system can be developed, the activities of hun-
dreds of plastid parts could rapidly be measured in
algal cells or plant protoplasts using microtiter plate-
based assays (Schaumberg et al., 2016) or microfluidic
devices (Yu et al., 2018).

Second, the plastome exhibits abundant read-through
transcription due to inefficient termination (Stern and
Gruissem, 1987; Rott et al., 1996; Legen et al., 2002; Shi
et al., 2016). Consequently, part behavior is, by default,
poorly insulated from its specific genetic context: both
upstream promoters and downstream antisense pro-
moters may significantly affect the expression level of
a target gene (Quesada-Vargas et al., 2005; Sharwood
et al., 2011). However, some sequences such as the en-
dogenous tRNA genes trnS and trnH (Stern and Gru-
issem, 1987) or the heterologous E. coli Thr attenuator
(thra; Chen and Orozco, 1988) have been shown to
terminate plastid transcription with at least 85% effi-
ciency. Use of insulators based on these parts or new
synthetic terminators can potentially enhance the ro-
bustness of gene expression levels generated by plastid
synthetic biology devices.

Third, plastid transgene expression has been shown
to be primarily determined by posttranscriptional
control and protein stability rather than by the accu-
mulation of mRNA (Eberhard et al., 2002; Birch-Machin
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et al., 2004; Bellucci et al., 2005; Kahlau and Bock, 2008;
Valkov et al., 2009; Zoschke and Bock, 2018). Chloro-
plast transcripts are subject to a series of complex pro-
cessing steps which include intercistronic cleavage,
5-and 3’-end maturation, intron splicing and mRNA
editing (Stern et al., 2010). These steps are largely me-
diated by nucleus-encoded and organelle-targeted
factors, including a large family of modular proteins
known as pentatricopeptide repeat (PPR) proteins
that site-specifically bind to one or several premRNAs
(Barkan and Small, 2014). Plastid gene expression lev-
els can, therefore, vary considerably between different
transgenes even if the same promoter and 3'-UTR are
used, limiting the informative value of part charac-
terization based on standard reporter protein assays.
While the amino acid sequence of the N-terminus is
thought to substantially influence protein stability in
the chloroplast (Apel et al.,, 2010; De Marchis et al.,
2012), our general knowledge of plastid proteostasis
remains limited. A better understanding of the molec-
ular determinants of plastid protein (in)stability may
in the future allow the design of protective amino acid
sequences (Elghabi et al., 2011) that level the stabili-
ties of different plastid-expressed proteins and make
transgene expression from the plastid genome more
predictable.

Metabolic Devices

Metabolic devices send or receive signals in the form
of levels of metabolites. Accordingly, a synthetic met-
abolic pathway represents a metabolic device carrying
out a specific series of enzyme-catalyzed reactions. A
variety of metabolic devices have been successfully
implemented in plastids for the production of mole-
cules such as polyhydroxybutyrate (Bohmert-Tatarev
etal., 2011), carotenoids (Wurbs et al., 2007; Hasunuma
et al, 2008; Apel and Bock, 2009), fatty acids
(Madoka et al., 2002; Craig et al., 2008), artemisinic acid
(Fuentes et al., 2016), vitamin E (Lu et al., 2013) and
dhurrin (Gnanasekaran et al., 2016). These applica-
tions have been reviewed in more detail elsewhere
(Bock, 2015; Fuentes et al., 2018). While heterologous
pathways composed of 20 genes or more have been
expressed in bacteria and yeast (Temme et al., 2012;
Galanie et al., 2015; Li et al., 2018), no more than seven
transgenes have to date been simultaneously expressed
from the plastome (Krichevsky et al., 2010). The com-
plexity of plastid-based metabolic devices has primar-
ily been limited by a scarcity of available expression
signals (see Gene Expression Devices) rather than by
the physical size of the introduced DNA (Adachi et al.,
2007). Recently, the complexity and number of path-
way variants accessible to experimental interrogation
has been expanded through combinatorial supertrans-
formation of transplastomic recipient lines (COST-
REL). Using this approach, an up to 77-fold increase
in artemisinic acid production has been demonstrated
in transplastomic tobacco plants combinatorially su-
pertransformed by five additional nuclear transgenes
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(Fuentes et al., 2016). There is no in-principle limitation
to the number of transgenes that can be simultaneously
introduced into the plant nucleus using combinatorial
transformation (Naqvi et al., 2009). However, handling
hundreds to thousands of plants resulting from combi-
natorial transformation with several dozen transgenes
will require an effective screening pipeline.

In plastid-based metabolic devices containing mul-
ticistronic operons, intercistronic expression elements
(IEEs) can be used to facilitate correct processing of
polycistronic transcripts into monocistronic mRNAs
and their efficient translation (Fig. 2A; Zhou et al., 2007).
To avoid defects in mRINA stabilization upon repeated
use of the same IEE, more complex future metabolic
devices may feature a variety of different such ele-
ments and/or additionally overexpress their cognate
RNA-binding proteins (Legen et al., 2018).

Genetic Circuits

Genetic circuits mimic logical functions commonly
found in their electronic counterparts. A genetic cir-
cuit can be used to control the activity of other devices
(such as the gene expression devices or metabolic de-
vices discussed above) in response to external stimuli.
A wide range of genetic circuits implementing Bool-
ean logic functions such as YES, NOT, AND, OR, NAND,
NOR, XOR and N-IMPLY has been reported for bacteria,
yeast and mammalian cells (Miyamoto et al., 2013).
In plastids, only the simplest logic function YEs has
been implemented in the form of chemically inducible
transgene expression.

Chloroplast transcription is natively controlled by
two different types of RNA polymerases in seed plants.
The nucleus-encoded RNA polymerase (NEP) is a chlo-
roplast-targeted bacteriophage-type single subunit
enzyme, while the plastid-encoded RNA polymerase
(PEP) is a eubacteria-type multisubunit enzyme (Barkan,
2011; Borner et al., 2015). The promoter specificity of PEP
is modulated by nucleus-encoded and plastid-targeted
sigma factors in response to light, hormones and bi-
otic as well as abiotic stresses. However, due to their
important role in plant growth, development and sur-
vival (and the pervasive transcription of essentially all
plastid genes), NEP and PEP are poorly suited as strin-
gent controllers of synthetic genetic circuits in plastids.

As an alternative to transgene control by the endog-
enous transcription machineries, plastid transgene
expression has been controlled through nucleus-
encoded and plastid-targeted bacteriophage RNA
polymerases or processing factors that are responsive
to chemical inducers such as salicylic acid (Magee et al.,
2004), ethanol (Lossl et al., 2005), copper (Surzycki
et al., 2007) or thiamine (Ramundo et al., 2013). To
avoid (pollen-transmissible) nuclear transgenes and
increase transgene containment, inducible expression
systems encoded solely in the plastid genome are par-
ticularly desirable. Plastid-only inducible circuits
responsive to isopropyl p-p-1-thiogalactopyranoside
(IPTG; Miihlbauer and Koop, 2005) or theophylline
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Figure 2. Design of plastid-based metabolic devices. A, Intercistronic expression elements (IEEs; Zhou et al., 2007) can be used
to design synthetic operons composed of n genes of interest (GOls) under the control of a single promoter. Alternatively, each
transgene can be controlled by its own promoter. SD, Shine-Dalgarno sequence; SMG, selectable marker gene. B, Expression
of a GOI can be controlled by a synthetic 5-UTR that is specifically stabilized by a designer PPR protein (that recognizes a

different binding sequence than all other RNA-binding proteins present in the plastid).

(Verhounig et al., 2010; Emadpour et al., 2015) have
been shown to be functional, yet fall short of binary
behavior due to the pronounced transcriptional leak-
iness present in plastids (see Gene Expression Devices).
To achieve a signal-to-noise ratio sufficient for the
implementation of more complex logic gates, future
plastid-based genetic circuits may employ synthet-
ic RNA-binding proteins of the PPR class (see Gene
Expression Devices; Coquille et al., 2014; Gully et al.,
2015) to selectively control the maturation of target
mRNAs in the chloroplast (Fig. 2B; Stern et al., 2010;
Barkan and Small, 2014).

Systems

Beyond hard-wired logic gates, synthetic biologists
have explored dynamic feedback mechanisms to en-
hance the efficiency of engineered metabolic pathways
in bacteria and yeast (Venayak et al., 2015; Del Vecchio
et al., 2016). Translation of this approach to plastids is
currently hampered by our limited quantitative un-
derstanding of chloroplast gene expression, though
new tools for analysis of the metabolic network shared
between the chloroplast and its host cell are emerging
(Gloaguen et al., 2017). Metabolic engineering in plas-
tids may further be supported by expression of syn-
thetic subcompartments for substrate concentration,
metabolite channeling and the prevention of unwanted
reactions between subcompartmentalized and endog-
enous plastid metabolites and enzymes (Winkel, 2004;
Ort et al., 2015; Hanson et al., 2016). Synthetic subcom-
partments have already been introduced in bacteria
and yeast (Bonacci et al., 2012; Lau et al., 2018), and
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carboxysomal shell proteins transiently expressed in
leaves of Nicotiana benthamiana have been shown to
be capable of assembling into carboxysome-like struc-
tures within chloroplasts (Lin et al., 2014), encouraging
further efforts in this area.

Among the most complex systems proposed for im-
plementation in plastids are entire synthetic genomes,
inspired by recent successes in microbial synthetic
genomics (Hutchison et al., 2016; Richardson et al.,
2017). A minimum-size plastid genome composed of
the smallest possible number of components will be of
great value for two reasons: it will advance our under-
standing of the regulatory network underlying plastid
function, and it will serve as a template for engineer-
ing synthetic plastomes to be used in biotechnological
applications. We have previously proposed a design
for a synthetic minimal plastome of N. tabacum that
is free of all genes nonessential under heterotrophic
growth conditions (Fig. 3), intergenic spacers, introns,
and isoaccepting tRNA genes that are dispensable or
become dispensable after genome-wide modification
of codon usage (Scharff and Bock, 2014). Such a syn-
thetic chloroplast genome can be assembled from lin-
ear DNA fragments in yeast (O’Neill et al., 2012) and,
prior to plant transformation, can be amplified in vitro
using rolling circle amplification (Jansen et al., 2005).
The major hurdle to the successful implementation of
fully synthetic plastomes in planta is the high proba-
bility of homologous recombination between the (largely
nonrecodeable) rRNA and tRNA genes and their
counterparts in the resident plastid genome, leading
to chimeric genomes of unpredictable structure and
function (O’Neill et al., 2012). In addition, the effects of
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Nicotiana tabacum
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Figure 3. Physical map of the N. tabacum chloroplast genome with all genes classified by essentiality. Genes shown in blue are
essential for both heterotrophic and autotrophic growth. Genes shown in green are essential for autotrophic growth only. Light
green indicates borderline cases where knock-out plants survive under carefully controlled growth conditions. Genes shown
in gray are nonessential under both heterotrophic and autotrophic growth conditions, in that their knock-out causes no or only
a mild phenotype (Scharff and Bock, 2014). Origins of replication are highlighted in red. Gray arrows indicate the direction of
transcription for the two DNA strands. The map was drawn using the OrganellarGenomeDRAW (OGDRAW) software (Lohse
et al., 2013) based on the complete plastome sequence of N. tabacum (Shinozaki et al., 1986, GenBank accession number
700044.2). LSC, large single-copy region; IRA, inverted repeat A; IRB, inverted repeat B; SSC, small single-copy region.

synthetic lethality (i.e. the combined knock-out of two Despite numerous technical advances made over the
nonessential genes being lethal; e.g. Ehrnthaler et al., past 30 years, the number of algal and plant species whose
2014) cannot currently be excluded to occur in a syn- plastids can reliably be transformed has remained small
thetic minimal plastome. (Bock, 2015). Transplantation of transgenic plastids
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OUTSTANDING QUESTIONS

e How do we best characterize plastid genetic
parts or devices in a consistent and efficient
manner?

e How can individual plastid genetic parts or
devices be functionally insulated from one
another?

e Can we engineer RNA-binding proteins to
tightly control plastid gene expression?

e How can we obtain quantitative parameters for
modeling plastid gene expression?

e (Can synthetic feedback loops and
subcompartments enhance future plastid-based
metabolic engineering efforts?

e (Can synthetic genomes be introduced into
plastids and booted up without undergoing
recombination with the resident genome?

from a species amenable to transformation to a species
recalcitrant to transformation represents an attractive
alternative to painstakingly developing specialized
transformation protocols for the latter. Plastomes can
be horizontally transferred across graft junctions with
relative ease (Stegemann and Bock, 2009; Stegemann
et al., 2012; Thyssen et al., 2012; for review, see Bock,
2017) and this process has been exploited for trans-
planting a plastid-encoded synthetic metabolic device
into a currently nontransformable species (Lu et al.,
2017). The graft-mediated horizontal transfer of trans-
genic plastid genomes may not be feasible between
distantly related species due to the close coevolution
of nuclear and plastid genomes, and the probability
of nuclear-cytoplasmic incompatibilities that increases
with phylogenetic distance and can cause deleterious
phenotypes (Schmitz-Linneweber et al., 2005; Greiner
and Bock, 2013). However, the transfer will certainly
facilitate the expansion of transplastomic technologies
from model species and cultivars used in research to
related species and elite cultivars grown commercially.

Received June 22, 2018; accepted August 27, 2018; published September 4,
2018.
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