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Plant synthetic biology is a rapidly evolving field with new tools constantly emerging to drive innovation. Of particular interest
is the application of synthetic biology to chloroplast biotechnology to generate plants capable of producing new metabolites,
vaccines, biofuels, and high-value chemicals. Progress made in the assembly of large DNA molecules, composing multiple
transcriptional units, has significantly aided in the ability to rapidly construct novel vectors for genetic engineering. In particular,
Golden Gate assembly has provided a facile molecular tool for standardized assembly of synthetic genetic elements into larger
DNA constructs. In this work, a complete modular chloroplast cloning system, MoChlo, was developed and validated for fast
and flexible chloroplast engineering in plants. A library of 128 standardized chloroplast-specific parts (47 promoters, 38 5ʹ
untranslated regions [5ʹUTRs], nine promoter:5ʹUTR fusions, 10 3ʹUTRs, 14 genes of interest, and 10 chloroplast-specific
destination vectors) were mined from the literature and modified for use in MoChlo assembly, along with chloroplast-
specific destination vectors. The strategy was validated by assembling synthetic operons of various sizes and determining the
efficiency of assembly. This method was successfully used to generate chloroplast transformation vectors containing up to seven
transcriptional units in a single vector (;10.6-kb synthetic operon). To enable researchers with limited resources to engage in
chloroplast biotechnology, and to accelerate progress in the field, the entire kit, as described, is available through Addgene at
minimal cost. Thus, the MoChlo kit represents a valuable tool for fast and flexible design of heterologous metabolic pathways for
plastid metabolic engineering.

The plastids of land plants represent an underutilized
resource with regard to metabolic engineering of het-
erologous pathways (Maliga and Bock, 2011; Bock,
2013; Jin and Daniell, 2015; Schindel et al., 2018). Plas-
tids have been successfully engineered for expression
of valuable carotenoids (Wurbs et al., 2007; Apel
and Bock, 2009) and terpenoids (Pasoreck et al., 2016)
as well as for the production of numerous bio-
pharmaceuticals (Davoodi-Semiromi et al., 2010;

Boyhan and Daniell, 2011; Lakshmi et al., 2013).
Nonetheless, there are far fewer instances in which the
plastid chassis has been engineered for crop improve-
ment traits. Certainly, a more controlled metabolic en-
gineering approach would facilitate a fundamental
change in crop improvement (Schindel et al., 2018). One
such example, using plastid engineering, is the meta-
bolic engineering of a complete carbon-concentrating
mechanism from cyanobacterium into plastids for im-
proving photosynthesis (Lin et al., 2014a, 2014b;
Occhialini et al., 2016; Long et al., 2018). Since plastid
genomes are relatively conserved among land plants,
improving photosynthesis in one species via plastids
should be translatable to other species (McNeal et al.,
2007).
There are several advantages to engineering plastid

genomes, as opposed to nuclear ones, for metabolic
engineering in plants. Plastids have small genomes
(120–217 kb) present in multiple copies (e.g. ;10,000
plastome copies per cell in tobacco [Nicotiana tabacum]),
lack gene-silencing machinery, and are capable of ex-
tremely high levels of foreign protein production
(10%–70% total soluble protein). Also, transgene in-
sertion is achieved through homologous recombina-
tion, providing a known landing site for insertion
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(Kuroda and Maliga, 2001a; Maliga, 2004; Shaver et al.,
2006; Verma and Daniell, 2007; Verma et al., 2008; Oey
et al., 2009a; Schelkunov et al., 2015). Furthermore,
since chloroplasts are prokaryotic in origin, the tran-
scription and translationmachinery functions similar to
prokaryotes, allowing for coordinated gene expression
in operons (Bock, 2013; Lu et al., 2013). For metabolic
engineering, the ability to coordinate the expression
of multiple genes is essential for controlling complex
multigene pathways. Unfortunately, while the regula-
tory machinery of plastids is prokaryotic in origin,
the governing rules/functional motifs used for gene
expression are not nearly as well characterized as their
bacterial counterparts. Thus, while numerous logic cir-
cuits and tunable expression systems have been de-
veloped in bacterial systems, few exist for plastids
(Verhounig et al., 2010; Emadpour et al., 2015). Instead,
most complex pathways expressed in plastids use a
single promoter to drive equivalent expression of all
transgenes in the pathway (Lu et al., 2013; Fuentes et al.,
2016). However, excess production of heterologous
protein, even green fluorescent protein (GFP), has had
demonstrable negative effects on chloroplast metabolic
function and the overall phenotype of the resulting
plants (Oey et al., 2009a). Advanced metabolic engi-
neering in plastids requires an understanding of how to
tune the stoichiometry of multiple genes within a het-
erologous pathway to achieve the desired product
(Bock, 2013, 2015; Schindel et al., 2018).

Typically, heterologous genes engineered into plas-
tids are placed under the control of endogenous regu-
latory sequences (Tregoning et al., 2003; Lutz et al.,
2007; Zhou et al., 2008; Oey et al., 2009b). For effective
chloroplast metabolic engineering with tunable ex-
pression, the following components must be consid-
ered: promoters, 5ʹ untranslated regions (5ʹUTRs), and
3ʹUTRs. Precise regulation of gene expression in plas-
tids could be controlled by varying these components to
achieve the desired expression level for each transgene
or operon. While combinatorial and permutational
analyses of these components in a bacterial chassis,
such as Escherichia coli, are routinely conducted, plas-
tids represent a more challenging system because the
plastid toolkit is much less developed than that for
bacteria. In addition, compared with nuclear engi-
neering in plants, few labs currently conduct plastid
engineering.

In this article, we describe a plastidmolecular cloning
kit, MoChlo, for plastid genetic engineering in plants.
The MoChlo kit builds on previously developed mod-
ular cloning kits (Sarrion-Perdigones et al., 2011; Weber
et al., 2011; Lampropoulos et al., 2013; Engler et al.,
2014; Vafaee et al., 2014). Our goals are to lower the
barrier of entry into plastid engineering, to enable
troubleshooting for transgene expression, and to pro-
vide more flexibility for plastid metabolic engineering.
Our hope is that a standardized assembly kit composed
of a library of plastid regulatory elements will acceler-
ate research into metabolic engineering in plastids and
benefit the research community as a whole.

RESULTS

MoChlo Kit Design

The nomenclature and strategy used for the various
levels and components of the MoChlo system were
adopted from previous plant MoClo kits (Fig. 1;
Supplemental Fig. S1; Weber et al., 2011; Engler et al.,
2014). All individual parts (Level-0) mined from the
literature were domesticated using the criteria de-
scribed in “Materials and Methods.” The domesticated
MoChlo parts library comprises 47 chloroplast promoters,
38 5ʹUTRs, nine fused chloroplast promoter::5ʹUTRs,
and 10 terminators/3ʹUTRs. In addition, the library
includes 14 coding genes including selectable markers
(e.g. aadA) and reporter genes (e.g. mEmerald GFP). A
complete list of all Level-0 modules provided in the
MoChlo kit, including references to where the sequence
was mined, is shown in Table 1 and Supplemental
Table S1. All 14 Level-1 destination vectors (seven in
forward and seven in reverse orientation) were
obtained directly from a previous MoClo kit (Engler
et al., 2014; Supplemental Table S2). With the current
components of theMoChlo kit, it is possible to assemble
up to seven Level-1 constructs into a single Level-2
construct (Fig. 1; Supplemental Fig. S2). In addition, a
set of seven end linkers compatible with the 3ʹ overhang
of each position of the final operon provides the option
to integrate a variable number of cassettes into Level-2
vectors (Supplemental Fig. S2; Supplemental Table S3).
The final components of the MoChlo system are the
Level-2 chloroplast-specific destination vectors. The
Level-2 destination vectors in the MoChlo system were
developed for three plant species (tobacco, maize [Zea
mays], and potato [Solanum tuberosum]) with homolo-
gous arms designed for recombination into four dif-
ferent integration sites of the plastome (trnI-trnA, trnG-
trnfM, trnV-3ʹrps12, and atpB-accD; Supplemental Table
S3). Thus, in the current version of the MoChlo kit, re-
searchers would be able to directly assemble chloro-
plast transformation cassettes for multiple plant species
utilizing a variety of regulatory elements as well as
selectable marker genes.

Validation of the MoChlo Strategy for Assembly of Simple
Synthetic Operons (Four or Fewer Transcriptional Units)

The first step in validating the MoChlo kit was as-
sembling Level-1 constructs from the Level-0 parts
(Fig. 2). Four Level-1 transcriptional units expressing
GOI-1, GOI-2, GOI-3, or aadA were cloned into four
Level-1 vectors for positions 1, 2, 3, and 4 of the operon,
respectively. A description of regulatory sequences
(Level-0 parts) used to assemble the aforementioned
1A, 1B, 1C, and 1D Level-1 cassette is shown in Table 2.
The efficiency of assembly of the Level-1 constructs
was 100%, as determined by blue-white screening,
PCR, and restriction digestion (Fig. 2; Supplemental
Fig. S3). Finally, the correct nucleotide sequence of all
Level-1 constructs was verified by Sanger sequencing.
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Examples of another 14 Level-1 cassettes assembled
using the MoChlo kit are shown in Supplemental
Figure S4 and had the same efficiency of 100%.
To validate Level-2 assembly, Level-2 operon-

1 (;3.5 kb) was assembled in a second assembly step
using the four Level-1 cassettes (1A, 1B, 1C, and 1D)
generated previously. For this assembly, a Level-2
destination vector equipped with homologous arms
to trnG-trnfM from potato was used (Fig. 3). This
operon was designed to represent a standard polycis-
tronic operon (three GOI) along with a monocis-
tronic selection cassette. Using BbsI to release all of the
Level-1 cassettes for Level-2 assembly, the efficiency of
Level-2 assembly, as determined by PCR, was 22.5%
(Supplemental Fig. S5). However, when using the iso-
schizomer BpiI instead, GOI-1 was found to be present
in all 40 colonies tested, with 37 of the colonies positive
for all genes in the cassette (Supplemental Fig. S6).
Thus, the efficiency of Level-2 assembly was 92.5%
using BpiI instead of BbsI, as determined by colony
PCR. With a simpler assembly combining only two

Level-1 cassettes into Level-2, instead of the four de-
scribed previously, there was no difference in efficiency
between assembly using BbsI and BpiI, with both
achieving 100% efficiency (Supplemental Fig. S7).
Correct assembly of Level-2 operon-1 was further ver-
ified by PCR of the individual components (Fig. 3) as
well as by PCR confirmation of the junctions between
individual Level-1 constructs (trnG/GOI-1, GOI-1/
GOI-2, GOI-2/GOI-3, GOI-3/aadA, and aadA/trnfM;
Fig. 3). Examples of another four Level-2 operons as-
sembled by the same four Level-1 cassettes are shown
in Supplemental Figure S8.

Validation of MoChlo Strategy for Assembly of a Large
Operon (Seven Transcriptional Units)

In the current iteration of the MoChlo kit, the maxi-
mum number of Level-1 constructs that can be com-
bined into a single Level-2 cassette is seven. To test the
efficiency of the maximum assembly, the six genes

Figure 1. Schematic representation of Golden
Gate assembly using the MoChlo kit. A, Four
vectors containing different Level-0 modules
flanked by BsaI sites. P, Promoter (blue); U, 5ʹUTR
(gray); GOI, gene of interest (red); T, terminator/
3ʹUTR (black). B, Level-1 Golden Gate assembly.
The BsaI restriction digestion releases Level-0
parts (P1–P7, U1–U7, GOI1–GOI7, and T1–T7)
equipped with 5ʹ and 3ʹ overhangs (I–V) used for
directional cloning. The 5ʹ and 3ʹ overhangs (I and
V, respectively) of P-U-GOI-T cassettes (C1–C7)
are compatible with Level-1 vectors (V1–V7). The
Level-1 assembly results in seven Level-1 vectors
containing seven cassettes (C1–C7) flanked by
BpiI sites. C, Level-2 Golden Gate assembly. The
BpiI restriction digestion of Level-1 vectors re-
leases cassettes (C1–C7) equipped with 5ʹ and 3ʹ
overhangs (1–8) able to provide directional clon-
ing from C1 to C7. An end linker (L7; green)
equipped with compatible 5ʹ and 3ʹ overhangs
(8 and 9, respectively) allows integration of the
Level-2 operon in between the homologous se-
quences (H1 and H2) of a chloroplast transfor-
mation vector (Chl-Vector; destination vector
Level-2).
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comprising the Lux operon (Lux-C, -D, -A, -B, -E,
and -G) were domesticated to Level-0 parts and as-
sembled into Level-1 constructs (LC1, LD1, LA1, LB1,
LE1, and LG1) with similar efficiency to that described
previously (Table 3; Fig. 4; Supplemental Fig. S9). The
seventh position in the maximum Level-2 cassette was
reserved for selection using either aadA or mEmerald
(Cassette S1 and S2, respectively). After sequence ver-
ification of the Level-1 constructs, Level-2 assembly of
the six Lux cassettes, along with Cassette S1, was con-
ducted using the potato trnG-trnfM Level-2 chloroplast
destination vector (Fig. 5). For this test case, the as-
sembly was designed to express seven monocistronic
transcriptional units (;10.6 kb total), in which the
seven genes are under the control of the same regula-
tory sequences (Table 3). After double selection with
kanamycin/spectinomycin (nptII on Level-2 backbone
and aadA within operon), it was determined that 28
of 40 colonies were PCR positive for the presence of
Lux-C, with 26 of the 28 Lux-C-positive colonies positive
for all genes of the operon (Supplemental Fig. S10). In
this test case, the efficiency of assembly of seven Level-
1 constructs into a single Level-2 construct was 65%.
In the case of using BbsI instead of BpiI, the efficiency
was substantially reduced to 1.25% (Supplemental Fig.
S11). Correct assembly of the complete Level-2 operon
was further validated using single-gene and junction
PCR (Fig. 5). Thus, with the current design of the
MoChlo kit, a single chloroplast transformation vector
containing up to seven Level-1 cassettes can be assem-
bled with high efficiency.

In Vivo Validation of the MoChlo Kit

To test functionality of the MoChlo kit and demon-
strate the potential of the kit for combinatorial screen-
ing, two test operons were assembled using the
methods described previously. Operon Xwas driven by
the rrn promoter, and synthetic ribosome-binding site
(RBS) was used as the 5ʹUTR. For Operon Y, the fused
accD promoter::5ʹUTR were used to drive expression of
the operon. In both cases, the operons were assembled
into Level-2 constructs for integration into the potato
trnG-trnfM site (Fig. 6). In both operons, mEmerald was
used as a visual marker to verify functionality of the
operon by microscopy, while a monocistronic aadA
cassette with the fused promoter::5ʹUTR of psbA was
used for antibiotic selection of transplastomic tissue.
After verification of correct assembly, the Level-2 con-
structs were bombarded into potato leaf discs and
placed under selection with spectinomycin. After ;10
weeks, primary green callus emerged indicating that
the monocistronic aadA cassette was functional, and
molecular analysis confirmed that the operons inte-
grated correctly into the native potato plastome (Fig. 7).
Further analysis of green callus by confocal microscopy
showed that mEmerald fluorescence was present and
correctly colocalized to the plastids in both operons
(Fig. 6). In addition, the fluorescence intensity ofT
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mEmerald in Operon Y was weak compared with Op-
eron X, which was expected due to the difference
in regulatory elements between the operons. The abil-
ity to assemble, transform, and validate operons in
;10 weeks demonstrates the potential for the complete
system for combinatorial screening of plastid regula-
tory elements.

DISCUSSION

In general, chloroplast biotechnology has fallen be-
hind the current trends in synthetic biology and relies
on antiquated systems for vector construction. To fa-
cilitate efficient assembly of large DNA constructs
necessary for metabolic engineering, several molecular
cloning methods based on Golden Gate assembly have
been developed (Engler et al., 2008, 2009; Weber et al.,
2011). Essentially, these methods take advantage of the
unique ability of type IIS restriction enzymes to cut

DNA outside of their recognition site, generating 4-bp-
long nonpalindromic 5ʹ or 3ʹ overhangs (Engler et al.,
2008, 2009). Cleavage sites can then be designed to
produce compatible overhangs able to directionally
assemble multiple DNA fragments in a one-pot, one-
step reaction. By adding the same standardized over-
hangs to a library of DNA basic units, it is possible to
generate a number of different combinations using the
same cloning strategy (Sarrion-Perdigones et al., 2011;
Weber et al., 2011; Lampropoulos et al., 2013). Com-
pared with classical cloning techniques, Golden Gate
assembly does not require a complicated design or
time-consuming cloning. In fact, the combination of
restriction digestion and ligation in a one-pot, one-step
reaction eliminates the need for PCR amplification,
fragment digestion, and gel purification, providing a
fast and reliable method for assembly of large mole-
cules of DNA (Weber et al., 2011). Golden Gate cloning
can be performed in any laboratory equipped for mo-
lecular biology by simply purchasing enzymes (IIS

Figure 2. Level-1 cloning for a four-gene
operon-1. A, Schematic representation of a
Level-1 cassette: promoter (P; blue); 5ʹUTR
(5ʹ; gray); GOIs (GOI1–GOI3 or aadA;
red); terminator/3ʹUTR (3ʹ; black). BpiI
sites flanking the Level-1 cassette are in-
dicated. B to E, PCR to confirm Level-1 as-
sembly. Specific primers for the internal
gene (B, GOI-1; C, GOI-2; D, GOI-3; E,
aadA) and the promoter/3ʹUTR of cassettes
1A, 1B, 1C, and 1D (B, C. 1A; C, C. 1B; D,
C. 1C; E, C. 1D) have been used. DNA
bands at the predicted molecular mass (kb)
confirm correct Level-1 assembly of all
cassettes. Negative controls (blanks) of
PCR images B to E are indicated. F, BpiI
restriction digestion of Level-1 vectors. The
four Level-1 cassettes released after diges-
tion are indicated with asterisks (size in-
dicated in Table 1). The empty vector
1 (vector position 1 forward) is used as a
positive control. The LacZa fragment
(0.616 kb) release after digestion of vector
1 is indicated with the triangle. The mo-
lecular mass (kb) of the backbone vector is
indicatedwith black arrows. DNAmarkers
are shown in each image.

Table 2. Design of four different Level-1 cassettes.

Name Promoter 59UTR GOI 39UTR Size (kb) Position (Forward)

Cassette 1A PaccD Synthetic RBS GOI-1 petD-39UTR 0.664 1
Cassette 1B IEE Synthetic RBS GOI-2 petD-39UTR 0.583 2
Cassette 1C IEE Synthetic RBS GOI-3 petD-39UTR 1.114 3
Cassette 1D PpsbA Synthetic RBS aadA psbA-39UTR 1.019 4
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restriction enzymes and T4 ligase), together with stan-
dardized DNA modules and vectors used for assembly
(Marillonnet and Werner, 2015).
At present, only a single study has demonstrated

the potential to utilize a modular cloning approach for
the generation of chloroplast transformation vectors
(Vafaee et al., 2014). In the previous work, GoldenBraid
was chosen as the modular cloning strategy to dem-
onstrate the potential for facile modular assembly of
chloroplast transformation vectors. While GoldenBraid
utilizes a smaller complement of destination/interme-
diate vectors, the number of parts that can be combined
in a single step is more limited than with Golden Gate.
As such, theMoChlo kit was designed using theGolden

GateMoClo approach. Considering the broad adoption
of the plant MoClo kits, genes of interest developed by
researchers for standard nuclear expression can be di-
rectly used in the MoChlo kit without further domes-
tication. Furthermore, the MoChlo kit developed in this
work has been released to the research community
(throughAddgene) with a complete set of Level-0 parts,
including common chloroplast promoters, 5ʹUTRs,
3ʹUTRs, and selection genes (118 parts in total). Addi-
tionally, the kit contains Level-2 destination vectors
specifically designed to enable homologous recombi-
nation into the most common sites for tobacco, maize,
and potato chloroplast engineering. Also, the MoChlo
kit has been validated in vivo, demonstrating the

Figure 3. Level-2 cloning for operon-1. A, Schematic representation of Level-2 operon-1: promoter (P; blue); 5ʹUTR (5ʹ; gray);
GOIs (GOI1–GOI3; red); gene for selection (aadA; yellow); terminator/3ʹUTR (3ʹ; black). Level-1 cassettes 1A, 1B, 1C, and 1D are
assembled in positions 1, 2, 3, and 4 of operon-1, respectively. The operon-1 is cloned in a Level-2 vector between left (L; 1.17 kb)
and right (R; 1.45 kb) arms homologous to the trnG/trnfM site of the potato plastome. B to E, PCR to confirm the presence of all
genes of operon-1 (three purified vectors; 1–3). Specific primers for GOI-1 (B), GOI-2 (C), GOI-3 (D), and aadA (E) have been
used. DNA bands at the predicted molecular mass (kb; black arrows) in both purified plasmid (operon-1) and positive controls
(positive C.) confirm correct Level-2 assembly of operon-1. F to J, PCR to confirm the correct order of four genes in the operon-1.
Pairs or primers specific for trnG/GOI-1 (F), GOI-1/GOI-2 (G), GOI-2/GOI-3 (H), GOI-3/aadA (I), and aadA/trnfM (J) have been
used. DNAbands at the predictedmolecular mass confirm the correct order (kb; black arrows). Negative controls (blanks) for PCR
and DNA markers are shown in B to J.

Table 3. Design of six Level-1 cassettes for the Lux operon and two Level-1 selection cassettes.

Name Promoter 59UTR GOI 39UTR Size (kb) Position (Forward)

Cassette LC1 Prrn Prrn-59UTR Lux-C rrnB-39UTR 1.919 1
Cassette LD1 Prrn Prrn-59UTR Lux-D rrnB-39UTR 1.430 2
Cassette LA1 Prrn Prrn-59UTR Lux-A rrnB-39UTR 1.547 3
Cassette LB1 Prrn Prrn-59UTR Lux-B rrnB-39UTR 1.463 4
Cassette LE1 Prrn Prrn-59UTR Lux-E rrnB-39UTR 1.604 5
Cassette LG1 Prrn Prrn-59UTR Lux-G rrnB-39UTR 1.187 6
Cassette S1 Prrn Prrn-59UTR aadA rrnB-39UTR 1.274 7
Cassette S2 Prrn Prrn-59UTR mEmerald rrnB-39UTR 1.202 7
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functionality of the components and strategy. A sche-
matic of a combinatorial study using the MoChlo kit,
from assembly of constructs to the generation of
transplastomic plants, is shown in Figure 8.

Of particular importance to chloroplast biotechnol-
ogy is the relative dearth of information on precise
control of multigene expression. Apart from develop-
ing a fast and flexible assembly method for chloroplast
transformation vectors, a secondary goal of theMoChlo
kit is to accelerate research into controllable multigene
expression in plastids. Therefore, promoters and regu-
latory sequences constitute the majority of the MoChlo
kit. Optimal levels of relative protein expression be-
tween different components are fundamental to ach-
ieve successful metabolic engineering. The expression
levels of protein units encoded by both monocistronic
DNA assemblies and synthetic operons can be manip-
ulated both at the transcriptional and translational
levels by choosing different promoters and 5ʹUTRs,
respectively. Apart from commonly used strong pro-
moters, such as Prrn, PpsbA, and PrbcL (Shiina et al.,
1998; Hayashi et al., 2003; Suzuki et al., 2003), the
MoChlo kit has been supplemented with many other
characterized and uncharacterized regulatory elements
along with modified versions of endogenous pro-
moters. As an example, point mutations within the210

and 235 consensus sequences of Prrn, as well as in
between them, have been shown to alter the level of
transcription (Suzuki et al., 2003). Moreover, among the
group of less characterized chloroplast promoters,
several forms of PatpB (Xie and Allison, 2002), PatpH
and PatpI (Miyagi et al., 1998), PpsbB (Tanaka et al.,
1987), and PpsbD (Christopher et al., 1992; Allison and
Maliga, 1995) also have been used to achieve variable
gene expression. Additionally, promoters of clpP and
accD have shown promise in gene expression in non-
green plastids (Zhang et al., 2012; Caroca et al., 2013).
Similarly, translation motifs, such as Shine-Dalgarno
sequence (or RBS) located in 5ʹUTRs, are important
for efficient translation of protein. In theMoChlo kit, we
provide a library of endogenous 5ʹUTRs and modified
versions that are characterized by different translation
efficiencies. Therefore, by using both modified versions
of the same 5ʹUTR and sequences from different genes,
it is possible to manipulate protein translation. For ex-
ample, deletion of either psbA RBS1 or RBS2 reduces
translation efficiency by ;30%, whereas the disruption
of both sequences has a drastic effect on protein trans-
lation. In contrast, deletion of the third RBS of the psbA
5ʹUTR has little effect on protein translation (Hirose and
Sugiura, 1996). Similarly, mutation of the Shine-
Dalgarno sequence of the rps2 5ʹUTR resulted in

Figure 4. Level-1 cloning for the Lux operon for plastid engineering. A, Schematic representation of a Level-1 cassette: promoter
(P; blue); 5ʹUTR (5ʹ; gray); Lux (C,D,A, B, E, orG) or aadA gene for selection (red); terminator/3ʹUTR (3ʹ; black). BpiI sites flanking
the Level-1 cassette are indicated. B toH, PCR to confirm Level-1 assembly. Specific primers for Lux genes (B, Lux-C; C, Lux-D; D,
Lux-A; E, Lux-B; F, Lux-E; G, Lux-G), the gene for selection (H; aadA), and the promoter/3ʹUTR of cassettes LC1, LD1, LA1, LB1,
LE1, LG1, and S1 (B, C. LC1; C, C. LD1; D, C. LA1; E, C. LB1; F, C. LE1; G, C. LG1; H, C. S1) have been used. DNA bands at the
predicted molecular mass (kb; black arrows) confirm correct Level-1 assembly of all cassettes. Negative controls (blanks) of PCR
images B to H are indicated. I, BpiI restriction digestion of Level-1 vectors. Level-1 cassettes released after digestion are indicated
with asterisks (cassette size indicated in Table 2). Empty vector 1 (position 1 forward) was used as a positive control. The LacZa
fragment release after digestion of vector 1 is indicated with the arrowhead (0.616 kb). The molecular mass (kb) of the backbone
vector is indicated with black arrows. DNA markers are shown in B to I.
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severalfold increase in translation efficiency compared
with the wild-type sequence (Plader and Sugiura,
2003). Processed forms of 5ʹUTRs of psbN and psbB
have also been shown to significantly affect translation
efficiency (Yukawa et al., 2007; Kuroda and Sugiura,
2014). A chimeric synthetic 5ʹUTR generated from
psbA-rbcL has also been demonstrated with a 1.5-fold
decrease of translation efficiency compared with the
wild-type sequences (Zou et al., 2003). Considering that
the goal ofmany of these earlier workswas tomaximize
transcription and translation of transgenes, many
characterized regulatory elements have fallen by the
wayside.
A key component for broad adoption of the MoChlo

kit, and thus its usefulness to the research community,
is its ease of use and efficiency. In our hands, the
MoChlo kit provides a robust assembly strategy for
chloroplast transformation vectors containing up to

seven different cassettes. A fundamental point of em-
phasis for achieving high-efficiency assembly was the
choice of the IIS restriction enzyme. For assembly of
chloroplast transformation vectors containing only
two cassettes, the choice in enzyme between BbsI
and BpiI was irrelevant (Supplemental Fig. S7). For
Level-2 assembly of three or more cassettes, a much
higher efficiency of assembly was achieved by us-
ing BpiI rather than the isoschizomer BbsI. Attempts
to assemble four- and seven-gene operons using
BbsI resulted in efficiencies of 22.5% and 1.25%
(Supplemental Figs. S5 and S11), compared with 92.5%
and 65% using BpiI (Supplemental Figs. S6 and S10).
One possible reason for the decrease in efficiency of
assembly could be the kinetic properties of the two
enzymes. The one-pot, one-step reaction is performed
in T4 DNA ligase buffer, and we postulate that BpiI has
more favorable kinetics in this suboptimal buffer.

Figure 5. Level-2 cloning for the seven-gene Lux operon. A, Schematic representation of Level-2 assembly of Lux operon-1:
promoter (P; blue); 5ʹUTR (5ʹ; gray); Lux (C,D, A, B, E, orG; red); gene for selection (aadA; yellow); terminator/3ʹUTR (3ʹ; black).
Level-1 cassettes LC1, LD1, LA1, LB1, LE1, LG1, and S1 are assembled in operon positions 1, 2, 3, 4, 5, 6, and 7, respectively. The
Lux operon-1 is cloned in Level-2 vector between left (L; 1.17 kb) and right (R; 1.45 kb) arms homologous to the trnG/trnfM site of
the potato plastome. B to H, PCR of all genes of the Lux operon-1. Primers specific for Lux-C (B), Lux-D (C), Lux-A (D), Lux-B (E),
Lux-E (F), Lux-G (G), and aadA (H) have been used. DNA bands at the predicted molecular mass (kb; black arrows) for both
purified plasmid (Lux operon-1) and positive controls (positive C.) confirmed the presence of all genes. I to P, PCR to check correct
gene order in the Lux operon-1. Pairs or primers specific for trnG/Lux-C (I), Lux-C/Lux-D (J), Lux-D/Lux-A (K), Lux-A/Lux-B (L),
Lux-B/Lux-E (M), Lux-E/Lux-G (N), Lux-G/aadA (O), and aadA/trnfM (P) have been used. DNA bands (black arrows) at the pre-
dicted molecular mass (kb) confirm correct gene order. Negative controls (blanks) of PCR and DNAmarkers are shown in B to P.
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Moreover, BbsI has lower thermal stability that may
reduce its activity during the Golden Gate reaction. In
any event, the MoChlo kit provides a considerable ad-
vantage to small labs with limited resources and
funding, in that only the genes of interest must be
synthesized, and complete assembly can be accom-
plished using only two enzymes.

In its current form, the MoChlo kit was designed to
allow assembly of seven transcriptional units into a
single chloroplast transformation vector. Considering
the high efficiency obtained for the maximum test case,
it would be useful to identify the upper limit for effi-
cient assembly of a chloroplast transformation vector.
In a previous study, 11 Level-1 cassettes consisting of
44 Level-0 modules were assembled into a 33-kb DNA
fragment using Golden Gate assembly (Weber et al.,
2011). In future iterations of the MoChlo kit, the sys-
tem will be expanded to assemble larger and more
complex synthetic operons. For this purpose, a new set
of Level-2 end linkers equipped with a visual marker
(e.g. LacZa) flanked by different IIS restriction sites
(BsaI or Eps3I) will be synthesized. The generation of
compatible overhangs after restriction digestion will
allow an additional Level-3 directional cloning to insert
more transcriptional units into preassembled Level-2
constructs. Considering the relatively small size of
the complete chloroplast genome of land plants
(;100–200 kb), it would theoretically be possible to

synthesize a complete synthetic chloroplast genome
using this approach.

CONCLUSION

The main goal of the MoChlo kit developed in this
work was to provide a standardized method to as-
semble multigene constructs for metabolic engineering
using presynthesized chloroplast destination vectors
and a wide array of regulatory elements. The library of
Level-0 parts developed in this work provides both
commonly used and uncharacterized plastid regulatory
sequences, allowing for precise modulation of multiple
genes necessary to guarantee optimal protein stoichi-
ometry for metabolic engineering. With the modularity
of the approach, the MoChlo kit can be expanded easily
by adding new regulatory sequences (e.g. prokaryotic
inducible promoters), protein tags (e.g. fluorescent
proteins and epitopes), and species-specific integration
sites, along with a set of new linkers that could extend
the number of transcriptional units (greater than seven)
currently allowable in the kit. The substantial decrease
in the cost of gene synthesis further facilitates use of the
kit by researchers with limited funding and resources.
The creation of a common resource of standardized
Level-0 parts will provide enormous advantages in
terms of collaboration and accessibility to researchers

Figure 6. An example of in vivo validation of twoMoChlo-enabled constructs in potato chloroplasts. A, Schematic representation
of test operons controlled by two examples of promoter::5ʹUTR combinations. The operon (red) is controlled by the rrn promoter
(P1) along with a synthetic RBS as 5ʹUTR (5ʹ1; blue and gray; Operon X) or the promoter::5ʹUTR fusion of accD gene (P2:5ʹ2; blue
and gray; Operon Y). The expression ofmEmerald (mEme; green) is under the control of the operon promoter, while the selection
gene, aadA (yellow), is under the control of both promoter::5ʹUTR (P-5ʹ[3]; blue and gray) and terminator/3ʹUTR (T; black) of the
psbA gene. B to I, Confocal images of transplastomic green callus transformed with Operon X (B–E) or Operon Y (F–I). In both
cases, the mEmerald fluorescent signal is localized to chloroplasts. B and F show mEmerald signal; C and G show chlorophyll
autofluorescence; D and H show bright-field images; and E and I show merged images. Bars = 20 mm for all confocal images.
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working in chloroplast biotechnology. Furthermore,
the MoChlo assembly strategy is highly amenable to
automation, which may further drive the potential for
combinatorial screening of numerous metabolic engi-
neering cassettes for plastid engineering.

MATERIALS AND METHODS

Design of Modules for Golden Gate Assembly

To generate Level-0 parts, the nucleotide sequences of chloroplast regulatory
elements (promoters, 5ʹUTRs, and 3ʹUTRs) and genes (fluorescent/selective
markers, Lux genes, andGOIs) were domesticatedwith both 5ʹ and 3ʹ overhangs
using the criteria set forth previously (Supplemental Fig. S1; Weber et al., 2011;
Engler et al., 2014). First, all IIS restriction sites (BsaI, BpiI, and Esp3I) in the
native part sequences were removed by single nucleotide substitutions. Next,
the parts were flanked by BsaI sites at opposite orientation along with synthetic
cut sites that generate 5ʹ and 3ʹ overhangs after restriction digestion. The
resulting overhangs guarantee specific directional cloning of Level-0 parts into
Level-1 transcriptional units following the order promoter-5ʹUTR-GOI-3ʹUTR
(Fig. 1; Supplemental Fig. S1). Compatible overhangs for Level-1 assembly and
possible combinations of Level-0 parts are shown in Supplemental Figure S1.
Level-0 modules of the same functional group are equipped with identical
overhangs, allowing the generation of different cassettes by choosing specific
modules of interest. The 5ʹ overhang of Level-0 promoters and the 3ʹ overhang
of 3ʹUTRs were designed to ligate to compatible ends of Level-1 destination
vectors. The overhangs used in the MoChlo kit were specifically designed to be
compatible with vectors generated in previous plant MoClo systems (Engler
et al., 2014). Finally, Level-0 and homologous sequences of chloroplast desti-
nation vectors were chemically synthesized by GeneArt (Invitrogen, Thermo
Fisher Scientific) and cloned into Escherichia coli pUC-based vectors (kanamycin
resistance gene nptII). The codon usage of Lux genes and GOI-1, GOI-2, and
GOI-3 were optimized for the tobacco (Nicotiana tabacum) chloroplast genome
using Optimizer (Evolutionary Genomics Group, Biochemistry and Biotech-
nology Department, Universitat Rovira i Virgili, Tarragona, Spain; http://
genomes.urv.es/OPTIMIZER/) and a codon usage table downloaded from the

codon usage database (http://www.kazusa.or.jp/codon/). Level-1 destination
vectors and Level-2 end linkers from previous studies were used directly
(Weber et al., 2011; Engler et al., 2014).

Golden Gate Cloning and Transformation in
Escherichia coli

The one-pot, one-step reaction for Golden Gate cloning was performed in
a total volume of 20 mL adding the following components in the same PCR
tube. (1) Twenty-five nanograms of destination vector either for Level-1 or
Level-2 and a variable amount of individual plasmids containing the frag-
ments of interest. One hundred nanograms of plasmid containing the larger
fragment along with variable amounts (ng) of other plasmids with different
Mr levels. The amount of all plasmids was adjusted to guarantee the same
molar ratio for all components. For Level-2, 50 ng of plasmid containing the
correct end linker was also added. (2) One microliter (20 units) of the correct
IIS restriction enzyme. BsaI (BsaI HF V2; New England Biolabs) was used for
Level-1 and either BpiI (Anza 4 BpiI; Invitrogen, Thermo Fisher Scientific) or
BbsI (BbsI HF; New England Biolabs) was used for Level-2. BpiI was used for
operons larger than two cassettes. (3) One microliter (400 units) of T4 DNA
ligase (New England Biolabs). (4) Two microliters of T4 DNA ligase buffer
(103 stock), and the final volume was adjusted to 20 mL using sterile
ultrapure water.

The Golden Gate reactions for both Level-1 and Level-2 were performed
overnight in a thermocycler. A first step of 10 min at 37°C and then 10 min at
16°C was repeated for 35 cycles. The reaction was then incubated at 50°C for
30min and 60 more min at 16°C. Before transformation into E. coli, the enzymes
were inactivated for 20min at 65°C. Onemicroliter of Golden Gate reaction was
added to 25 mL of TOP10 Chemically Competent E. coli (Invitrogen, Thermo
Fisher Scientific) and transformed by the heat shock method (according to the
manufacturer’s protocol). After transformation, 250 mL of super optimal broth
medium (Invitrogen, Thermo Fisher Scientific) was added and then incubated
for 1 h at 37°C under agitation. Fifty microliters of bacteria cultures was plated
on a petri dish containing LB-agar (Luria-Bertani medium: 10 g L21 tryptone,
10 g L21 NaCl, 5 g L21 yeast extract, and 15 g L21 bacto-agar, pH 7) containing
the correct selective agent. Kanamycin and spectinomycin were used at 50 and
100 mg mL21, respectively. Liquid bacterial cultures were grown in Luria-
Bertani medium without bacto-agar.

Figure 7. Operon integration in the potato plastome. A, Schematic representation of chloroplast constructs: rrn promoter (P1)
alongwith a synthetic RBS used as 59UTR (591; blue and gray); promoter::59UTR fusion of accD gene (P2:592; blue and gray); P-59
[3], promoter::59UTR of the psbA gene (blue and gray); T, terminator/39UTR of psbA gene (black); operon X and Y (red); mEme
(mEmerald fluorescent marker; green); and aadA (39-adenylyltransferase selection marker; yellow). The left (L; 1.17 kb) and right
(R; 1.45 kb) arms homologous to the trnG/trnfM site of the potato plastome are indicated. B to E, PCR on total genomic DNA
extracted from transplastomic green callus transformedwithOperon X (B and C) orOperon Y (D and E). A pair of primers specific
for the aadA gene (B and D) and aadA/trnfM (C and E) have been used to check correct operon integration. DNA bands at the
predicted molecular mass confirm correct integration of both operons (kb; black arrows in B–E and black line in A). Positive and
negative controls (blanks) along with potato wild-type samples and DNA markers are shown.
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Plasmid Extraction from Bacterial Cells, Restriction
Digestion, and PCR

Pure plasmid preparations were obtained using QIAprep Spin Miniprep
Kit (Qiagen). The restriction digestions using either BsaI or BbsI (New
England Biolabs) were performed in a total volume of 30 mL using 10 units of
enzyme, 500 ng of plasmid, and 13 Custom buffer (New England Biolabs).
The restriction digestion using BpiI was performed using the same condi-
tions in Anza 13 buffer (Invitrogen, Thermo Fisher Scientific). PCRs were
performed in 25-mL reaction volumes using 13 DreamTaq Green PCR
Master Mix (Thermo Fisher Scientific), along with specific pairs of primers
and 25 ng of template plasmid. For colony PCR, the reactions were per-
formed using 2 mL of overnight bacteria liquid cultures. The following
combinations of forward/reverse primers were used to amplify the indi-
cated DNA fragments: GOI-1, primers 1/20; GOI-2, primers 2/21; GOI-3,
primers 3/22; GOI-4, primers 4/23; aadA (full length), primers 5/24; Cas-
sette 1A, primers 6/25; Cassette 1B and 1C, primers 7/25; Cassette 1D,
primers 8/26; trnG/GOI-1, primers 9/20; GOI-1/GOI-2, primers 1/21; GOI-
2/GOI-3, primers 2/22; GOI-3/aadA, primers 3/24; aadA/trnfM, primers 5/
27; Lux-C, primers 10/28; Lux-D, primers 11/29; Lux-A, primers 12/30; Lux-B,
primers 13/31; Lux-E, primers 14/32; Lux-G, primers 15/33; aadA (fragment),
primers 16/34;mEmerald (fragment), primers 17/35; Cassette LC1, LD1, LA1,
LB1, LE1, LG1, and S1, primers 18/36; trnG/Lux-C, primers 9/28; Lux-C/
Lux-D, primers 10/29; Lux-D/Lux-A, primers 11/30; Lux-A/Lux-B, primers
12/31; Lux-B/Lux-E, primers 13/32; Lux-E/Lux-G, primers 14/33; Lux-G/
aadA, primers 15/34; aadA/trnfM, primers 5/27; and right and left of T-DNA,
primers 19/37. A list of primers used in this work is shown in Supplemental
Table S4. Both restriction digestion and PCR products were separated by
electrophoresis using 1% (w/v) agarose gel in 13 TAE buffer (40 mM Tris-
acetate and 1 mM EDTA, pH 8.3) containing 0.3 mg mL21 ethidium bromide.
The Hi-Lo DNA ladder from 50 to 10,000 bp (BIONEXUS) was used as a
molecular DNA marker.

Transformation, Selection, and Screening of
Potato Chloroplasts

Potato (Solanum tuberosum var 'Desirée') was grown in sterile conditions in
Magenta boxes containing MS Reg. medium (4.33 g L21 Murashige and Skoog
basal salt mixture, 25 g L21 Suc, 100 mg L21 myoinositol, 170 mg L21 sodium
phosphate monobasic monohydrate, 440 mg L21 calcium chloride dihydrate,
0.9 mg L21 thiamine-HCl, 2 mg L21 Gly, 0.5 mg L21 nicotinic acid, 0.5 mg L21

pyridoxine-HCl, 13 Murashige and Skoog vitamins, and 3 g L21 phytagel,
pH 5.8). Potato plants were kept in a controlled growth room with 16 h of
light (100 mmol m22 s21) and 8 h of dark. The temperature was kept at 24°C
constant during all light/dark cycles. Transplastomic green callus was
obtained from biolistic transformation of potato leaf discs as described pre-
viously (Valkov et al., 2014). Briefly, DNA constructs were bound on the
surface of 600-nm gold particles (Seashell Technology) and bombarded into
potato leaf discs on M6M medium. Selection of transplastomic green callus
was obtained by subculturing leaf discs in M6 medium (;4 weeks) and Ti
medium (;6 weeks) with spectinomycin, as described previously (Valkov
et al., 2014).

To confirm integration, a cetyl-trimethyl-ammonium bromide-based
procedure was used to extract total genomic DNA from green callus prior
to confirmation of integration of the transplastomic cassette by PCR (Lin
et al., 2014b). After isolation, 5 to 10 ng of total genomic DNA was used as
template for PCR as described previously. The primers 5/24 and 16/27
were used to detect the full-length aadA gene and the aadA/trnfM inte-
gration region, respectively (Supplemental Table S4). Transplastomic
green callus was imaged using an Olympus Fv1000 confocal microscope.
The mEmerald fluorescent protein was excited at 488 nm and detected at
505 to 530 nm. Chlorophyll autofluorescence was obtained using excita-
tion at 543 nm and detection at greater than 560 nm. Digital images were
acquired using the Olympus FV10-ASW Viewer software Ver.4.2a. Con-
focal images were processed using ImageJ 1.41o (National Institutes of
Health).

Accession Numbers

Sequences of native regulatory elements and homology arms were mined
from the native plastid genomes of tobacco (Z00044.2), potato (DQ231562.1),
and maize (NC_001666.2), while the E. coli terminator for rrnB (CP034595.1)
and viral terminators from Tobacco mosaic virus (MK087763.1), Turnip yellow
mosaic virus (KP995420.1), Brome mosaic virus (M12024.1), and Alfalfa mosaic
virus (KC881009.1) were mined from their respective genomes. In addi-
tion, marker and selection genes for mEmerald (BAU94259.1), pporRFP
(ABB17953.1), aadA (ARK38551.1), aphA6 (AZR92252.1), nptII (ASU89325.1),
myc-aadA-GFP (AAF65230.1), FLARE16-S aadA-GFP (AAF65229.1), aac6-aph2
(WP_001028144.1), and the complete Lux operon from Photobacterium leiogna-
thi (M63594.1) were mined fromGenBank. All sequences were domesticated for
use in the MoChlo kit as previously described, and the sequences of all Level-0
modules are included in Supplemental Table S1, with the entire MoChlo kit
available from Addgene.

Figure 8. Schematic of the MoChlo kit for combinatorial assembly of operons for metabolic engineering. In the current iteration
of the kit, combinatorial assembly of individual cassettes (Level-1 constructs) can be conducted using 47 promoters, 38 5ʹUTRs,
nine promoter:5ʹUTR fusions, and 10 terminators/3ʹUTRs. In addition, the user has the ability to assemble up to seven individual
cassettes, eachwith its own regulatory elements andGOIs. Furthermore, during Level-2 assembly, the user can choose from three
different integration sites (trnI-trnA, trnV-3ʹrps12, and trnG-trnfM) from three different plant species (tobacco, maize, and potato).
After completing assembly, the user would then bombard the Level-2 constructs into leaf discs and select and regenerate
transplastomic plants.
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Level-0 modules and directional cloning into
Level-1 cassettes.

Supplemental Figure S2. Directional cloning of Level-1 cassettes into op-
erons of different lengths.

Supplemental Figure S3. Level-1 assembly of GOIs.

Supplemental Figure S4. Examples of Level-1 cassettes synthesized using
the MoChlo kit.

Supplemental Figure S5. Colony screening for Level-2 assembly of
operon-1 using BbsI in the Golden Gate reaction.

Supplemental Figure S6. Colony screening for Level-2 assembly of
operon-1 using BpiI in the Golden Gate reaction.

Supplemental Figure S7. Level-2 assembly of two-gene selection cassettes
using BbsI in the Golden Gate reaction.

Supplemental Figure S8. Level-2 assembly of five different four-gene
operons.

Supplemental Figure S9. Level-1 assembly of Level-1 Lux cassettes.

Supplemental Figure S10. Colony screening for Level-2 assembly of Lux
operon-1 using BpiI in the Golden Gate reaction.

Supplemental Figure S11. Colony screening for Level-2 assembly of Lux
operon-1 using BbsI in the Golden Gate reaction.

Supplemental Table S1. MoChlo Level-0 modules.

Supplemental Table S2. Level-1 vectors compatible for the MoChlo kit.

Supplemental Table S3. Level-2 end linkers and Level-2 chloroplast des-
tination vectors.

Supplemental Table S4. Primers used in this study.
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