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SUMMARY

The Green Revolution has fuelled an exponential growth in human population since the mid-20th century.
Due to population growth, food and energy demands will soon surpass supply capabilities. To overcome
these impending problems, significant improvements in genetic engineering will be needed to complement
breeding efforts in order to accelerate the improvement of agronomical traits. The new field of plant syn-
thetic biology has emerged in recent years and is expected to support rapid, precise, and robust engineering
of plants. In this review, we present recent advances made in the field of plant synthetic biology, specifically
in genome editing, transgene expression regulation, and bioenergy crop engineering, with a focus on traits
related to lignocellulose, oil, and soluble sugars. Ultimately, progress and innovation in these fields may
facilitate the development of beneficial traits in crop plants to meet society’s bioenergy needs.

Keywords: synthetic biology, metabolic engineering, bioenergy, energy crops, genome editing, transgene

expression control.

INTRODUCTION

Crop domestication is a prime example of how humans
have modified the many species surrounding them for
thousands of years to meet their needs. Humans have pro-
gressed from accidentally selecting for the most ‘useful’
flora, to actively growing designated crops in the form of
agriculture, to the calculated breeding that is performed
today. As these improvements evolved into modern agri-
culture, humans’ ability to modify the traits of plants for
societal needs has become more targeted. Although many
of these traits have revolved around agricultural yield for
the purpose of food production, modern society also
requires the use of crops as a clean energy source in the
form of biofuels.

One goal of synthetic biology is to support rapid, pre-
cise, and robust engineering of organisms for useful soci-
etal purposes. Civilization was built on the invention of
agriculture, so it is of course natural to ask: how can plant
biologists further improve upon crops that humans have
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already spent millennia selecting and breeding? Further-
more, how can scientists coax plants bred to meet tradi-
tional agricultural needs into serving new purposes in
addressing modern-day issues (i.e., climate change,
green technology, and bioenergy)? In general, decreasing
the amount of inputs and maximizing product yield out-
puts are overly simplified but accurate goals of crop
engineering.

Because the bulk of synthetic biology has focused on
microbes, plant synthetic biology has inherent and specific
challenges. For starters, a diversity of tools to robustly
engineer plants is almost nonexistent, in contrast to the
microbial engineering field. E. coli has been the predomi-
nant chassis of choice for the synthetic biology commu-
nity, and for many obvious reasons, the tools and
methodologies in plants have not progressed as far. Fur-
thermore, each plant has different physiologies, metabo-
lisms, lifecycles, and environmental niches, making it
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difficult to expect that all synthetic biology tools can be
broadly transferable between plants. Thus, one inherent
goal of the plant synthetic biology community is to con-
tinue building robust tools that can be used to engineer a
diversity of crop plants. Although synthetic biology has
greatly increased the throughput of DNA assembly, the
low transformation efficiency of plants is a major bottle-
neck that will be needed to advance the field, especially to
develop high-throughput assays in non-model systems.
Great progress has been made in plant engineering and
plant synthetic biology in the recent years, but there are
still many gaps in these fields that need to be addressed
before both fields become comparable to those used in
microbial systems. With traditional food and agricultural
traits (e.g., nutritional value, yield, biofortification, and bio-
tic and abiotic stress) already improved upon by breeding
and further being advanced by molecular and synthetic
biology, bioenergy crops provide a relatively new concept
to the old agricultural system. Crop plants that have cus-
tomarily been grown for food may need to be drastically
modified to address growing energy needs and the

Plant cell Strategies

Genome + Genome editing
Targeted mutation
Targeted insertion

Targeted regulation

Gene  [FSESESESES

« Genel/trait stacking

clustering
O————— AAAAAAAAA « Transcript stability
RNA
L « Translation efficiency
Protein « Protein activity

* Protein assembly

R

Output (Biofuel Agronomic  Food )

traits traits traits

impending crisis of climate change. In this review, we
highlight some recent progress in the fields of plant syn-
thetic biology and bioenergy crop engineering, with an
emphasis on genome editing, gene expression regulation,
and key bioenergy traits, and discuss some of the benefits
of merging both fields (Figures 1 and 2).

GENOME MANIPULATION WITH RNA-GUIDED
NUCLEASES AS EDITING TOOLS

In contrast to random mutagenesis and the search for nat-
ural allelic variants in traditional breeding, genome editing
is aimed at the targeted modification of genomes in a pre-
cise manner. There are two basic steps in plant genome
editing. Firstly, various genome editing tools are used to
induce DNA double-stranded breaks at the target site. Sec-
ondly, double-stranded breaks are repaired by endoge-
nous DNA repair machinery. One type of DNA repair
mechanism is non-homologous end joining (NHEJ). NHEJ
is error prone, leading to random insertion or deletion at
the repaired site and subsequent loss of function of the
target gene (Gorbunova and Levy, 1997). Earlier genome
editing tools represented by meganucleases (D'Halluin
et al., 2013), zinc-finger nucleases (ZFNs, Bibikova et al.,
2002; Weinthal et al., 2010), and transcription activator-like
effector nucleases (TALENSs, Li et al, 2011; Zhang et al.,
2013) utilize protein motifs to recognize target DNA. The
DNA binding motif is fused to the nuclease domain of
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Figure 1. Summary of synthetic biology tools developed for the manipula-
tion of DNA to proteins to optimize bioenergy traits in plants.

Figure 2. Application of synthetic biology to improve and engineer bioen-
ergy traits.
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Fokl, which cleaves DNA double strands upon dimeriza-
tion. In contrast with mature technologies in genome edit-
ing — such as meganucleases, ZFNs and TALENs, which
have been developed over a decade and are already
deployed to modify commercial crops (examples of crop
genome editing are highlighted in Table 1) - RNA-guided
genome editing is still in its infancy with promising appli-
cation potentials. This recently emerged CRISPR (clus-
tered, regularly interspaced, short palindromic repeats)/
CAS (CRISPR-associated) double-stranded DNA nuclease
utilizes RNA-based DNA recognition (reviewed in Puchta,
2016). This CRISPR/CAS editing system is used with a syn-
thetic-guide RNA (sgRNA), that contains an ~20 nucleotide
(nt) sequence complementary to that of the target locus,
allowing direction of the nuclease (CAS protein) to a pre-
cise location in the genome. The CRISPR/CAS9 system, a
RNA-guided nuclease system, has been widely adopted
for genome editing because of its efficacy and efficiency
in various plant species. Within the last 2 years, genome
editing with CRISPR/CAS has been demonstrated in over
13 plant species, including biofuel species Zea mays
(Liang et al., 2014), Sorghum bicolor (Jiang et al., 2013),
Glycine max (Jacobs et al., 2015), and Populus tomentosa
(Fan et al., 2015). Several reviews (Baltes and Voytas,
2015; Bortesi and Fischer, 2015; Hsu et al., 2014; Schaef-
fer and Nakata, 2015) have discussed the basic principle,
technical details, and comparisons among different gen-
ome editing tools.

Outside of CAS9, Cpf1 was recently identified as another
RNA-guided double-stranded DNA nuclease, offering new
potential for genome editing since it generates 5 stag-
gered ends (Zetsche et al., 2015). Various RNA-guided
nucleases provide options for selecting proper tools to

Table 1 Synthetic biotechnology tools applied in plants
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meet different needs for genome editing. For example, off-
target effects in most cases need to be avoided but some-
times could be utilized to simultaneously target multiple
homologous or paralogous genes (Endo et al., 2015). Tar-
geting efficiency and specificity are not only influenced by
RNA-guided nucleases but are also determined by the tar-
get sequence, sgRNA structure, and genomic context (Bor-
tesi and Fischer, 2015). Thus, these aspects need to be
taken into consideration before making a choice among
nucleases. For example, Cpf1 expands the genome target-
ing sequences to AT-rich regions and offers a complemen-
tary editing approach to the CAS9 system. With
bioinformatics tools, it is possible that more RNA-guided
endonucleases will be identified. With a library of various
nucleases and their preferred target sites, users can chose
the best fit for their target gene or site for modification.

In addition to advances in RNA-guided nucleases, pro-
gress has been made in increasing the efficiency in deliv-
ery and expression of genome-editing tools. Direct
transformation of plant protoplast cells with preassembled
complexes of purified CAS9 protein and guide RNA is
intriguing because DNA-free genome editing avoids geno-
mic insertion of encoding elements of double-stranded
DNA nuclease complexes into target plants (Woo et al.,
2015). Protoplast-based genome editing might not be
directly applicable for bioenergy crops, which cannot be
easily regenerated from protoplasts. However, the same
concept may be achieved given that several crop plants
can be regenerated from tissue culture and are amenable
to biolistic transformation, and that biolistic delivery of
protein and nucleic acid into plant cells has been shown to
be possible (Martin-Ortigosa et al., 2012; Martin-Ortigosa
and Wang, 2014).

Synthetic tools

Representative examples

Genome editing
Meganuclease

Targeted molecular trait stacking in cotton (D'Halluin et al., 2013)

ZFN Targeted insertion in Zea mays (Shukla et al., 2009)
TALEN Targeted mutagenesis in potato (Clasen et al., 2016)
CRISPR/CAS Targeted mutagenesis in wheat (Wang et al., 2014)

Transgene regulation at the transcriptional level
Synthetic promoter based on endogenous
cis-elements
De novo synthetic promoter
Orthogonal promoter
Synthetic cis-elements
2015)
Transgene regulation at the post-transcriptional level
mRNA stability at the splicing step
mRNA stability regulated by RNase
in plants
Regulation at the translational level
Regulation at the post-translational level

Nematode-responsive synthetic promoter (Liu et al., 2014)

Transcription activator-like effector-activated promoter (Bruckner et al., 2015)
T7 polymerase-directed transcription (Nguyen et al., 2004)
dCAS9-based transcription activators and repressors (Lowder et al., 2015; Piatek et al.,

OsL5-mediated exon skipping system (Hickey et al., 2012; Gonzalez et al., 2015)
CSY4-mediated transcript repression (Qi et al., 2012; Borchardt et al., 2015). Not tested

Thiamine pyrophosphate riboswitch (Ramundo et al., 2013)
2A peptide for coordinated protein expression (Halpin et al., 1999)

Thermoregulation of xylanase via self-splicing bacterial inteins (Shen et al., 2012)
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Use of RNA-guided nucleases for complex genome editing

The simple structure of the gRNA not only facilitates the
design of a single gRNA but also enables the construction
and delivery of multiple functional sgRNAs simultaneously
into plant cells. Genome editing with a single CAS9 protein
and multiple sgRNAs has been shown to have many
potential applications, including increasing the rate of
mutagenesis in a single target gene (Li et al., 2013; Ma
et al., 2015), targeting multiple genes within a gene family
(Mao et al., 2013; Xing et al., 2014; Zhou et al., 2014; Ma
et al., 2015), and targeting of multiple genes in a pathway
simultaneously (Ma et al., 2015). With sgRNAs targeting
two sites on the same chromosome, deletion of a gene
fragment or gene clusters was also achieved (Mao et al.,
2013; Zhou et al., 2014). Such multiplexed genome editing
has been demonstrated in transient expression systems as
well as Arabidopsis and rice stable transgenic lines.

HOMOLOGOUS RECOMBINATION-DEPENDENT GENE
TARGETING (HRGT)

In addition to NHEJ, homologous recombination can be
triggered at the site of DNA double-stranded breaks if
donor DNA with homology to the genome editing site is
delivered to target cells (Bibikova et al., 2001, 2003). HRGT
allows sequence insertion, deletion, or replacement at the
target site based on the sequence of the donor DNA. Thus,
it enables precise genome modifications such as modifica-
tion of the activity centre of an enzyme or replacement of
specific regulatory element of a gene (e.g. promoter,
transcription factor DNA binding domain). In addition to
directed genome manipulations, HRGT presents the oppor-
tunity to developing landing pads for gene stacks, ulti-
mately increasing expression predictability of transgenes
and significantly reducing the downstream process of
selecting the ‘best’ transgenic lines (Yau et al., 2013; Fogg
et al., 2014; Baltes and Voytas, 2015). Despite the general
low rate of HRGT events, the use of plant tissues with high
division and regeneration potencies, as well as increasing
the availability of donor DNA template in target cells, have
been promising strategies to increase the success rate of
HRGT events (Chan et al., 2011; Schiml et al., 2014; Cermak
et al., 2015).

EXPRESSION CONTROL OF TRANSGENES /N PLANTA

One defining emphasis of synthetic biology is the designed
control of gene expression. Through various approaches,
expression control of genes can be controlled at the DNA,
RNA, or protein level, depending on the strategy or appli-
cation. Many efforts in microbial systems have involved
tight expression regulation of inducible systems, many
times for the intended purpose of building genetic circuits.
Much progress has been made in building synthetic cir-
cuits in microbes; however, the focus of many of these

efforts has revolved around temporal and expression
levels. One emphasis of plant synthetic biology will be
new tools and approaches that not only address temporal
but also spatial expression regulation, based on the com-
plexity and needs of working with multicellular organisms.
In the following paragraphs we outline various strategies
and potential future efforts in improving transgene expres-
sion regulation in planta (Figure 1).

Expression control at the transcriptional level

The most straightforward way to control gene expression
is the selection of the promoter. A subfield of synthetic biol-
ogy has focused on the characterization and modification
of promoter elements to engineer them for more precise
and tuneable expression levels. These synthetic promoters
have a great deal of potential when translated into crop
plants. This includes tweaks on endogenous plant promot-
ers versus the completely synthetic and orthogonal
approach of introducing entirely synthetic gene networks
with synthetic promoters. It is also expected that this will
increase promoter diversity and engineering options with
the potential to reduce gene silencing, which can be caused
by either high constitutive expression of genes or the
expression of multiple genes under the same promoter.

One approach to characterize and design promoters is
through the identification of cis-elements within endoge-
nous plant promoter regions. A combination of co-expres-
sion analysis and motif searches within upstream
promoter regions has enabled computational predictions
of important cis-elements that regulate spatiotemporal
expression or induction by various environmental stimuli.
This approach has been successful in designing and build-
ing cyst nematode-responsive synthetic promoters (Liu
et al., 2014) as well as auxin-responsive promoter like DR5
(Ulmasov et al., 1997). Thus, by screening within one plant
species, one can identify conserved motif elements that
may enable the redesign of synthetic promoters composed
of reshuffled cis-elements. Potential limitations of this
approach include the necessity to have access to transcrip-
tome data for co-expression analysis. Furthermore, one
could generate many different synthetic promoters; how-
ever, each promoter would have to be validated experi-
mentally for each set of synthetic promoters desired for
each specific condition of inducibility.

Another approach to designing synthetic promoters is
the complete introduction of an orthogonal gene network.
This eliminates the requirement to predict pre-existing
motifs for any given stimuli or tissue specificity. Synthetic
promoters designed by entirely heterologous and orthogo-
nal systems have been implemented for almost 2 decades
in plants, essentially hijacking other transcriptional sys-
tems such as the GAL4 and Lacl systems (Moore et al.,
1998; Johnson et al., 2005). To this extent, programmable
synthetic transcription factors have been developed to bind
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and induce expression of genes downstream of synthetic
promoters in eukaryotic systems (Khalil et al., 2012). In an
attempt to design even more orthogonal systems to
decrease any potential of interfering with the endogenous
transcriptional machinery, orthogonal polymerases have
been engineered into microbes (Temme et al., 2012). For
example, the bacteriophage T7 RNA polymerase was fused
with a nuclear localization signal and expressed under
plant tissue-specific promoters; transgenes under the con-
trol of T7 expression signal showed tissue-specific expres-
sion with enhanced expression strength (Nguyen et al.,
2004).

A modified version of CAS9 has been developed in
which both of the catalytic sites are mutated to generate
‘dead’ CAS9 (dCAS9). dCAS9 loses its nuclease activity but
maintains its sgRNA-mediated DNA-binding capability.
Using dCAS9 as a platform to fuse to transcriptional activa-
tors or repressors, targeted activation or repression respec-
tively of external reporters or endogenous genes has been
achieved in bacteria (Qi et al., 2013), yeast (Gilbert et al.,
2013), human cells (Gilbert et al., 2013; Qi et al., 2013), and
plants (Lowder et al., 2015; Piatek et al., 2015). Unlike ZFN-
or TALEN-based activation/repression systems, CRISPR/
dCAS9-based targeting is not sensitive to DNA methylation
and can be used to activate transcriptionally silenced
genes (Lowder etal, 2015). CRISPR/dCAS9-mediated
repression could be used to turn off gene expression in a
reversible manner and in a tissue-specific manner, in con-
trast with RNAI, which often moves from cell to cell (Bros-
nan and Voinnet, 2011). Furthermore, multiplexed
targeting with multiple sgRNAs is also applicable for tar-
geted gene expression control. The use of multiple sgRNA
targeting the same promoter has been shown to enhance
activation and repression effects compared with single
sgRNA targeting, which provides an option for precise
transcriptional regulation of the targeted promoters (Piatek
et al., 2015).

The increasing number of innovative approaches for
transgene expression regulation at transcriptional level is
of great value to support precise engineering multicellular
organisms, such as crop plants, and optimize traits outputs
while minimizing potential side effects. Versatile and uni-
versally fitted transcriptional regulation tools, together
with post-translational regulation tools as discussed
below, serve as a basis for the design of complex genetic
circuit (Brophy and Voigt, 2014).

Manipulation of mRNA stability at the splicing step with
an exon skipping system

The application of inducible promoters or spatial and tem-
poral specific promoters to drive transgene expression is
the main strategy to optimize metabolic flux through a syn-
thetic or optimized pathway and to prevent undesired phe-
notypes that are often observed when transgenes are

© 2016 The Authors.
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constitutively expressed (Padidam, 2003). However, basal
level expression due to leakiness of promoter activities can
still cause undesired phenotypes for genes encoding toxic
proteins or those that function at very low expression
levels (Padidam, 2003). Conditional splicing systems have
been constructed to regulate gene expression in budding
yeast (Weigand and Suess, 2007) and mammalian cells
(Kim et al., 2008; Culler et al., 2010). In many plant lin-
eages, the expression of transcription factor IllA is regu-
lated by the P5SM RNA element, which is composed of an
exon and two flanking introns. Exon skipping by complete
splicing of P5SM requires ribosomal protein L5 and allows
the expression of transcription factor llIA. A hybrid version
of P5SM (HyP5SM) was synthesized that combined the fea-
tures of rice L5 and Arabidopsis L5 proteins. HyP5SM can
be effectively spliced by the rice (monocot) L5 protein
(OsL5) but not with the OsL5 orthologous protein from
Arabidopsis or tobacco (dicots) allowing the use of
HyP5SM to establish a OsL5-dependent transgene expres-
sion in dicot plants (HyP5SM is properly spliced only in the
presence of OsL5 protein). This was the case when a p35S-
driven eGFP reporter carrying HyP5SM showed traceless
expression in the absence of OsL5 (Hickey et al., 2012). In
plant immune responses, plant resistant proteins (e.g.,
receptor BS2) interact with pathogen effectors (e.g.,
avrBS2) and activate the hypersensitive response, which is
one of the most sensitive phenotypes with a very low
threshold requirement for the presence of resistant pro-
teins and corresponding effectors (Gonzalez et al., 2015).
Gonzalez and colleagues demonstrated the use of the exon
skipping system in a combination of transcriptional con-
trols to achieve non-leaky transgene expression in the
absence of the OsL5 splicing component. This expression
switch requires that both promoters drive the expression
of OsL5 and the transgene harbouring the HyP5SM cas-
sette are active simultaneously and in the same cell to pro-
duce the protein encoded by the transgene. Not only does
control of exon skipping prevent transgene expression, it
also controls its induction stringently in a temporal and
spatial manner (Gonzalez et al., 2015).

Manipulation of mRNA stability (RNase-mediated
transcript repression)

While the exon skipping system represents a ‘switch on’
control for conditional expression, a ‘switch off’ control will
extend the flexibility of transgene expression control at the
post-transcriptional level. We previously proposed that
endoribonucleases like CSY4 from Pseudomonas aerugi-
nosa may serve as ‘switch off’ controls (Eudes et al., 2014).
In P. aeruginosa, CSY4 is a component of the CRISPR/CAS
immune system and functions in crRNA maturation by
cleaving repetitive units in CRISPR arrays (Haurwitz et al.,
2010). The cognition sequence for CSY4 cleavage is a 28-bp
unique sequence. In a synthetic biology application, CSY4
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cleavage was utilized to dissociate transgenes from their
linked genetic elements at the transcript level in E. coli and
yeast (Qi et al., 2012). In mammalian cells, CSY4 cleavage,
together with other RNA regulatory strategies, enabled
expression of protein and gRNAs from a single RNA tran-
script (Nissim et al., 2014). In E. coli, yeast, and mammalian
cell studies, effective cleavage at one or more CSY4 cogni-
tion sites in one transcript was demonstrated. Because of
the broad functionality of CSY4 in these organisms, it can
be expected that site-targeted endoribonucleases can be
fashioned to work in plants by adding CSY4's recognition
cognition sequence in either the coding sequence or
untranslated regulatory regions (Qi et al., 2012; Eudes
et al., 2014; Nissim et al., 2014; Borchardt et al., 2015).
Such an RNase-based system can be used to generate con-
text-free genetic elements, resulting in predictable expres-
sion regulation of one or multiple genes.

Control of translation activity (riboswitch-dependent
translation)

Riboswitches are mRNA elements that regulate gene
expression in response to ligand binding. Upon ligand
binding at the ‘aptamer’ domain, conformation changes
are transmitted to the ‘expression platform’ domain of the
riboswitch, resulting in inhibition or activation of the regu-
lated mRNA expression (Serganov and Nudler, 2013). Reg-
ulation of gene expression by riboswitches is found in all
domains of life, but is most prevalent in bacteria (Rodionov
et al., 2002; Kubodera et al., 2003; Sudarsan et al., 2003;
Winkler and Breaker, 2005; Croft et al., 2007). Natural ribos-
witches regulate expression of genes that are involved in
the biosynthesis, catabolism, signalling, or transport of the
riboswitch ligand, maintaining the proper physiological
level of the ligand (Serganov and Nudler, 2013). The modu-
lar structure of riboswitches facilitates their engineering
and adaptation for transgene expression regulation. Poten-
tial applications of natural and engineered riboswitches
have been extensively studied in bacteria (Wittmann and
Suess, 2012). Riboswitch-based transgene regulation in
higher organisms is more challenging but still holds lots of
promise. The challenge partially stems from the complex-
ity of the post-transcriptional gene regulation. The thi-
amine pyrophosphate (TPP) riboswitch is a naturally
occurring riboswitch that functions in preserving metabo-
lite homeostasis (Bocobza and Aharoni, 2014) and is
widely distributed in plant species (Wachter et al., 2007).
The feasibility of riboswitch-based transgene regulation is
further supported by Arabidopsis studies, in which the
expression of YFP was tuned by a TPP riboswitch in
response to in vitro TPP concentration (Bocobza and Aha-
roni, 2014). Higher organisms have specified cellular and
subcellular functional units. Functional compartmentation
may limit the accessibility and availability of certain
metabolites to mRNA molecules. Nevertheless, this

obstacle may be circumvented by using riboswitches to
sense metabolite intermediates in a specific pathway,
rather than in the final product. The flexibility of riboswitch
control comes from the RNA aptamer, which in theory can
be engineered to bind to any kind of molecule, including
nucleic acid, amino acids, and metabolites (Berens et al.,
2015), as well as from the expression platforms that exe-
cute gene expression regulation at diverse levels (Henkin,
2008). Two recent studies exemplified sophisticated trans-
gene control by riboswitches in plants. In Chlamydomonas
reinhardtii chloroplasts, inducible repression of two essen-
tial genes Rps12 and RpoA was obtained by down-regula-
tion of their upstream regulator Nac2, which is controlled
by a TPP riboswitch (Ramundo et al., 2013; Auslander
et al., 2014). In another example, T7 RNA polymerase was
fused with a theophylline-activated riboswitch and induced
robust transgene expression in the presence of theo-
phylline in tobacco chloroplasts. Combining a riboswitch
control and secondary effectors (like the nuclear Nac2 gene
or RNA polymerase), the two studies achieved robust and
conditional transgene expression in plastids. Plant plastids,
in which the gene expression mechanism is more closely
related to bacterial systems, serve as a convenient system
for the study and application of riboswitch-mediated regu-
lation (Bocobza and Aharoni, 2014) in plants.

Emerging tools for tight transgene expression regulation
are necessary to expand the portfolio of synthetic biology
tools for metabolic engineering of plants. Many of these
tools are still too premature to be fully deployed. For
example, exon-skipping-based transgene expression regu-
lation has been developed for dicot plants, but its uses in
monocot plants demand the constructions of a new syn-
thetic P5SM that is not recognized by the monocot L5 pro-
tein. The structure details in the interaction model of P5SM
and L5 (Hammond et al., 2009), as well as the experience
in the designing of HyP5SM (Hickey et al., 2012) may shed
light on optimized P5SM. Achievement of the full potential
of riboswitches relies on the capability of constructing cus-
tom riboswitches. Encouragingly, the upcoming tech-
niques and strategies, including information-intensive
rational design (Auslander et al., 2014) and high-through-
put screening in vivo and analysis (Townshend et al.,
2015), will speed up the construction of active custom
riboswitches for plants. Lastly, the proper selection and
creative integration of synthetic regulators with cellular
machinery may be critical for the successful application of
the synthetic tools.

Protein expression regulation at the post-translational
level

Synthetic biology approaches to pathway regulation at the
protein level have been tailored for a wide variety of appli-
cations. Although most of these methods have been devel-
oped for microbial systems, many can be adopted for
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tighter activity regulation of transgene products in crop
plants for multigene expression, tighter control on protein
levels, or regulation of protein activity. Tight spatiotempo-
ral regulation may be necessary for either tissue-specific or
environmentally responsive engineering efforts in future
bioenergy crops.

One of the targets of plant synthetic biology is to pro-
vide the ability to express multiple proteins simultaneously
and at stoichiometry. Because plants do not have the lux-
ury of utilizing operons for multigene expression, it is often
technically cumbersome to build constructs for expression
of more than one gene. To address this issue, a system
adopting the self-cleaving 2A peptide has been success-
fully used in plants to express multiple genes from one
transcript (Halpin et al., 1999). The 20-amino acid peptide
is placed between two protein-encoding sequences to gen-
erate a single transcript. During translation of the 2A pep-
tide sequence, the first protein moiety splits from the
second half during translation, allowing two separate pro-
teins to be produced from one transcript. Engineering
fusion proteins with the 2A peptide will facilitate many
future efforts in the simultaneous expression of proteins
from a single promoter; however, the 2A peptide will
remain on the C-terminus of the first protein, which may
affect protein activity.

Regulation at the protein level offers a more direct and
quicker response than going through signalling pathways
to change transcriptional expression. Therefore, tight regu-
lation of protein activity or expression in response to envi-
ronmental stimuli can sometimes be more attractive.
Proteins have been engineered to be activated by light
(Nihongaki et al., 2015) in mammalian cells, temperature
(Shen et al., 2012) in planta, and small molecule ligands as
biosensors in E. coli (Lopez and Anderson, 2015). For
example, thermoregulation of xylanases has been devel-
oped to degrade plant cell wall material via self-splicing
bacterial inteins (Shen et al., 2012). Tight activity regula-
tion of cell wall degrading enzymes is necessary because
expression in planta may result in many pleiotropic effects
detrimental to overall plant fitness. With an increase in
temperature >59°C, the intein would self-splice and recon-
stitute a functional xylanase. Regulation of transgene prod-
ucts at the protein level provides an additional layer for
precise activity/expression control of heterologous proteins
needed to not only improve crop yields but also for down-
stream processing of bioenergy crops.

Protein modifications have also been used for the syn-
thetic regulation of metabolic flux. The enzymes that con-
stitute a specific metabolic pathway have been spatially
brought together to increase metabolic channelling
between concurrent enzymatic reactions using synthetic
protein scaffolds. Dueber and colleagues successfully
implemented this strategy by heterologously expressing
various interaction domain/ligand pairs from metazoans in
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yeast (Dueber et al., 2009). Scaffolds of the interaction
domains recruited enzyme-ligand fusions within much clo-
ser proximity to one another to increase flux through the
pathways of interest, resulting in higher yields. With a
clear hope and desire to express whole synthetic metabolic
pathways in plants for various uses, regulation and
increased flux through these pathways through protein
modifications present another key example of how some
of the many synthetic biology tools that have been devel-
oped for microbes may be leveraged by plant biologists.

GENE STACKING IN CROP PLANTS

Most plant engineering efforts have been based on the tar-
geted overexpression of one transgene. In contrast, efforts
using simpler unicellular systems have explored the
expression of multiple genes simultaneously for introduc-
tion of multi-enzyme metabolic pathways, genetic circuits,
and complex traits. Just as breeders will stack multiple
traits into a single cultivar, molecular biology provides the
means to stack multiple genes that will be transferred
simultaneously into a single plant. The stacking of multiple
genes/traits through DNA assembly is integral to many
synthetic biology projects, as more intricate and complex
approaches often require more parts. The ability to effi-
ciently stitch strands of DNA together may seem straight-
forward, but in practice there are many approaches and
challenges, given the size and scope of a given project.
Thus, many groups have recognized the challenges
involved in DNA assembly, and multiple tools have been
developed. Plant molecular biologists are now catching up
to their microbiologist counterparts and have adopted
many of these newer strategies to manipulate plant binary
vectors. These methods will allow plant biologists to trans-
fer DNA material into plant genomes more easily and
effectively.

One reason why bacterial systems are easier to work
with is the ability to control multiple genes under one pro-
moter by designing operons. One promoter can be used to
drive several genes, with ribosomal binding sites separat-
ing each coding sequence. Ribosomal binding sites in
many bacterial systems have been predicted and verified
experimentally, allowing the expression level of each gene
within the operon to be tuned to certain expression
strengths. Eukaryotic systems, like plants and yeast, do not
have the luxury to easily manipulate multiple genes simul-
taneously and need each coding sequence to be driven by
a promoter and terminator element, thus making DNA
assembly a more tedious and complex process.

One possible way to express multiple transgenes simul-
taneously is to cross plants expressing different trans-
genes. This method is not ideal for plant synthetic
biologists for several reasons. Transgenes are randomly
inserted into the genome and sometimes in multiple
copies, and thus there may be positional effects on the
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expression of the transgene. This variation forces plant
biologists to screen multiple transformants and verify the
number of transgene insertions, to determine whether and
to what level the transgene is being expressed — not a triv-
ial task. Consequently, it is more desirable to stack genes
within one T-DNA and introduce all transgenes of interest
simultaneously. Gene stacking permits all the transgenes
to be inserted in the same locus within the genome, less-
ening the complications of positional effects that could
affect the different transgenes.

Another challenge biologists face is the robust ability of
plants to silence transgenes. This process is primarily
associated with defence against potential pathogens, espe-
cially virus infections, as a key mechanism by which plants
destroy transcripts and suppress expression of foreign
genes. Unfortunately for plant molecular biologists, the
introduction of genes of interest into plants may some-
times trigger this response. Even a single gene expressed
constitutively may run the risk of being silenced after a few
generations. Thus, expression of more than one gene con-
stitutively will have an even greater chance of running into
silencing issues. When stacking genes in plants, it is
important to avoid gene silencing issues through the use
of different promoters, each driving a different coding
sequence. Traditionally, plant molecular biologists clone a
single gene into a multiple cloning site in a binary vector
for plant transformation. However, one can easily imagine
how stacking the expression of even two genes simultane-
ously becomes difficult and cumbersome when using tra-
ditional large binary vectors that have been primarily and
originally intended for the expression of one single gene.
A key criterion for facilitating interchangeable and univer-
sal DNA parts (i.e., promoters, coding sequences, termina-
tors, etc.) is standardizing assembly methods and DNA
components (Patron et al., 2015). By doing so, various
DNA parts can be freely exchanged between researchers.
In the following paragraphs, we outline a few existing
methods for gene stacking in plant systems (Table 2).

The BioBrick DNA assembly standard is a large concerted
effort to develop a widely accepted method for DNA assem-
bly in synthetic biology. lterative assembly of various vec-
tors housing DNA parts could be digested with compatible
sticky ends from different conventional restriction enzymes.
This ultimately allows vectors with various DNA parts to be
deposited into a central repository to facilitate the open-
source free exchange of parts between different laborato-
ries and institutions. One limitation of the BioBrick system
is its limited assembly capability, as only two parts can be
fused together at one time. This only allows for iterative
assembly, in comparison with other methods (described in
this section), which may permit the assembly of multiple
parts at one time. Another drawback of the BioBrick system
is that the use of four restriction enzymes to generate com-
patible sticky ends necessitates that all DNA parts are void

Table 2 Summary of DNA assembly methods

Method Description

Traditional ~ Traditional plant binary vectors (e.g. pPCAMBIA)
(MCS) allow for integration of a single coding sequence
into a multiple cloning site by choosing from
several restriction enzymes

Standardized parts that allow for an iterative
assembly of parts. Restriction enzyme dependent.
Iterations allow for DNA assembly, but only two
parts can be added together at a time — thus time
consuming (Philips and Silver, 2006; Anderson
et al., 2010; Boyle et al., 2012)

Circumvents restriction enzyme cloning. Various
Gateway-compatible binary vectors have been
already made (Earley et al., 2006). DNA assembly
is limited by the number of recombination sites (5
maximum). Proprietary (Life Technologies)

Gibson Assembly of multiple parts without scars. Largely

PCR-based, therefore needs to be thoroughly
resequenced after cloned into destination vector
(Gibson et al., 2009)

Golden Multi-part assembly from standardized parts. Type Il

Gate restriction enzyme dependent (Rebatchouk et al.,
1996). Hierarchical Golden Gate cloning is
implemented for plant binary vectors: GoldenBraid
and MoClo systems (Weber et al., 2011;
Sarrion-Perdigones et al., 2013)

BioBrick

Gateway

of these restriction enzyme cut sites. Furthermore, since the
inception of the BioBrick method, numerous variations of
the assembly with different combinations of different
restriction enzymes have been developed (Philips and
Silver, 2006; Anderson et al., 2010). Thus, not all BioBrick
parts in the repository are compatible. Nonetheless, plant
BioBrick vectors have been developed (Boyle et al., 2012).
Although there are shortcomings with the BioBrick assem-
bly, the open-source spirit has remained a core component
of the synthetic biology community.

A method that has gained and retained popularity within
the plant molecular biology community is the Gateway
system. By using proprietary enzymes from the company
Life Technologies, this recombination-based method elimi-
nates the need for specific restriction enzyme cut sites.
Although many plant binary vectors have been developed
to easily shuffle genes into different Gateway-compatible
destination vectors (Earley et al., 2006), this method leaves
larger scars in contrast with restriction-based DNA assem-
bly, and the majority of these vectors are still designed for
a very limited number of genes to be expressed in planta.
Using the Gateway system, multiple DNA parts can be
assembled into a destination vector in one reaction, how-
ever unlike the BioBrick assembly this is not an iterative
process and more genes cannot be subsequently added
into the destination vector. Therefore, the Gateway system
may face challenges as a standardized DNA assembly
method for the plant synthetic biology community.
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Recent methods that have become more widely used
and have excelled in multi-fragment DNA assembly have
explored the use of type lls restriction enzymes. Type lls
restriction enzymes cut at a defined distance away from
their recognition site, thus enabling researchers to design
‘custom’ sticky ends and providing directionality of assem-
bled DNA parts. Twenty years ago, NOMAD (nucleic acid
ordered assembly with directionality), the birth of stan-
dardized assembly method exploiting the use of type lls
restriction enzymes, was described (Rebatchouk et al.,
1996). Since this time, additional methods have been
developed, notably the Golden Gate assembly method,
which allows assembly of more than 10 parts simultane-
ously (Weber etal, 2011). Variations of hierarchical
Golden Gate assembly have been described for plant bin-
ary vectors using a standardized syntax for stitching
together promoters, coding sequences, and terminators.
The nascent plant synthetic biology community is working
to build international recognition of certain syntax to be
used for iterative Golden Gate assembly for plant synthetic
biology. Two widely used methods are the MoClo (Weber
et al., 2011) and Golden Braid systems (Sarrion-Perdigones
et al., 2013).

The ability to introduce multiple genes simultaneously
into crop plants opens the door to more sophisticated and
targeted manipulations of plant genomes. New traits and
metabolic pathways that may make crop plants more
amenable to societal and bioenergy needs will be pivotal
for the future of plant biotechnology. It is not clear what
limitations on size and content exist for delivery of DNA
material into plants for more extensive and complex engi-
neering efforts. The development of synthetic plant chro-
mosomes has been used as a platform to address some of
these issues; however, there have been some logistical pit-
falls, and much more basic understanding of the system is
necessary before widespread application of this technol-
ogy is feasible (Birchler, 2015). Until this time, traditional
methods utilizing Agrobacterium- or biolistic-mediated
transformations that can leverage the earlier-mentioned
methods will provide conventional approaches to deliver-
ing multiple genes into plant genomes.

ENGINEERING BIOENERGY TRAITS IN CROPS

Synthetic biology has been used to manipulate and intro-
duce metabolic pathways into various hosts. To this end,
microbes such as yeast and E. coli have been engineered
to make molecules of interest to serve societal needs
(Keasling, 2010), ranging from pharmaceutical to bioen-
ergy applications (Ro et al., 2006; Bokinsky et al., 2011).
Different bioenergy crops are grown for different biofuel
feedstocks materials. Thus, disparate crops will require dif-
ferent emphases in the traits to be metabolically engi-
neered. The three major areas in which bioenergy crops
will play a pertinent role as feedstocks are: (i)
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lignocellulose production, (ii) oil production, and (iii) sol-
uble sugar production (Figure 2).

Lignocellulose biomass crops

The majority of carbon fixed by plants ends up in plant cell
walls stored as sugar polymers, thus making plant cell
walls an attractive feedstock for microbial production of
biofuels. Although simpler engineering efforts using the
expression of either single genes or RNAI constructs have
been shown to improve yields for lignocellulosic-derived
biofuels, the introduction of more complex metabolic path-
ways may improve the yield of sugar from cellulose or
decrease the recalcitrance of lignin, improving the extrac-
tion of cell wall sugars and reducing the overall cost of the
entire process (Klein-Marcuschamer et al., 2010; Loqué
et al., 2015).

A major obstacle in lignocellulosic-based biofuels is the
difficulty of freeing sugars from cell wall polysaccharides
because of sequestration by lignin polymers. Early studies
have shown that lignin content could be decreased by tar-
geting lignin biosynthesis genes with RNAi (Reddy et al.,
2005; Chen and Dixon, 2007; Smith et al., 2013). However,
many times this approach resulted in dwarf plants, high-
lighting the structural significance of lignin (Bonawitz and
Chapple, 2013). The introduction of metabolic pathways
that compete away substrate from the lignin biosynthetic
pathway or produce enzymatic inhibitors has also been
shown to be an effective method for decreasing lignin con-
tent without resulting in dwarfed plants (Eudes et al., 2015,
2016).

Another approach that has only recently been explored
is manipulating the sugar composition of the plant cell
wall. Specifically, it has been proposed that increasing the
C6 to Cb sugar ratio (hexoses and pentoses, respectively)
would ultimately yield a higher titre of biofuels, as C6 sug-
ars are usually more efficiently fermented into ethanol than
C5 sugars (van Vleet and Jeffries, 2009; Young et al., 2010).
Some early studies have shown that plant cell walls can be
engineered with reduced xylan content (Petersen et al.,
2012) as well as manipulated to enrich them with galactan
(a C6-sugar polymer; Gondolf et al., 2014) or mixed-linkage
glucan (a C6-sugar polymer; Vega-Sanchez et al., 2015). All
approaches resulted in an overall increase in C6 sugars,
and no deleterious growth effect was observed.

The next expected engineering steps would be to trans-
late these approaches to bioenergy crops and stack both
the low lignin traits with the enrichment of C6 sugar ratio
traits to gain a cumulative benefit of each trait without
affecting plant development. This goal could be seen as
extremely long and challenging, but with the emergence of
the necessary synthetic biology tools, it could be achieved
in a short time. For example, all the genes used to develop
these straits could be rapidly assembled within a
single T-DNA, and various promoter-encoding sequence
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combinations and gene stack combinations could be gen-
erated simultaneously. Furthermore, synthetic promoters
could be utilized to synchronize and express a series of
genes at the same time or in specific tissues. More precise
engineering could be further developed using molecular
switches. For example, they could be implemented to turn
off the expression of transgenes involved in lignin reduc-
tion under external stresses, such as drought stress, to
retain high hydrophobicity of the vessels to reduce risks of
embolism. Alternatively, or in combination with synthetic
transcriptional activators, cell wall hydrophobicity could be
enhanced by boosting vessel lignification. In this particular
example, synthetic transcriptional activators would be
designed to enhance expression of multiple genes from
the lignin biosynthesis pathway or a transcription factor
such as AtMyb58 (Zhou et al., 2009) to increase the meta-
bolic flux through this pathway.

It is important to note that although the plant research
community has started to build an armamentarium of tools
for more complex plant metabolic engineering, many
aspects of plant metabolism (e.g., feedback regulations)
are not yet fully understood. In the case of lignocellulosic
bioenergy crops, we do not completely understand the
physiological ramifications of manipulating cell walls, as
they play a role in many other aspects of plant physiology
(e.g., turgor pressure, water potential, and plant-pathogen
response). Synthetic biology will not only allow us to engi-
neer plants with more complex pathways to test the
boundaries of plant cell wall modifications, but synthetic
biology can leverage our basic understanding of plant cell
wall properties, and ultimately enable more precise and
targeted approaches in future engineering efforts. This
basic research will provide the foundation needed to
manipulate plant cell walls and prevent the appearance of
pleiotropic and detrimental effects on overall fitness.

Qil-rich crops

Bioenergy crops that are grown for the eventual produc-
tion of biodiesel require an entirely different strategy in
metabolic engineering, as oils from these crops are primar-
ily harvested from their seeds. Two areas of focus that
have predominated efforts in metabolic engineering of oil
seed crops are: (i) increasing the oil content, and (ii)
manipulating the lipid composition.

Increasing the oil content of crops is of biotechnological
relevance to both bioenergy and agricultural needs.
Because these crops (e.g., canola and camelina) accumu-
late large amounts of oil in their seeds, most engineering
efforts have emphasized increasing oil production in
seeds. Expression of transcriptional regulators (e.g., WRI1,
LEC1, and LEC2) and key triacylglycerol biosynthesis
enzymes (e.g., DGAT and MGAT) has been successfully
manipulated to further enrich the oil content of seeds
(Napier et al., 2014). Furthermore, decreasing flux to

competing carbon sinks, such as starch, through knock-
down approaches that target important metabolic forks
has also yielded higher seed oil content and overall oil pro-
duction (Slocombe et al., 2009; Kelly et al., 2013). More
recently, studies have shown how gene stacking has
enabled more sophisticated metabolic engineering to addi-
tively increase the oil yields in comparison with earlier
efforts that overexpressed a single gene (van Erp et al.,
2014; Vanhercke et al., 2014). With efficient editing tools
such as CRISPR/CAS9-based approaches (Puchta, 2016), it
will become possible to engineer oil crops and condition-
ally or developmentally repress endogenous competitive
carbon sinks during the seed filling period.

Another strategy has been to increase and expand oil/tri-
acylglycerol production in vegetative tissue, because the
majority of the plant is composed of vegetative tissue. Leafy
crop plants, such as Nicotiana tabacum, have been
metabolically engineered by stacking genes to increase tria-
cylglycerol production in leaf tissue to levels that are com-
petitive with those seen for oilseed crops (Vanhercke et al.,
2014). Another impressive study demonstrated how meta-
bolic engineering of sugarcane could be used to accumu-
late significant amounts of triacylglycerols in the vegetative
biomass (Zale et al., 2016). Furthermore, increases in tria-
cylglycerol (TAG) in Arabidopsis leaf tissue have been
achieved with alternate approaches that do not require the
overexpression of any genes, but rather through mutations
in genes such as TRIGALACTOSYLDIACYLGLYCEROL1
(TGD1) and SUGAR-DEPENDENT1 (SDP1), in order to
decrease fatty acid turnover and block rates of fatty acid
beta-oxidation (Fan et al, 2014). Metabolic engineering
feats in high-impact bioenergy crops, such as sugarcane,
provide an example of the role metabolic engineering and
synthetic biology may play in the future of bioenergy crops.

Beyond increasing oil content, metabolic engineering
has been used successfully to manipulate the fatty acid
composition of plants. Through the genetic manipulation
of crop species such as soybean and canola, fatty acid sat-
uration composition has been modified to improve nutri-
tional value or economic relevance. For example, studies
have shown that the oleic acid content can be significantly
increased in soybean oil to levels that will improve the
nutritional value and stability of the oil (Pham et al., 2010).
More complex fatty acid modifications have also been
applied to seed oils by introducing and expressing up to
nine transgenes into Brassica juncea seeds to address the
human health benefits of very-long-chain polyunsaturated
fatty acids (Wu et al., 2005). As in studies that manipulate
fatty acid composition for nutritional benefits, the optimal
biodiesel will benefit from precise manipulation of the lipid
pathway in oil crops. Biodiesels from different crop plants
have varying chemical properties that may make it difficult
to use them in varying geographical regions. For example,
the cloud point, which refers to the temperature at which a
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given fuel begins to thicken, of biodiesels derived from dif-
ferent crops can vary widely. Palm biodiesel typically has a
cloud point of 17°C, versus canola biodiesel which has a
cloud point of about 0°C (Mittelbach and Remschmidt,
2004; Moser, 2008). This is in comparison with the stan-
dard diesel, D2, which has a cloud point of —12°C. Thus,
palm biodiesel cannot be used in cold climates unless the
chemical composition of the TAG is modified, which can
be achieved through genetic manipulation. Similar to the
isoprenoid pathway engineering in plants, synthetic biol-
ogy can be leveraged to manipulate TAG composition in
various crops, as well as fine tune and optimize expression
of genes of interest in order to optimize metabolic flux
through a given pathway (Reviewed in Fesenko and
Edwards, 2014; Kempinski et al., 2015; Yuan and Grote-
wold, 2015).

There are some immediate shortcomings in the current
market for biodiesel. Namely, conversion of all American
vegetable oil production to biodiesel would replace only
10% of current diesel consumed. Currently, the devotion of
some of this sector to biodiesel has already contributed to
increased vegetable oil prices, and such a drastic shift in
diverting plant oils to biodiesel would have unintended
consequences on other sectors of the economy, especially
food prices. Thus, production of biodiesel from seed oil is
far from being a panacea to the biofuel problem, but a
combination of improved yields through biotechnology —
possibly with the development of increased vegetative oil
production (Xu and Shanklin, 2016) — in conjunction with
prudent policies that are aimed at slowly mitigating unin-
tended effects on other sectors may enable a sustainable
solution through biodiesel.

Soluble sugars-rich crops

Soluble sugars make up a large and commercially impor-
tant sector of the existing bioenergy feedstock market. Cur-
rently, sugarcane is the most successful bioenergy crop, as
large amounts of its fermentable sugars are water soluble
and are extracted directly from the plant very efficiently
and at low cost. The remaining lignocellulosic material is
burned for downstream fermentation processing or saccha-
rified to generate an additional fermentable sugar stream.
However, even with such an ‘ideal’ bioenergy crop, there
are further modifications that plant metabolic engineering
may offer in improving soluble sugar yields in sugarcane
that could be also applied in crops that accumulate less sol-
uble sugars, like sweet sorghum. Sugars and sugar phos-
phates are core to central carbon metabolism, complicating
the ability to significantly modify and perturb their levels.
Nonetheless, there are two complementary approaches
that may provide strategies for increasing sugar levels:
increasing flux on the source side or on the sink side. By
pushing or pulling on carbon, one can potentially increase
the theoretical amount of photosynthate that can be
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produced or redirect sugar biosynthesis towards other
products of interest to pull more flux through the pathway.

Efforts have been made to increase carbon fixation on
the source side to eventually push higher yields of sugar
through improving the photosynthetic capacity of crop
plants. Although this in itself warrants its own review (Ort
et al., 2015), we highlight just a few strategies that have
been considered for improving photosynthesis for the
eventual increase in biomass, growth, or overall carbon fix-
ation. At the heart of many decades of research into
improving carbon fixation is the key enzyme RuBisCO.
Improving the kinetics of RuBisCO has been resistant to
molecular engineering efforts for decades, however
expression of heterologous RuBisCO from cyanobacteria in
crop plants may provide a way (Lin et al., 2014b), espe-
cially given the improvements that have been made in
improving cyanobacterial RuBisCO (Durao et al., 2015).
Other possible ways to improve carbon fixation involve
addressing the carbon lost to photorespiration. Various
metabolic engineering efforts have been proposed to
decrease the inefficiencies of RuBisCO by addressing pho-
torespiration through the introduction of bacterial meta-
bolic pathways (Kebeish et al., 2007; Shih et al., 2014).
Finally, potential enzyme bottlenecks in the Calvin-Benson
cycle have been identified with metabolic flux studies and
validated experimentally with overexpression studies, pro-
viding hints that metabolic engineering to optimize photo-
synthesis may be possible (Miyagawa et al., 2001). All
these efforts would ultimately yield increased flux through
sugars and may eventually be used to increase soluble
sugar yields in crops such as sugarcane.

Complementary approaches in metabolic engineering
will focus on the sink-side strategies on pulling more car-
bon through sugar biosynthesis into other products of
interest. Because sucrose accumulation will inhibit photo-
synthesis, it is important to draw the sugar into a different
sink, ideally another carbon source or sugar that will not
induce a negative feedback on the photosynthetic machin-
ery. Pulling on sucrose by diverting its biosynthesis into
the sugar isomers isomaltulose and trehalulose has been
successfully engineered into sugarcane to increase overall
soluble sugar content in the plant (Wu and Birch, 2007;
Hamerli and Birch, 2011). Other limitations that would
need to be considered are the sugar transporters that are
integral in the shuttling of sugars from source to sink tis-
sue (Chen et al., 2015; Rossi et al., 2015). For example, the
SWEET transporter family has been often highlighted to
control carbohydrate translocation into sink tissues such
as SWEET4 in rice and maize seeds (Sosso et al., 2015)
and SWEET9 in Brassica and Nicotiana nectarines (Lin
et al., 2014a). Moreover in an effort to increase the amount
of galactose — and ultimately galactan deposition — in plant
biomass, Gondolf et al. (2014) simultaneously overex-
pressed galactan synthase and the upstream epimerase
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needed to divert flux from UDP-glucose to UDP-galactose
in Arabidopsis. Despite the cell wall galactose content
increase, they further suggested that the transport of UDP-
galactose into the Golgi lumen is the next limiting step
(Gondolf et al., 2014). This suggestion would be in agree-
ment with the increase in galactosylated cell wall compo-
nents when the human UDP-galactose transporter 1 gene
(hUGT1) and the Arabidopsis UDP-Rha/UDP-galactose
transporter 1 (URGT1) are overexpressed in tobacco and
Arabidopsis respectively (Rautengarten et al., 2014; Abedi
et al., 2016).

It is important to note that even if bioenergy crops that
accumulate large amounts of soluble fermentable sugars
seem to be ideal crops, precise conditions are required to
collect these sugars. After harvest, this biomass cannot be
stored and needs to be processed immediately to avoid
spoilage due to the easy accessibility of its fermentable
sugars to various opportunistic microbes. Therefore, it
could be more suitable to engineer these crops to be cap-
able of converting these sugars into products that would
be used as biofuel directly, such as triacylglycerols (Zale
et al., 2016) or biofuel precursors such as pinene or limo-
nene (Dunlop et al., 2011). Some of these approaches need
significant metabolic remodelling, and thus require manip-
ulating expression of several genes, such as induction and
repression of native genes, as well as introduction of new
genes to support the development of foreign pathways. A
decade ago these sorts of projects may have seemed like a
significant undertaking, however with recent advances and
the support of metabolic engineering and synthetic biology
these projects are becoming more common and routine
(Napier et al., 2014; Zale et al., 2016).

The metabolic engineering of feedstock crops is not lim-
ited to modifying bioenergy traits. Rather, it will also be
important in the future to improve abiotic and biotic stress
resistance in various crops. For example, if cold tolerance
traits can be easily engineered in sugarcane that would
push its geographical/climate-dependence boundaries, it
would boost the availability of easily extractable and fer-
mentable sugars, and increase cost-competitiveness of bio-
fuels. Thus, metabolic engineering will play an important
role in introducing new traits into crop plants in the future.

CONCLUSION

As discussed in this review, advances have been made in
developing synthetic biology tools to support plant meta-
bolic engineering, including the optimization of some of
the bioenergy crops using the first generation of tools.
Beyond these bioenergy traits, it is very important to
develop new or to optimize current agronomical traits and
transfer these to the most promising bioenergy crops to
grow these crops sustainably while increasing product
yield. The consideration of: (i) how fast technologies
related to analytic methods are progressing, allowing

faster and cheaper analysis of complex samples, (ii) how
sequencing and DNA synthesis costs are decreasing, (iii)
the development of high-throughput and miniaturization
assays supporting low cost of DNA assembly and enzy-
matic assays, and (iv) the development of new algorithms
for large data analysis, metabolic engineering and syn-
thetic biology have a bright future and will be of great sup-
port in tackling important challenges related to food,
energy, and sustainability.
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