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Genomics, Epigenetics 
& Synthetic Biology 

Lecture 4:  
Self-organisation and 
reprogramming of 
multicellular systems

1

Applications of Synthetic Biology 

Lecture 3 
Cell autonomous genetic circuits with self-regulating properties 
e.g. microbial engineering,  
        enviromental and biomedical sensors 
        engineering novel metabolic pathways 

Lecture 4 
Morphogenetic circuits with self organising properties  
e.g. microbial biofilms or self-organising communities for  
        bioremediation and bio catalysis 
        engineering novel plant varieties for bioproduction 
            

2 In this lecture, we will look at circuits which (i)  act cell non cell 
autonomously, and (ii) work in a multicellular context and involve 
communication between cells.

Self-organisation at the cellular scale

Myxococcus xanthi 3 Microbes have a social life. Myxococcus xanthi a slime bacterium 
which has a planktonic form that can scavenge for nutrients. 
When nutrient sources are poor, the bacteria congregate and 
form fruiting bodies. This image shows fruiting bodies on a 
substrate of dung.

4 Formation fruiting bodies, individual bacteria congregate and 
swarm.



5 Cell movement is driven by molecular jet propulsion, caused by 
hydration of muco-polysaccharides from nano-scale pores at the 
termini of the bacterial cells.

6 Chemotaxis and cell cell communication results in the formation 
of cellular mounds. As the cells climb over each other, some cells 
differentiate into spores and form fruiting bodies.

7 The spore bearing structures are elevated from the substrate to 
allow aerial dispersion of spores.

Morphogenetic bacteria

8 Different species of Myxobacteria form different spore-bearing 
structures.



Stigmatella aurantiaca
Caroline Williams

New Scientist 16 July 2011
9 Some, like Stigmatella aurantica form microscopic tree-like forms, 

complete with branches and spore-containing “fruit”. The fruiting 
bodies of slime bacteria are an extreme case of bacterial 
communication, but most microbes possess some rudimentary 
form of cell-cell communication. 

10 Processes of microbial pathogenesis or biofilm formation rely on 
cell-cell communication. In particular, the exchange of small 
molecules is a characteristic of quorum sensing. Here, bacteria 
produce and receive chemical signals that allow them to sense 
local population densities. These include some of the simplest 
known communication systems using molecules such as acyl 
homoserine lactone derivatives (AHL’s), which are capable of 
directly passing in and out of cells. A single enzyme (e.g Vibrio 
fisheri LuxI) is required for synthesis, and a single regulatory 
protein (e.g. Vibrio fisheri LuxR) can dimerise on binding, bind to 
DNA, and activate gene expression.

11 The Hasty lab use this simple communication system to create a 
non-cell autonomous oscillator. Presence of the inducer allows 
formation of an active LuxR complex, and triggers the production 
of Lux I. This in turn produces more AHL molecules in a positive 
feedback loop. The AHL molecules can diffuse from the cell and 
allow communication with neighbours. Presence of the active 
LuxR regulator drives expression of green fluorescent protein 
reporter gene, and a potent lactonase (aiiA). After a short delay 
due to the timing of gene activation, transcription and 
translation, active aiiA will destroy all AHL within the cell. This will 
turn off gene expression in the circuit, and a recovery period 
ensues before the cycle starts again.

12 Small populations of cells carrying the circuit were contained in 
small chambers in microfluidic devices. Excess cells from the 
dividing population were washed away and GFP expression 
could be observed in the remaining population of cells. Rhythmic 
oscillations of GFP expression could be seen in time course 
observations.



13 Video of oscillations

14 GFP expression levels could be easily quantified. The simple 
oscillator showed regular period and amplitudes due to the 
quorate nature of the system.

15 Video of a growing biofilm and spontaneous oscillations that act 
as travelling waves.

16 Travelling waves in an extended biofilm, showing different 
magnifications of the microfluidic track. The use of a simple 
communication system allows traffic of information across 
extended fields of cells.



[1]. WUS expression is already detectable in 16-cell stage
Arabidopsis embryos, preceding the expression of the
stem cell marker CLAVATA3 (CLV3), indicating that
WUS activity and the establishment of the OC are necess-
ary to set up the stem cell niche [2,3]. In line with this,
laser ablation studies in tomato have shown that WUS is
activated de novo in the PZ as early as 24 hours after
ablation of the CZ and OC, before the formation of a new
stem cell system [4]. Consistently, Gallois et al. showed
that ectopic WUS induction in the root was sufficient to
trigger stable formation of shoot tissues [5] and together,

these studies highlight the leading role of WUS in setting
up the shoot stem cell system and consequently in driving
shoot development.

Once WUS expression is set up in the OC, its activity
needs to be continuously fine-tuned in order to balance
SC number and proliferation rate. It has turned out that
WUS acts in parallel with the homeodomain transcrip-
tion factor SHOOTMERISTEMLESS (STM), which
stimulates cytokinin (CK) biosynthesis by activating
the ISOPENTENYLTRANSFERASE7 (IPT7) gene

92 Growth and development
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Current Opinion in Plant Biology

The SAM — an overview. (a) Schematic representation of an Arabidopsis inflorescence apex. Signaling from the organizing center (OC, yellow)
maintains the stem cells (SC, red), which reside in the central zone (CZ, red) of the shoot apical meristem and are organized in three clonally
distinct cell layers (L1–L3). L1 and L2 cells divide strictly anticlinally, whereas L3 cells divide both anticlinally and periclinally. Cells that are
displaced laterally into the peripheral zone (PZ, blue) surrounding the CZ, start to differentiate and eventually give rise to organ primordia (OP),
while cells that leave the CZ basally into the rib zone (RZ, green) will produce the inner tissues of the stem. (b) WUS symplastically moves into the
overlying tissue to induce SC fate in the CZ (see c). CLV3 is secreted from the SCs and in turn acts to limit WUS expression via its receptors
CLV1/CLV2/CRN. miR394, which is expressed in L1, moves basally to allow WUS signaling by repressing LCR. STM activates IPT7, which
supplies active CK throughout the SAM and via AHK2/4 acts to maintain WUS expression in the OC. Additionally, WUS locally sensitizes the OC
and SC to CK by directly repressing ARR7/15, which negatively feedback on CK signaling. (c) PDs symplastically connect neighboring cells and
consist of a thin strand of endoplasmatic reticulum, the desmotubule, which crosses the cell wall through a plasma membrane lined channel. Both
WUS (green) and miRNAs (red) traffic through PDs, however the subcellular details of this movement (through cytoplasmic sleeve or via the
desmotubule) are still unknown.

Current Opinion in Plant Biology 2015, 23:91–97 www.sciencedirect.com

Engineering multicellular architectures in plants

17 In order to reprogram plant systems, it will be necessary to include cell cell 
communication. This will be required to initiate, maintain and coordinate 
patterns of gene expression in a multicellular context. We will look at an 
example of manipulation of shoot growth in a higher plant. 

wt wuschel  
(wus)

WUSCHEL (WUS) is a homeodomain gene that is 
required for formation and maintenance of the 
shoot apical meristem in Arabidopsis.

18 The growth of the apical meristem in high apical meristem in 
higher plants is controlled by opposing sets of regulatory 
proteins. We will look at two of these, as characterised in the 
model plant Arabidopsis. First, Wuschel is a homeodomain gene 
that is required for maintenance of the stem cells within the 
shoot apical meristem. In a wuschel mutant, the cells within the 
apical meristem fully differentiate, and the meristem terminates.

Ectopic expression of WUSCHEL induces stem cell proliferation

19 Overexpression of the Wuschel gene results in the hyper-
proliferation of stem cells within the meristem. Wuschel is 
sufficient for the production of indeterminacy in targeted cells.

20 In contrast, the Clavata3 gene plays a role in suppressing the size 
of the meristem. In its absence the meristem enlarges (which can 
result in the oversize Arabidopsis flowers shown here). 
Overexpression of Clavata3 results in loss of meristem activity 
(and undersized flowers).



21 Scanning electron micrographs of wild-type (inset) and clavata3 
mutant meristems. Loss of a clavata3 activity results in gross 
enlargement of this floral inflorescence meristem.

22 The expression of both Wuschel and Clavata3 is tightly localised 
to the shoot apex of the Arabidopsis plant. They possess 
overlapping expression patterns, with Clavata3 expression 
positioned to the outside of the meristem. Wuschel expression is 
localised inside the meristem. 

23 Wuschel and Clavata3 form part of a feedback loop that regulates 
meristem size in Arabidopsis. Wuschel gene activity promotes 
cell proliferation, and Clavata3 acts in a negative feedback loop 
to suppress meristem growth.

24 Clavata3 encodes a peptide that is produced on the outside of 
the meristem, diffuses to the cells on the inside, binds to 
receptors on these cells, and and inhibits Wuschel expression via 
the MAP kinase pathway. These mechanisms of action have been 
discovered through work with the model plant Arabidopsis. 
However, the same mechanisms are at work in most other higher 
plants.



25 The domestication of a crop plant like the tomato, has been 
accompanied by the selection and breeding of a wide variety of 
variants. These include plant varieties with profound differences 
in fruit size and shape, and plant architecture.

26 Modern tomato varieties emerged from wild Peruvian species 
(Solanum pimpinellifolium). Two mutant alleles which have played 
a major role in the breeding of large fruit sizes are locule number 
(lc) and fasciated (fc).

et al., 2017; Soyk et al., 2017; Swinnen et al., 2016). Here, we
designed a genetic ‘‘drive’’ system that exploits heritability of
CRISPR/Cas9 transgenes carrying multiple gRNAs in ‘‘sensi-
tized’’ F1 populations to rapidly and efficiently generate dozens
of novel cis-regulatory alleles for three genes that regulate fruit
size, inflorescence architecture, and plant growth habit in
tomato. By segregating away the transgene in the following
generation, we recovered a wide range of stabilized promoter
alleles that provided a continuum of variation for all three traits.
For one of these genes, we found that transcriptional change
was a poor predictor of phenotypic effect, revealing unexplored
complexity in how regulatory variation impacts quantitative
traits.

RESULTS

Recreating a Fruit Size QTL by CRISPR/Cas9
Mutagenesis of a CRE
The major feature of tomato domestication was a dramatic in-
crease in fruit size, caused in large part by an increase in the
number of carpels in flowers, and thus seed compartments (loc-
ules) in fruits. QTL influencing tomato locule number include
genes involved in the classical CLAVATA-WUSCHEL stem cell
circuit (CLV-WUS), which controls meristem size (Somssich
et al., 2016) (Figure 1A). Mutations in CLV-WUS, such as in the
signaling peptide gene CLV3, can cause meristems to enlarge
due to stem cell overproliferation, leading to developmental de-
fects that include additional organs in flowers and fruits (Soms-
sich et al., 2016; Xu et al., 2015). The ancestor of tomato
(S. pimpinellifolium, S.pim) produces small bilocular fruits, and
the fasciated (fas) and locule number (lc) QTLweremajor contrib-
utors to increased locule number, and thus fruit size, in domes-
ticated tomato (Solanum lycopersicum, S.lyc) (Figure 1B) (van
der Knaap et al., 2014). fas is a partial loss of function caused
by an inversion that disrupts the promoter of tomato CLV3
(SlCLV3), resulting in amoderate effect on locule number (Huang
and van der Knaap, 2011; Xu et al., 2015). In contrast, lc is a weak
gain-of-function allele previously shown to be associated with
two SNPs in a predicted 15-bp repressor element downstream
of tomatoWUS (SlWUS), a conserved homeobox gene that pro-
motes stem cell proliferation (Somssich et al., 2016). While not
functionally validated, this CRE shares similarity with the CArG
element ofArabidopsis that is bound by theMADSbox transcrip-
tion factor AGAMOUS at the end of flower development to
downregulate WUS and terminate meristem activity (Liu et al.,
2011; Muños et al., 2011) (Figures 1C and 1D).
To determine whether induced mutations in known CREs can

generate predictable quantitative variation, we used CRISPR/
Cas9 to target the putative SlWUS CArG element (Figure 1E;
see STAR Methods). The effect of lc is subtle (Muños et al.,
2011), with 11% of fruits producing three to four locules in
S.pim near isogenic lines (S.pim-lcNIL). Consistent with this, lc
does not cause detectable changes in SlWUS expression, sug-
gesting lc weakly affects the level, timing, or pattern of expres-
sion (Muños et al., 2011). Notably, 10% of fruits from S.pim
plants carrying a CRISPR/Cas9-induced 4-bp deletion in the
CArG element developed three locules (S.pim-lcCR), nearly
matching the weak effect of lc (Figure 1F). We previously showed
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Figure 1. Recreating a Known Fruit Size QTL in Tomato
(A) The conserved CLV3-WUS negative feedback circuit controls meristem

size. LP, leaf primordia.

(B) The fas and lc fruit size QTL increased locule number (arrowheads) during

domestication. Yellow arrowheads, locules.

(C) fas is caused by an inversion with a breakpoint 1 Kbp upstream of SlCLV3.

(D) The lcQTL (red rectangle) is associatedwith two SNPs (in bold) in a putative

repressor motif (CArG, blue-dashed square) 1.7 Kbp downstream of SlWUS.

(E) CRISPR/Cas9-induced deletions in the CArG repressor motif (blue-dashed

square) of S.pim and S.lyc. The gRNA target sequence is highlighted in red and

the PAM site underlined.

(F) S.pim-lcCR plants produce fruits with more than two locules. S.pim-fasNIL

S.pim-lcCR double mutants synergistically increase locule number.

(G) Locule number is increased in S.lyc-lcCR lines, and double mutants with

S.lyc-fasNIL are enhanced. N, plant number; n, fruit number. p: two-tailed, two-

sample t test.

Data in (F) and (G) are presented as percentage of fruits per locule number

category. N, plants per genotype; n, fruit number. See also Table S1. p: two-

tailed, two-sample t test. Scale bars, 100 mm in (A) and 1 cm in (B), (F), and (G).
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Increased tomato fruit size during domestication  

fasciated (fas) = clv3  
locule number (lc) = wus 

27 Fas encodes Solanum lycopersicum CLV3, and Lc encodes WUS. 
The conserved CLV3-WUS negative feedback circuit controls 
meristem and fruit size in tomato.  
(LP, leaf primordia). (B) The fasciated (fas) and locule number (lc) 
fruit size QTL both contributed to increased tomato fruit size and 
locule number during domestication. Yellow arrowheads, locules.

et al., 2017; Soyk et al., 2017; Swinnen et al., 2016). Here, we
designed a genetic ‘‘drive’’ system that exploits heritability of
CRISPR/Cas9 transgenes carrying multiple gRNAs in ‘‘sensi-
tized’’ F1 populations to rapidly and efficiently generate dozens
of novel cis-regulatory alleles for three genes that regulate fruit
size, inflorescence architecture, and plant growth habit in
tomato. By segregating away the transgene in the following
generation, we recovered a wide range of stabilized promoter
alleles that provided a continuum of variation for all three traits.
For one of these genes, we found that transcriptional change
was a poor predictor of phenotypic effect, revealing unexplored
complexity in how regulatory variation impacts quantitative
traits.

RESULTS

Recreating a Fruit Size QTL by CRISPR/Cas9
Mutagenesis of a CRE
The major feature of tomato domestication was a dramatic in-
crease in fruit size, caused in large part by an increase in the
number of carpels in flowers, and thus seed compartments (loc-
ules) in fruits. QTL influencing tomato locule number include
genes involved in the classical CLAVATA-WUSCHEL stem cell
circuit (CLV-WUS), which controls meristem size (Somssich
et al., 2016) (Figure 1A). Mutations in CLV-WUS, such as in the
signaling peptide gene CLV3, can cause meristems to enlarge
due to stem cell overproliferation, leading to developmental de-
fects that include additional organs in flowers and fruits (Soms-
sich et al., 2016; Xu et al., 2015). The ancestor of tomato
(S. pimpinellifolium, S.pim) produces small bilocular fruits, and
the fasciated (fas) and locule number (lc) QTLweremajor contrib-
utors to increased locule number, and thus fruit size, in domes-
ticated tomato (Solanum lycopersicum, S.lyc) (Figure 1B) (van
der Knaap et al., 2014). fas is a partial loss of function caused
by an inversion that disrupts the promoter of tomato CLV3
(SlCLV3), resulting in amoderate effect on locule number (Huang
and van der Knaap, 2011; Xu et al., 2015). In contrast, lc is a weak
gain-of-function allele previously shown to be associated with
two SNPs in a predicted 15-bp repressor element downstream
of tomatoWUS (SlWUS), a conserved homeobox gene that pro-
motes stem cell proliferation (Somssich et al., 2016). While not
functionally validated, this CRE shares similarity with the CArG
element ofArabidopsis that is bound by theMADSbox transcrip-
tion factor AGAMOUS at the end of flower development to
downregulate WUS and terminate meristem activity (Liu et al.,
2011; Muños et al., 2011) (Figures 1C and 1D).
To determine whether induced mutations in known CREs can

generate predictable quantitative variation, we used CRISPR/
Cas9 to target the putative SlWUS CArG element (Figure 1E;
see STAR Methods). The effect of lc is subtle (Muños et al.,
2011), with 11% of fruits producing three to four locules in
S.pim near isogenic lines (S.pim-lcNIL). Consistent with this, lc
does not cause detectable changes in SlWUS expression, sug-
gesting lc weakly affects the level, timing, or pattern of expres-
sion (Muños et al., 2011). Notably, 10% of fruits from S.pim
plants carrying a CRISPR/Cas9-induced 4-bp deletion in the
CArG element developed three locules (S.pim-lcCR), nearly
matching the weak effect of lc (Figure 1F). We previously showed
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Figure 1. Recreating a Known Fruit Size QTL in Tomato
(A) The conserved CLV3-WUS negative feedback circuit controls meristem

size. LP, leaf primordia.

(B) The fas and lc fruit size QTL increased locule number (arrowheads) during

domestication. Yellow arrowheads, locules.

(C) fas is caused by an inversion with a breakpoint 1 Kbp upstream of SlCLV3.

(D) The lcQTL (red rectangle) is associatedwith two SNPs (in bold) in a putative

repressor motif (CArG, blue-dashed square) 1.7 Kbp downstream of SlWUS.

(E) CRISPR/Cas9-induced deletions in the CArG repressor motif (blue-dashed

square) of S.pim and S.lyc. The gRNA target sequence is highlighted in red and

the PAM site underlined.

(F) S.pim-lcCR plants produce fruits with more than two locules. S.pim-fasNIL

S.pim-lcCR double mutants synergistically increase locule number.

(G) Locule number is increased in S.lyc-lcCR lines, and double mutants with

S.lyc-fasNIL are enhanced. N, plant number; n, fruit number. p: two-tailed, two-

sample t test.

Data in (F) and (G) are presented as percentage of fruits per locule number

category. N, plants per genotype; n, fruit number. See also Table S1. p: two-

tailed, two-sample t test. Scale bars, 100 mm in (A) and 1 cm in (B), (F), and (G).
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et al., 2017; Soyk et al., 2017; Swinnen et al., 2016). Here, we
designed a genetic ‘‘drive’’ system that exploits heritability of
CRISPR/Cas9 transgenes carrying multiple gRNAs in ‘‘sensi-
tized’’ F1 populations to rapidly and efficiently generate dozens
of novel cis-regulatory alleles for three genes that regulate fruit
size, inflorescence architecture, and plant growth habit in
tomato. By segregating away the transgene in the following
generation, we recovered a wide range of stabilized promoter
alleles that provided a continuum of variation for all three traits.
For one of these genes, we found that transcriptional change
was a poor predictor of phenotypic effect, revealing unexplored
complexity in how regulatory variation impacts quantitative
traits.

RESULTS

Recreating a Fruit Size QTL by CRISPR/Cas9
Mutagenesis of a CRE
The major feature of tomato domestication was a dramatic in-
crease in fruit size, caused in large part by an increase in the
number of carpels in flowers, and thus seed compartments (loc-
ules) in fruits. QTL influencing tomato locule number include
genes involved in the classical CLAVATA-WUSCHEL stem cell
circuit (CLV-WUS), which controls meristem size (Somssich
et al., 2016) (Figure 1A). Mutations in CLV-WUS, such as in the
signaling peptide gene CLV3, can cause meristems to enlarge
due to stem cell overproliferation, leading to developmental de-
fects that include additional organs in flowers and fruits (Soms-
sich et al., 2016; Xu et al., 2015). The ancestor of tomato
(S. pimpinellifolium, S.pim) produces small bilocular fruits, and
the fasciated (fas) and locule number (lc) QTLweremajor contrib-
utors to increased locule number, and thus fruit size, in domes-
ticated tomato (Solanum lycopersicum, S.lyc) (Figure 1B) (van
der Knaap et al., 2014). fas is a partial loss of function caused
by an inversion that disrupts the promoter of tomato CLV3
(SlCLV3), resulting in amoderate effect on locule number (Huang
and van der Knaap, 2011; Xu et al., 2015). In contrast, lc is a weak
gain-of-function allele previously shown to be associated with
two SNPs in a predicted 15-bp repressor element downstream
of tomatoWUS (SlWUS), a conserved homeobox gene that pro-
motes stem cell proliferation (Somssich et al., 2016). While not
functionally validated, this CRE shares similarity with the CArG
element ofArabidopsis that is bound by theMADSbox transcrip-
tion factor AGAMOUS at the end of flower development to
downregulate WUS and terminate meristem activity (Liu et al.,
2011; Muños et al., 2011) (Figures 1C and 1D).
To determine whether induced mutations in known CREs can

generate predictable quantitative variation, we used CRISPR/
Cas9 to target the putative SlWUS CArG element (Figure 1E;
see STAR Methods). The effect of lc is subtle (Muños et al.,
2011), with 11% of fruits producing three to four locules in
S.pim near isogenic lines (S.pim-lcNIL). Consistent with this, lc
does not cause detectable changes in SlWUS expression, sug-
gesting lc weakly affects the level, timing, or pattern of expres-
sion (Muños et al., 2011). Notably, 10% of fruits from S.pim
plants carrying a CRISPR/Cas9-induced 4-bp deletion in the
CArG element developed three locules (S.pim-lcCR), nearly
matching the weak effect of lc (Figure 1F). We previously showed
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Figure 1. Recreating a Known Fruit Size QTL in Tomato
(A) The conserved CLV3-WUS negative feedback circuit controls meristem

size. LP, leaf primordia.

(B) The fas and lc fruit size QTL increased locule number (arrowheads) during

domestication. Yellow arrowheads, locules.

(C) fas is caused by an inversion with a breakpoint 1 Kbp upstream of SlCLV3.

(D) The lcQTL (red rectangle) is associatedwith two SNPs (in bold) in a putative

repressor motif (CArG, blue-dashed square) 1.7 Kbp downstream of SlWUS.

(E) CRISPR/Cas9-induced deletions in the CArG repressor motif (blue-dashed

square) of S.pim and S.lyc. The gRNA target sequence is highlighted in red and

the PAM site underlined.

(F) S.pim-lcCR plants produce fruits with more than two locules. S.pim-fasNIL

S.pim-lcCR double mutants synergistically increase locule number.

(G) Locule number is increased in S.lyc-lcCR lines, and double mutants with

S.lyc-fasNIL are enhanced. N, plant number; n, fruit number. p: two-tailed, two-

sample t test.

Data in (F) and (G) are presented as percentage of fruits per locule number

category. N, plants per genotype; n, fruit number. See also Table S1. p: two-

tailed, two-sample t test. Scale bars, 100 mm in (A) and 1 cm in (B), (F), and (G).
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Recreating known fruit size QTLs in tomato with CRISPR-Cas9  28 1. The fas mutation is caused by an inversion with a breakpoint 1 
Kbp upstream of SlCLV3. (D) The lc QTL (red rectangle) is 
associated with two SNPs (in bold) in a putative repressor motif 
(CArG, blue-dashed square) 1.7 Kbp downstream of SlWUS.  
2. CRISPR/Cas9-induced deletions in the CArG repressor motif 
(blue-dashed square) of Solanum pimpinellifolium  
(S. pim) and Solanum lycopersicum (S. lyc). The gRNA target 
sequence is highlighted in red and the PAM site underlined.  
3. S.pim-lcCR plants produce fruits with more than two locules. 
S.pim-fasNIL S.pim-lcCR double mutants synergistically increase 
locule number. 



generate one or more new alleles by targeting in trans the WT
promoter introduced from the cross. However, determining
which specific F1 individuals harbor new alleles that result in
phenotypic change can be difficult. A telling example is the
complex rearrangement of the SlCLV3CR-pro1-2 allele, which
had no effect on floral organ number, and thus complemented
and masked the effect of the strong loss-of-function large dele-
tion allele in the original biallelic T0-1 plant (Figure 2I). To simulta-
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Figure 2. Inducing Mutations in the SlCLV3
Promoter Using CRISPR/Cas9
(A) Model showing how an allelic series of SlCLV3

transcriptional alleles could provide a range of

quantitative effects on floral organ number ac-

cording to a simple linear relationship of reduced

expression resulting in increased phenotypic

severity. WT, fas, and clv3CR are shown as refer-

ence points in this hypothesized continuous

relationship.

(B) Schematic of SlCLV3 promoter targeted by

eight gRNAs (numbered blue arrowheads). Blue

arrows, PCR primers.

(C) PCR showing multiple deletion alleles in four T0
plants. Amplicons were obtained using primers

spanning the entire target region.

(D) Weak and strong effects on flower morphology

and fruit size were observed among T0 lines.

Number of floral organs and locules are indicated.

(E) Quantification of floral organ number (mean ±

SD; n R 10) in T0, WT, fas, and slclv3CR plants.

(F) Sequencing of SlCLV3 promoter alleles for all

T0 plants. Deletions (–) and insertions (+) indicated

by numbers or letters. T0-5 and T0-6 contained only

WT alleles (data not shown). Blue arrowheads,

gRNAs; a, allele.

(G) PCR genotyping of T1 progeny from T0-1 and

T0-2. UBIQUITIN (UBI) served as an internal

control. Absence of amplification for the target

region of SlCLV3 indicated homozygous plants

for hidden alleles in both T0-1 and T0-2.

(H) Genome sequencing of T0-1 and T0-2 offspring

homozygous for non-amplifiable alleles. Vertical

dashed lines show target region. Neighboring

genes, transposable elements, and repeats up-

stream of the target region are shown. See also

Table S2.

(I) Floral organ quantification (mean ± SD; n R 5)

from homozygous plants for each of the four T0-1
and T0-2 alleles. Black arrowheads indicate WT

values. See also Table S3.

Scale bars, 100 mm and 1 cm in (A) 1 cm in (D).

neously maximize allele creation and effi-
ciently identify thosewith phenotypes, we
outcrossed only T0 plants with strong
loss-of-function alleles to produce a
sensitized population of heterozygous
F1 plants. In this way, hundreds of F1
progeny carrying a CRISPR/Cas9 trans-
gene, each also having inherited a stable
loss-of-function allele, could easily be
generated and screened for new loss-

of-function alleles, including those causing subtle phenotypes
that would otherwise be difficult to detect.
To test this approach, we crossed T0-2 to WT and gener-

ated 1,152 F1 plants that were heterozygous for either
SlCLV3CR-pro2-1 or SlCLV3CR-pro2-2 and a WT SlCLV3 promoter
(see STAR Methods). PCR genotyping revealed nearly half of
the population (42%) inherited the CRISPR/Cas9 transgene
(hemizygous Cas9-/+) (Figures 3A and 3B), and phenotyping
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Hashing the SlCLV3 promoter using CRISPR-Cas9 
29 A. Model showing how an allelic series of SlCLV3 transcriptional 

alleles could provide a range of quantitative effects on floral 
organ number according to a simple linear relationship of 
reduced expression resulting in increased phenotypic severity. 
(WT, fas, and clv3CR are shown as reference points in this 
hypothetical continuous relationship).  
B. Schematic of SlCLV3 promoter targeted by eight gRNAs 
(numbered blue arrowheads). Blue arrows, PCR primers. 
C. PCR showing multiple deletion alleles in four T0 plants. 
Amplicons were obtained using primers spanning the entire 
target region.  

generate one or more new alleles by targeting in trans the WT
promoter introduced from the cross. However, determining
which specific F1 individuals harbor new alleles that result in
phenotypic change can be difficult. A telling example is the
complex rearrangement of the SlCLV3CR-pro1-2 allele, which
had no effect on floral organ number, and thus complemented
and masked the effect of the strong loss-of-function large dele-
tion allele in the original biallelic T0-1 plant (Figure 2I). To simulta-
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I

Figure 2. Inducing Mutations in the SlCLV3
Promoter Using CRISPR/Cas9
(A) Model showing how an allelic series of SlCLV3

transcriptional alleles could provide a range of

quantitative effects on floral organ number ac-

cording to a simple linear relationship of reduced

expression resulting in increased phenotypic

severity. WT, fas, and clv3CR are shown as refer-

ence points in this hypothesized continuous

relationship.

(B) Schematic of SlCLV3 promoter targeted by

eight gRNAs (numbered blue arrowheads). Blue

arrows, PCR primers.

(C) PCR showing multiple deletion alleles in four T0
plants. Amplicons were obtained using primers

spanning the entire target region.

(D) Weak and strong effects on flower morphology

and fruit size were observed among T0 lines.

Number of floral organs and locules are indicated.

(E) Quantification of floral organ number (mean ±

SD; n R 10) in T0, WT, fas, and slclv3CR plants.

(F) Sequencing of SlCLV3 promoter alleles for all

T0 plants. Deletions (–) and insertions (+) indicated

by numbers or letters. T0-5 and T0-6 contained only

WT alleles (data not shown). Blue arrowheads,

gRNAs; a, allele.

(G) PCR genotyping of T1 progeny from T0-1 and

T0-2. UBIQUITIN (UBI) served as an internal

control. Absence of amplification for the target

region of SlCLV3 indicated homozygous plants

for hidden alleles in both T0-1 and T0-2.

(H) Genome sequencing of T0-1 and T0-2 offspring

homozygous for non-amplifiable alleles. Vertical

dashed lines show target region. Neighboring

genes, transposable elements, and repeats up-

stream of the target region are shown. See also

Table S2.

(I) Floral organ quantification (mean ± SD; n R 5)

from homozygous plants for each of the four T0-1
and T0-2 alleles. Black arrowheads indicate WT

values. See also Table S3.

Scale bars, 100 mm and 1 cm in (A) 1 cm in (D).

neously maximize allele creation and effi-
ciently identify thosewith phenotypes, we
outcrossed only T0 plants with strong
loss-of-function alleles to produce a
sensitized population of heterozygous
F1 plants. In this way, hundreds of F1
progeny carrying a CRISPR/Cas9 trans-
gene, each also having inherited a stable
loss-of-function allele, could easily be
generated and screened for new loss-

of-function alleles, including those causing subtle phenotypes
that would otherwise be difficult to detect.
To test this approach, we crossed T0-2 to WT and gener-

ated 1,152 F1 plants that were heterozygous for either
SlCLV3CR-pro2-1 or SlCLV3CR-pro2-2 and a WT SlCLV3 promoter
(see STAR Methods). PCR genotyping revealed nearly half of
the population (42%) inherited the CRISPR/Cas9 transgene
(hemizygous Cas9-/+) (Figures 3A and 3B), and phenotyping

Cell 171, 470–480, October 5, 2017 473

Effects on flower and fruit morphology
30 Weak and strong effects on flower morphology and fruit size 

were observed among T0 lines. Number of floral organs and 
locules are indicated. (E) Quantification of floral organ number 
(mean ± SD; n>10) in T0, WT, fas, and slclv3CR plants. (F) 
Sequencing of SlCLV3 promoter alleles for all T0 plants. Deletions 
(–) and insertions (+) indicated by numbers or letters. T0-5 and 
T0-6 contained only WT alleles (data not shown). Blue 
arrowheads, gRNAs; a, allele.  

these 479 plants revealed 116 individuals (24%) with more floral
organs thanWT. While most of these plants (80%) showed weak
effects, 24 were similar to fas or stronger (Figures 3C, S1A, and
S1B; Table S4). These findings demonstrate the power of
combining meiotically heritable Cas9-gRNA activity with a sensi-
tized background to efficiently engineer numerous cis-regulatory
alleles with readily observable phenotypic consequences.

Novel cis-Regulatory Alleles Can Immediately Be Fixed
in Transgene-free Plants to Achieve aRange of Variation
for Fruit Locule Number
The many F1 plants with increased locule number was a prom-
ising indication that the sensitized screen succeeded in gener-
ating a collection of loss-of-function alleles that would translate
to a continuum of fruit locule number variation. However, given
that F1 plants already carried a strong loss-of-function SlCLV3
promoter allele from T0-2, we expected F1 phenotypes would
appear more severe than plants homozygous for newly induced
alleles. Thus, to obtain a range of quantitative effects, we
focused on isolating new alleles from the 24 F1s with strong
and moderate phenotypes. PCR genotyping revealed all of
these plants were biallelic or chimeric, with most having novel
deletion alleles (Figure 4A). Conveniently, an inherent advan-
tage of our genetic scheme is that newly generated alleles in
F1 plants can be immediately fixed in a transgene-free back-
ground at a 1/16 ratio in F2 progeny from biallelic plants (Fig-
ure 4B), and a lower ratio for chimeric plants. We confirmed
this segregation using progeny from a moderate biallelic F1
plant (Figure 4C).

To enrich for SlCLV3 promoter alleles covering a full range of
quantitative variation, we characterized F2 progeny from a sub-
set of 14 F1 plants with strong and moderate phenotypes that
captured the spectrum of allelic diversity and locule number vari-
ation (Figures 4A and S1B). The promoters from homozygous F2
transgene-free mutants were sequenced, and F3 progeny were
evaluated for effects on locule number (Figure 4D). We found

all 14 new alleles were distinct and displayed a variety of muta-
tion types, including large deletions, inversions, small indels,
and a point mutation throughout the target region (Figure 4D).
Most significant, homozygous mutants for these alleles dis-
played a continuum of locule number variation. This included
one allele (SlCLV3CR-pro-s3) with a subtle increase in locule num-
ber similar to the weak gain-of-function effect of S.lyc lcCR (Fig-
ure 1G) and two alleles (SlCLV3CR-pro-m6 and SlCLV3CR-pro-m8)
that phenocopied fas (Figure 4D; Table S5). These results
confirm that alleles with weaker quantitative effects can be
recovered from moderate and strong F1 plants and show that
both existing and novel QTL variation can be engineered using
our approach.

Mutations in Conserved cis-Regulatory Regions in the
SlCLV3 Promoter and Their Effects on Transcription Are
Poor Predictors of Phenotypic Change
We took advantage of SlCLV3 promoter allele collection to
address how specific cis-regulatory mutations influence locule
number variation. Though the resolution provided by our alleles
was insufficient to define functions for specific CREs, sequence
analysis revealed many predicted CREs across the SlCLV3
promoter were differentially deleted among the 14 alleles
(Figure S2A). Pairs of alleles, such as SlCLV3CR-pro-m13/
SlCLV3CR-pro-m14 and SlCLV3CR-pro-m7/SlCLV3CR-pro-m11, shared
overlapping deletions and similar phenotypic effects, pointing to
putative transcriptional control regions. To further understand
the significance of these and similar observations, we compared
the targeted promoter region of S.lyc with three Solanaceae
species, beginning with the wild tomato species S. pennellii
(S.pen) and extending to the more distantly related potato
(S. tuberosum, S.tub) and pepper (C. annuum, C.ann) (Fig-
ure S2B; STAR Methods). Pairwise sequence alignments re-
vealed four regions of high conservation between tomato and
potato ranging in size from!100 to 250 bp, with three conserved
regions (CRs) also found in pepper (Figure 4E).

A CB

Figure 3. A CRISPR/Cas9-Driven Genetic Screen to Rapidly Generate and Evaluate Many SlCLV3 Promoter Alleles for Quantitative Variation
(A) Crossing scheme for generating a sensitized F1 population heterozygous for a T0-2 inherited allele and segregating for a CRISPR/Cas9 transgene (blue-dashed

square). Expected segregation frequencies are indicated (%).

(B) Model showing how Cas9 activity in Cas9+/" hemizygous plants creates newmutant alleles (colored boxes) by targeting the WT SlCLV3 promoter (SlCLV3pro)

introduced from the cross. Alleles derived from T0-2 are shown as black or dark gray boxes. The transgene containing the CRISPR/Cas9 cassette (Cas9) is shown

(red box).

(C) Locule number for WT, fas, and F1 plants grouped into three phenotypic categories: strong, moderate, weak. Data are presented as percentage of fruits per

locule number category. N = plants per category. See also Figures S1A and S1B and Table S4.

Gray arrow in (A) points to the number of plants obtained for the forward genetics screen.
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A CRISPR/Cas9-driven genetic screen to rapidly generate and 
evaluate many SlCLV3 promoter alleles for quantitative variation  

 

31 A. Crossing scheme for generating a sensitized F1 population 
heterozygous for an inherited allele and segregating for a 
CRISPR/Cas9 transgene (blue-dashed square). Expected 
segregation frequencies are indicated (%). 
B. Model showing how Cas9 activity in Cas9+/ hemizygous plants 
creates new mutant alleles (colored boxes) by targeting the WT 
SlCLV3 promoter (SlCLV3pro) introduced from the cross. Alleles 
derived from T0-2 are shown as black or dark gray boxes. The 
transgene containing the CRISPR/Cas9 cassette (Cas9) is shown 
(red box).  
C. Locule number for WT, fas, and F1 plants grouped into three 
phenotypic categories: strong, moderate, weak.
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Figure 4. A Collection of 14 Engineered SlCLV3 Promoter Alleles Provides a Continuum of Locule Number Variation
(A) PCR showing new SlCLV3 alleles from F1 plants with strong (s) and moderate (m) effects. Red asterisks, chimeric plants. Blue arrowheads, selected F1 plants

for recovering new alleles (see also Figure S1B). Green arrow, inherited SlCLV3CR-pro2-1 allele. Lower panel, SlCLV3CR-pro2-2 genotyping (see STAR Methods).

(B) Non-transgenic F2 individuals homozygous for a new allele (blue asterisk and yellow box) are expected to segregate 1/16 from biallelic F1s (highlighted in

dark gray).

(C) Segregation for a new allele and Cas9 from SlCLV3CR-pro2-1/m1 F2 population. m1, new allele from F1 moderate-1. Blue arrowheads indicate non-transgenic

homozygotes. Lower panel, Cas9. Absence of band indicates transgene-free individuals.

(D) Sequences of 14 new SlCLV3pro alleles. Deletions (–) and insertions (+) indicated as numbers or letters. gRNAs, blue arrowheads. Parental F1s marked at right

(see also Figure S1B). Connected arrows indicate similar phenotypes for fas and the (SlCLV3CR-pro) m6-derived allele. Quantification of locule number (percent of

fruits; n R 5 plants; mean ± SD shown) from homozygous F3 families is shown next to each allele sequence. fas and WT are references (See also Table S5).

(legend continued on next page)
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A collection of engineered SlCLV3 promoter alleles 
provides a continuum of locule number variation

32 1. Sequences of 14 new SlCLV3pro alleles. Deletions (–) and 
insertions (+) indicated as numbers or letters. gRNAs, blue 
arrowheads. Parental F1s marked at right.  

2. qRT-PCR of SlCLV3 and SlWUS from reproductive meristems 
for WT, fas, and each SlCLV3CR-pro allele. Dashed lines mark 
WT levels for SlCLV3 (red) and SlWUS (blue)  
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Figure 5. CRISPR/Cas9 Targeting of the S and SP Promoters Results in a Range of Modified Inflorescence and Plant Architectures
(A) The S promoter was targeted by eight gRNAs (blue arrowheads). PCR genotyping showed distinct deletion alleles in all three T0 plants. Blue arrows, PCR, and

cloning primers. T0-2 showed inflorescence branching similar to s mutants (red arrowheads).

(B) Representative inflorescence from F1 sectored individual showing excessive meristem overproliferation.

(C) Sequences of six new SCR-pro alleles and associated phenotypes. Deletions (–) and insertions (+) indicated as numbers or letters. gRNAs, blue arrowheads.

Quantification of percent of inflorescences with indicated branch number for homozygous mutants (nR 5 plants) from segregating F2 families. WT, s-classic and

heterozygotes (s/+) are references (See also Table S6). Red asterisks indicate s-classic coding sequence mutation (Lippman et al., 2008). Data for s/+ are from

Soyk et al. (2017).

(D) Representative images showing the range of inflorescence branching (red arrowheads) for WT, s, and three SCR-pro alleles.

(E) The SP promoter was targeted by eight gRNAs (blue arrowheads). PCR genotyping showed distinct deletion alleles in all four T0 plants, which appeared

biallelic or chimeric. Blue arrows, PCR and cloning primers.

(F) Sequences of SPCR-pro alleles from the four T0 plants. Deletions (–) and insertions (+) indicated as numbers or letters. gRNAs, blue arrowheads.

(G) Representative main shoots from WT, sp-classic, and three SPCR-pro alleles. Brackets and numbers indicate number of leaves between inflorescences in

successive shoots. Red arrowheads, inflorescences. D, determinate; ID, indeterminate; SD, semideterminate.

(H) Average number of leaves in sympodial shoots from WT, sp-classic and three SPCR-pro alleles. See also Table S7.

Data in (H) are shown as mean ± SEM. N = number of individuals. Scale bars, 1 cm in (A), (B), and (D) and 100 mm in (B) and 5 cm in (G).
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33 CRISPR/Cas9 Targeting of the Compound Inflorescence (S) and 
Self Pruning (SP) promoters results in a further range of modified 

inflorescence and plant architectures. 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34 1. CRISPR/Cas9 targeting of a cis-regulatory motif recreated a 
domestication QTL.  
2. CRISPR/Cas9 drove mutagenesis of promoters to create a 
continuum of variation.  
3. Phenotypic effects were not predictable from allele type or 
transcriptional change.  
4. Selected promoter alleles in developmental genes could 
improve yield traits. 

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

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 (TALENs, 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

Biofuel 
traits

• Genome editing
Targeted mutation
Targeted insertion

• Gene/trait stacking

• Translation efficiency

• Transcript stability

• Protein activity

AAAAAAAAA

Protein assembly

Agronomic
 traits

Food 
traits

Targeted regulation

•
Protein

RNA

Gene 
clustering

Genome

Output

seigetartScell tnalP

Figure 1. Summary of synthetic biology tools developed for the manipula-
tion of DNA to proteins to optimize bioenergy traits in plants.
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35 Can one also manipulate regulatory proteins in order to 
manipulate plant products that are produced by metabolic 
networks? 

Molecular Systems Biology 5; Article number 294; doi:10.1038/msb.2009.52  

36 Transcriptional cascades underpin gene regulatory networks. 
Transcription factors (TFs), denoted as nodes in a network (red 
and green circles), represent several entities (gene, mRNA, and 
protein) and events (transcription, translation, degradation, etc) 
that are compressed in both space and time. The series of 
regulatory events can be conveniently represented as a node in 
the network, although this does not capture the dynamics of 
these entities and the biological processes.



Molecular Systems Biology 5; Article number 294; doi:10.1038/msb.2009.52  

37 An example: hierarchical structure in the yeast transcription 
regulatory network. The organization of transcription factors in 
the network naturally clusters into three basic non-overlapping 
layers: the top (red), core (green), and bottom (blue). Thirty-two 
regulatory hubs are highlighted in bold and marked with a star 
(*), and nine essential TFs are marked with an arrow.  

38 As an example, we will look at the engineering of transcription 
factors to modify cell wall composition in plants. The 
development of improved feedstocks for bioenergy production 
has focused on maximising primary cell wall and cellulosic 
material, and limiting amounts of lignin compounds during 
secondary wall growth.
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Schematic models of plant cell walls. The emphasis is placed on wall composition rather than architecture. (a) Pectinaceous, aqueous primary cell
walls found in dicots. (b) Lignified secondary walls with only minor water content.

Current Opinion in Plant Biology 2015, 25:151–161 www.sciencedirect.com

39 Primary cell walls are composed mainly of cellulose micro fibrils 
and cross-linked hemicellulose and pectins. During secondary 
wall deposition lignin is deposited which results in cell wall 
material that is chemically resistant, difficult to digest for biofuel 
production.

40 A hierarchical transcriptional network controls biosynthetic 
genes that are responsible for timing, synthesis and balance of 
different cell wall carbohydrates. This is been best characterised 
in Arabidopsis. Locque and colleagues have developed a 
technique for reprogramming this transcriptional hierarchy - and 
increasing the balance of resources devoted to (i) fibres and 
secondary cell wall material vs. (ii) lignified tracheary elements. 



Molecular Systems Biology 5; Article number 294; doi:10.1038/msb.2009.52  

41 In this scheme, a gene from downstream in the regulatory 
hierarchy is identified. Its promoter (blue) is fused to a copy of the 
master regulator (red). Therefore when the master regulator is 
switched on during the normal course of development, there is a 
cascade of transcriptional control events that results in triggering 
of housekeeping genes, and in addition, triggering of a new copy 
of the master regulator. Results in expansion of the normal 
pathway.

VASCULAR RELATED  
NAC DOMAIN 6 

VND6

NAC SECONDARY WALL  
THICKENING PROMOTING  

FACTOR 1 

NST1

42 The two “arms” of vascular cell development are regulated by two 
transcription regulators, NAC Secondary Wall Thickening 
Promoting Factor 1 (NST1) and Vascular Related NAC Domain 6 
(VND6). These genes show expression patterns that are limited to 
fibre and vessel cells, respectively.

43 In a two-way approach, Loque and colleagues interfered with the 
synthesis and deposition of lignin. (i) The promoter of a key lignin 
gene, C4H, was replaced by the vessel-specific promoter of 
transcription factor VND6 in a c4h mutant. This rewired lignin 
biosynthesis specifically for vessel formation while disconnecting 
C4H expression from the fibre regulatory network. (ii) The 
promoter of the IRX8 gene, a secondary cell wall 
glycosyltransferase, was used to express a new copy of the fibre 
transcription factor NST1, and as the IRX8 promoter is induced by 
NST1, this creates an artificial positive feedback loop  

dwarfed phenotypes or a reduction in cellulose content,
respectively, thus compromising biomass accumulation
[63,64]. Both mutations cause a decrease in cellulose
crystallinity. Expression of a defective cellulose synthase
CesA3 (eli1) is correlated with a lignin enrichment in H
units [65] suggesting that over-expression of a defective
cellulose synthase could be used to enhance the ratio
between crystalline and amorphous cellulose as shown in
tobacco [66!] and boost the accumulation of H units to
reduce lignin DP and recalcitrance.

With the recent advance of establishing gene regulatory
networks responsible for secondary wall formation [67!!],
overexpressing certain transcription factors leads to ec-
topic production of secondary walls [68]. Hence, the
utilization of emerging transcription factors specific for
the cellulose synthase could represent a viable strategy to
increase cellulose production. The successful engineer-
ing of increased cell wall density was achieved by over-
expressing the NST1 master transcription factor
controlling secondary cell wall biosynthesis in fiber cells
in Arabidopsis [15]. The NST1 gene was driven by a
downstream promoter of a secondary cell wall glycosyl-
transferase (IRX8), thereby effectively generating a posi-
tive feedback loop that ensured a high level of NST1
expression but only in cells already expressing NST1 to
begin with (Figure 3). By introducing this construct into
plants that had already been engineered to have low
lignin content, the cell walls did not only have higher
density but also a markedly higher carbohydrate content
and improved saccharification [15].

The glycan backbones of the hemicelluloses contain b-
1,4 glycosidic linkages similarly to cellulose and are often
synthesized by enzymes homologous to the CesAs, be-
longing to glycosyltransferase family 2 [69]. Consequent-
ly, the backbone of matrix polysaccharides such as
mannan, xyloglucan, and mixed-linkage glucans are syn-
thesized by CslA, CslC, and CslF/H proteins, respectively
[70]. Overexpression of a guar CslA (ManS) in soybean
embryos led to a 3% increase in mannan in soybean seeds
[71]. CslF and CslH were identified as playing a key role
in the synthesis of mixed-linkage glucan, a non-cellulosic
polysaccharide occurring in the walls of grasses, by het-
erologous expression of their rice and barley orthologs,
respectively, in Arabidopsis [72,73]. Arabidopsis does not
contain endogenous mixed-linkage glucans in its walls,
but expression of these genes resulted in the presence of
b-glucans as detected by immunolabelling techniques
using a specific antibody. However, the level of mixed-
linkage glucan level in the leaf tissue was estimated to be
only 0.1% and 0.4% (wt/wt) of the walls for the expression
of OsCslF and HvCslH, respectively. A more promising
result was obtained when a barley CslF (HvClsF6) was
overexpressed in barley resulting in a 3–4-fold increase in
mixed-linkage glucans in the leaf tissue leading to a plant
biomass with a higher hexose content [74]. However, this

overexpression utilizing the constitutive 35S promoter
often resulted in yellow, wilted leaves and plant lethality
compromising plant biomass accumulation. Similar plant
growth defects were observed when using the 35S pro-
moter for transient expression of OsCslF6 in tobacco or
stable transformation in Arabidopsis resulting in accumu-
lation of mixed-linkage glucan at levels up to 13% and
6%, respectively [75]. Since the presence of b-glucan was
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Engineering of increased cell wall density and decreased lignin in
Arabidopsis. Schematic of simplified regulatory network controlling
secondary cell wall biosynthesis in vessel and fiber cells in plants and
images from wildtype (a) and engineered (b) Arabidopsis plants
depicting interfascicular tissues composed of fiber cells. Engineered
plants were generated from a c4h defective mutant (mutant affected in
the second lignin biosynthesis step) that was transformed with the
wild-type version of the mutated C4H gene driven by a vessel-specific
promoter (pVES) which rescued the negative effect of low lignin
content. Generated plants were further transformed with a construct
(e.g. pIRX8::NST1) that led to higher expression of master transcription
factor controlling secondary cell wall biosynthesis in fiber cells (e.g.
NST1). This approach has been described in Ref [15]. Scale is 2 mm;
CW: cell wall; L: Cell lumen.
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dwarfed phenotypes or a reduction in cellulose content,
respectively, thus compromising biomass accumulation
[63,64]. Both mutations cause a decrease in cellulose
crystallinity. Expression of a defective cellulose synthase
CesA3 (eli1) is correlated with a lignin enrichment in H
units [65] suggesting that over-expression of a defective
cellulose synthase could be used to enhance the ratio
between crystalline and amorphous cellulose as shown in
tobacco [66!] and boost the accumulation of H units to
reduce lignin DP and recalcitrance.

With the recent advance of establishing gene regulatory
networks responsible for secondary wall formation [67!!],
overexpressing certain transcription factors leads to ec-
topic production of secondary walls [68]. Hence, the
utilization of emerging transcription factors specific for
the cellulose synthase could represent a viable strategy to
increase cellulose production. The successful engineer-
ing of increased cell wall density was achieved by over-
expressing the NST1 master transcription factor
controlling secondary cell wall biosynthesis in fiber cells
in Arabidopsis [15]. The NST1 gene was driven by a
downstream promoter of a secondary cell wall glycosyl-
transferase (IRX8), thereby effectively generating a posi-
tive feedback loop that ensured a high level of NST1
expression but only in cells already expressing NST1 to
begin with (Figure 3). By introducing this construct into
plants that had already been engineered to have low
lignin content, the cell walls did not only have higher
density but also a markedly higher carbohydrate content
and improved saccharification [15].

The glycan backbones of the hemicelluloses contain b-
1,4 glycosidic linkages similarly to cellulose and are often
synthesized by enzymes homologous to the CesAs, be-
longing to glycosyltransferase family 2 [69]. Consequent-
ly, the backbone of matrix polysaccharides such as
mannan, xyloglucan, and mixed-linkage glucans are syn-
thesized by CslA, CslC, and CslF/H proteins, respectively
[70]. Overexpression of a guar CslA (ManS) in soybean
embryos led to a 3% increase in mannan in soybean seeds
[71]. CslF and CslH were identified as playing a key role
in the synthesis of mixed-linkage glucan, a non-cellulosic
polysaccharide occurring in the walls of grasses, by het-
erologous expression of their rice and barley orthologs,
respectively, in Arabidopsis [72,73]. Arabidopsis does not
contain endogenous mixed-linkage glucans in its walls,
but expression of these genes resulted in the presence of
b-glucans as detected by immunolabelling techniques
using a specific antibody. However, the level of mixed-
linkage glucan level in the leaf tissue was estimated to be
only 0.1% and 0.4% (wt/wt) of the walls for the expression
of OsCslF and HvCslH, respectively. A more promising
result was obtained when a barley CslF (HvClsF6) was
overexpressed in barley resulting in a 3–4-fold increase in
mixed-linkage glucans in the leaf tissue leading to a plant
biomass with a higher hexose content [74]. However, this

overexpression utilizing the constitutive 35S promoter
often resulted in yellow, wilted leaves and plant lethality
compromising plant biomass accumulation. Similar plant
growth defects were observed when using the 35S pro-
moter for transient expression of OsCslF6 in tobacco or
stable transformation in Arabidopsis resulting in accumu-
lation of mixed-linkage glucan at levels up to 13% and
6%, respectively [75]. Since the presence of b-glucan was
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secondary cell wall biosynthesis in vessel and fiber cells in plants and
images from wildtype (a) and engineered (b) Arabidopsis plants
depicting interfascicular tissues composed of fiber cells. Engineered
plants were generated from a c4h defective mutant (mutant affected in
the second lignin biosynthesis step) that was transformed with the
wild-type version of the mutated C4H gene driven by a vessel-specific
promoter (pVES) which rescued the negative effect of low lignin
content. Generated plants were further transformed with a construct
(e.g. pIRX8::NST1) that led to higher expression of master transcription
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NST1). This approach has been described in Ref [15]. Scale is 2 mm;
CW: cell wall; L: Cell lumen.

Current Opinion in Plant Biology 2015, 25:151–161 www.sciencedirect.com

44 Engineering of increased cell wall density and decreased lignin in 
Arabidopsis. Schematic of simplified regulatory network 
controlling secondary cell wall biosynthesis in vessel and fibre 
cells in plants and images from wildtype (a) and engineered (b) 
Arabidopsis plants depicting interfascicular tissues composed of 
fiber cells. Engineered plants were generated from a c4h 
defective mutant (mutant affected in the second lignin 
biosynthesis step) that was transformed with the wild-type 
version of the mutated C4H gene driven by a vessel-specific 
promoter which rescued the negative effect of low lignin 
content. Generated plants were further transformed with a 
construct (pIRX8::NST1) that led to higher expression of master 
transcription factor controlling secondary cell wall biosynthesis 
in fiber cells (e.g. NST1).  



45 Production of transgenic plants with increased xylan content and 
decreased lignin content.
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SCPL17 and ACP5 had the desired properties we selected 
these promoters to drive the expression of ZmLEC1 in 
transgenic Arabidopsis and Camelina plants.

Generation of transgenic Arabidopsis expressing ZmLEC1
After we had confirmed the expression patterns for the 
two promoters, they were fused individually to ZmLEC1 
for overexpression in Arabidopsis and Camelina (Fig. 1b). 
We hypothesized that the validation of nonhost-derived 
promoters and transcription factors would increase the 
chance that obtained phenotype could be transferable to 
a large diversity of plant species while minimizing poten-
tial silencing of the transgene and endogenous genes. 
Likewise, the use of a protein from a distant species 
could minimize the risk of undesired posttranslational 
modifications.

The binary vectors containing ZmLEC1 under the con-
trol of a seed-specific AtSCPL17 (pSCP17) or AtACP5 
(pACP5) promoter were introduced into Arabidopsis 
and Camelina using the Agrobacterium-mediated flo-
ral dip method. Transgenic Arabidopsis and Camelina 
T1 seedlings were selected by hygromycin and Basta, 

respectively, supplemented in the medium, and resistant 
lines were confirmed by PCR amplification (Fig. 2).

ZmLEC1 expression boosts seeds oil content in Arabidopsis 
and Camelina seeds
Five to six T1 lines were selected for Arabidopsis 
and Camelina expressing pSCPL17:ZmLEC1 and for 

a

b

Fig. 1 Histochemical analysis of GUS expression under the control of pSCP17 and pACP promoters in leaves, flowers, siliques, endosperm and 
embryo (a), and T-DNA constructs designed for seed-specific overexpression of ZmLEC1 (b). LB left border, BAR  Basta® resistance gene, pSCP 
promoter of SCP17, LEC1 leafy cotyledon 1, RB right border

Fig. 2 Detection of transgene by PCR analysis of genomic DNA 
isolated from wild type (WT), transgenic Arabidopsis plants (AtSL1, 
AtSL4, AtSL5) and transgenic Camelina plants (CsAL1, CsAL5, CsSL1, 
CsSL2) transformed with ZmLEC1 constructs. Plasmid positive controls 
(+) and nontemplate controls (−) were included
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CsAL5 and CsSL2 lines, the total oil yield per plant was 
also significantly (P < 0.05) increased (Fig. 7b). Because of 
variations in both seed yield and oil content, the relative 
increase in seed yield per plant cannot be calculated with 
high precision. It will be important to repeat these stud-
ies in Camelina plants grown under field conditions.

ZmLEC1 overexpression upregulates the downstream 
oil-related genes in developing seeds
The transcript levels of a selection of oil-related genes 
were measured to examine the impact of the ZmLEC1 
overexpression on these genes. In the transgenic Arabi-
dopsis lines, several downstream genes regulated by 
AtLEC1 were upregulated by about two to tenfold com-
pared with the wild-type plants: the sucrose synthase 
gene AtSUS2 (At5g49190), plastidic pyruvate dehy-
drogenase (PDH) E1a subunit (At1g01090) involved in 
late glycolysis, and acetyl CoA carboxylase (ACCase) 
BCCP2 subunit (At5g15530) involved in de novo fatty 

a

b

Fig. 4 Seed oil content of independent transgenic lines expressing 
ZmLEC1 in Arabidopsis (a) and Camelina (b). Oil content in mature 
seeds of wild-type plants and transformants was determined by 
NMR. Wild-type and transgenic plants are designated as explained 
in legend to Fig. 3. Significant differences compared to wild type 
(ANOVA and Dunnett’s test) are indicated: ***P < 0.001. Error bars 
indicate standard error [n = 6 except for Camelina wild type (n = 30)]

a

b

Fig. 5 Effect of ZmLEC1 expression on early seedling growth rate 
and plant height at maturity in Arabidopsis (a) and Camelina (b). 
Wild-type and transgenic plants are designated as explained in 
legend to Fig. 3. Significant differences compared to wild type 
(ANOVA and Dunnett’s test) are indicated: **P < 0.01. Error bars 
indicate standard error [n = 6 except for Camelina wild type (n = 30)]

A transgene design for enhancing oil content in Arabidopsis 
and Camelina seeds. Zhu et al. Biotechnol Biofuels (2018) 11:46 
https://doi.org/10.1186/s13068-018-1049-4  

 

Engineering of LEC1 for increased oil content
46 A similar approach has been used to elevate oil content in a 

Arabidopsis and Camelina plants by overexpression of the Leafy 
Cotyledon (Lec1) gene, using a downstream, seed specific 
promoter (pSCP).

John Doebley

• Plants provide proven, global, low-cost 
technology for gigatonne scale 
bioproduction 

• We need faster, simpler multicellular 
systems for engineering form and 
metabolism 

• Synthetic biology offers breakout 
technologies

Reprogramming plants

47 Modern approaches to gene editing and reprogramming of the 
expression of master regulators allows rapid modification of 
plant architecture and other properties for crop improvement 
and possible domestication of new species.

Lecture 1: Genetic modification in agriculture and the advent of Synthetic Biology.  

Lecture 2: Genetic circuits and genome scale DNA engineering. 

Lecture 3: Engineered logic and the control of gene expression. 

Lecture 4: Self-organisation and reprogramming of multicellular systems. 

1. Organisation of natural microbial populations  
2. Coupling of genetic circuits using cell-cell 

signalling systems 
3. Meristematic growth in plants 
4. Tomato domestication 
5. Creating new alleles with CRISPR 
6. Reprogramming local regulatory networks 

Additional resources: http://www.haseloff-lab.org (Education) 
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