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Abstract
Premise: The model liverwort Marchantia polymorpha is an emerging testbed species
for plant metabolic engineering but lacks well‐characterized inducible promoters,
which are necessary to minimize biochemical and physiological disruption when
over‐accumulating target products. Here, we demonstrate the functionality of the
light‐inducible plant‐usable light‐switch elements (PULSE) optogenetic system in
Marchantia and exemplify its use through the light‐inducible overproduction of the
bioplastic poly‐3‐hydroxybutyrate (PHB).
Methods: The PULSE system was used to drive expression of luciferase as a reporter
and characterize its induction in transgenic M. polymorpha. Additionally, PULSE was
used to drive expression of the PHB biosynthetic pathway; the accumulation of PHB
under light‐inducible control was compared to constitutive overexpression.
Results: PULSE was fully functional and minimally leaky in M. polymorpha. The
presence of the PULSE construct, even in the absence of induction, resulted in a
developmental phenotype. Constitutive and inducible expression resulted in similar
PHB accumulation levels.
Discussion: PHB biosynthesis in plants is known to adversely affect plant health, but
placing its production under optogenetic control alleviated negative effects on bio-
mass accumulation in some instances. The work presented here represents a signif-
icant expansion of the toolbox for the metabolic engineering of M. polymorpha.
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Inducible promoters are invaluable in plant metabolic en-
gineering, addressing challenges posed by product accumu-
lation and metabolic disruption. These include promoters
activated by small molecules such as ethanol, estrogen, or
auxin (Corrado and Karali, 2009). However, chemically
induced systems depend on chemical diffusion into tissues,
organs, and cells, limiting spatial and temporal control of
expression. Additionally, chemical inducers can be expensive
and interfere with normal cellular activities due to chemical
crosstalk or toxicity (Larsen et al., 2023). Optogenetics, using
light to control gene expression, avoids these issues and al-
lows more precise spatiotemporal control over gene expres-
sion (Ochoa‐Fernandez et al., 2020). Although widely used in
mammalian cell biology, its use in plant science has been

limited due to the difficulties imposed by the requirement of
broad‐spectrum light for plant growth. Most of the optoge-
netic tools adapted or developed for plants are incompatible
with the growth of plants under white light because the
specific wavelength of light used for induction will fall within
the broad spectrum of white light needed for normal plant
growth (Shikata and Denninger, 2022).

The plant‐usable light‐switch elements (PULSE) system
enables plant growth without promoter activation in normal
white light conditions by combining a red‐light inducible
module with a repressor module that restricts gene ex-
pression to monochromatic red light. The PULSE system is
fully functional in Arabidopsis thaliana (L.) Heynh. proto-
plasts, transiently infiltrated Nicotiana benthamiana Domin
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leaves, and in stable A. thaliana lines (Ochoa‐Fernandez
et al., 2020).

The recent development of tools and techniques for the
genetic engineering of the bryophyte Marchantia poly-
morpha L. (Ishizaki et al., 2008, 2015; Kubota et al., 2013;
Sugano et al., 2014; Tsuboyama‐Tanaka and Kodama, 2015;
Tsuboyama and Kodama, 2018; Sauret‐Gueto et al., 2020)
suggests its use as a testbed species for metabolic en-
gineering (Boehm et al., 2017; Sauret‐Gueto et al., 2020; Tse
et al., 2024). Unlike most land plants, the haploid gameto-
phyte generation is the dominant stage in bryophytes,
allowing for the faster generation of homozygous trans-
genics. Moreover, M. polymorpha can be easily maintained
in axenic culture using standardized cultivation conditions
and possesses a unique regeneration capacity from frag-
ments or single cells, allowing for easy and rapid propaga-
tion (Horn et al., 2021). Importantly, primary metabolism is
highly conserved in the green lineage (Cannell et al., 2020),
meaning that engineering interventions tested in M. poly-
morpha should be translatable to higher plants. Testing
these engineering interventions in a stably transformed
plant, as opposed to the commonly used transient expres-
sion in N. benthamiana, would also allow the study of long‐
term expression or systemic effects on plant health such as
growth.

In this study, we extended the application of the PULSE
system toM. polymorpha, augmenting its metabolic engineering
toolbox with optogenetic control. To date, the choice of
inducible promoters for M. polymorpha is limited to a heat‐
shock‐responsive promoter (Nishihama et al., 2016), the
estrogen‐inducible XVE system (Flores‐Sandoval et al., 2016), or
an auxin‐inducible promoter (Ishizaki et al., 2012). To dem-
onstrate the utility of PULSE in M. polymorpha, we assessed its
ability to regulate the expression of the heterologous pathway
for poly‐3‐hydroxybutyrate (PHB) production, a biodegradable
polymer synthesized by various eubacteria as a carbon storage
compound (Mortimer, 2019). In Ralstonia eutropha, PHB bio-
synthesis uses a three‐enzyme pathway involving β‐ketothiolase,
acetoacetyl‐CoA reductase, and PHB synthase to convert acetyl‐
CoA to PHB (Lu et al., 2020).

Given its potential as a biodegradable polyester, the
engineering of plants for PHB production has been an active
research field for more than three decades (Poirier
et al., 1992). However, the production of high levels of PHB
is invariably associated with detrimental effects on plant
health, including severe stunting, chlorosis, and loss of
fertility (Poirier et al., 1995; Bohmert et al., 2000; Bohmert‐
Tatarev et al., 2011; McQualter et al., 2015). It is widely
hypothesized that these effects are due to the competition
between endogenous metabolism and PHB production for
acetyl‐CoA, a key metabolite in the central metabolism of all
organisms connecting catabolic and anabolic metabolism
(Oliver et al., 2009). An inducible promoter could be used to
reduce these effects and avoid competition between PHB
and endogenous metabolism by inducing expression at a
specific point in the plant life cycle. Small‐molecule chem-
ical induction has been used with some success for this

purpose in other plant hosts (Bohmert et al., 2002; Lossl
et al., 2005; Kourtz et al., 2007) but suffers from the draw-
backs already mentioned. Here, we demonstrate the effec-
tiveness of optogenetic control over PHB production, of-
fering insights into PHB yield optimization and plant
health.

METHODS

Plant materials and growth

Male and female M. polymorpha accessions (Takaragaike‐1
[Tak1] and Takaragaike‐2 [Tak2], respectively) (Ishizaki
et al., 2008) were grown aseptically on one‐half strength
Gamborg B5 media (0.158% [w/v] Gamborg B5 + vitamins
[Duchefa Biochemie, Haarlem, the Netherlands], 2.34 mM
MES monohydrate, 29.2 mM sucrose, 1.4% [w/v] agar, pH
5.6). Plants were grown in a controlled‐environment room
with a 16:8 h light:dark cycle at 18/22°C day/night temper-
ature with 10 μmol photons·m−2·s−1 supplemental far‐red
light (see light spectra in Figure S1, see Supporting Infor-
mation). Light spectra and intensities were measured using
an AvaSpec‐ULS2048CL‐EVO spectrometer (Avantes, Apel-
doorn, the Netherlands).

Molecular cloning and genetic construct
fabrication

Construct design

The gene parts used in genetic construct assembly are listed
in Table S1. Most gene parts were synthesized by Twist
Bioscience (San Francisco, California, USA). The PULSE
optogenetic system (Ochoa‐Fernandez et al., 2020) and the
Gateway vectors pMpGWB103 (Addgene plasmid number
68557) (Ishizaki et al., 2015) and pK7WG2 (Karimi
et al., 2002) were used for expression. Plasmids were
designed and assembled in silico using SnapGene (version
7.1.0; GSL Biotech, San Diego, California, USA). Synthe-
sized gene parts were codon optimized for M. polymorpha
using OPTIMIZER (Puigbo et al., 2007) and a codon usage
table obtained from the Codon Usage Database (http://
www.kazusa.or.jp/codon/).

Construct assembly

DNA amplification using PCR was carried out using Phu-
sion High‐Fidelity DNA Polymerase (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) according to the
manufacturer's instructions. Primer information is provided
in Table S2. PCR fragments were assembled for transfor-
mation using the NEBuilder HiFi DNA Assembly Cloning
Kit (New England Biolabs, Hitchin, United Kingdom).
Constructs were assembled into the pTWIST‐Entr Gateway
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cloning vector, and the Gateway LR Clonase II Enzyme Mix
(Thermo Fisher Scientific) was used to move the constructs
into one of several Gateway expression vectors according to
the manufacturer's instructions.

Transformation and construct validation

Cloning was undertaken using α‐select Silver Chemically
Competent Escherichia coli cells (Meridian Bioscience,
Cincinnati, Ohio, USA) using a standard heat‐shock
transformation protocol. All growth steps were carried
out at 30°C to account for the repetitive sequences in the
PULSE construct. At least five colonies per construct were
screened using diagnostic restriction digestion with an
appropriate FastDigest restriction enzyme (Thermo Fisher
Scientific) followed by Sanger sequencing (Source Bio-
science, Nottingham, United Kingdom) and full plasmid
sequencing (Plasmidsaurus, Eugene, Oregon, USA). Vali-
dated sequences were transformed into Agrobacterium
tumefaciens strain GV3101 (pMP90) (Koncz and
Schell, 1986) using a standard freeze–thaw protocol. A list
of all plasmids is provided in Table S3.

Plant transformation

Marchantia polymorpha spores were transformed using a
published Agrobacterium‐mediated transformation proto-
col (Ishizaki et al., 2008). Hygromycin (10 μg/mL) was
used for selection of transgenic plants, and cefotaxime
(100 μg/mL) was used to kill any remaining Agrobacterium
from transformation and to protect against general bac-
terial contamination. To generate stable lines, gemmae
were collected from a single gemma cup of an antibiotic‐
resistant transformant and the plant was grown to matu-
ration. Gemmae collected from these plants were used for
experiments.

For genotyping, genomic DNA was extracted from a
piece of M. polymorpha thallus between 4–8 wk old and
measuring approximately 1 × 1 cm using the cetyl-
trimethylammonium bromide (CTAB) method (Porebski
et al., 1997). Extracted genomic DNA was diluted to
20–30 ng/μL and used as a template in a standard PCR
reaction (see genotyping primers in Table S2).

Plant image acquisition

High‐resolution images of individual plants were taken
using a Stemi 508 stereomicroscope (Zeiss, Oberkochen,
Germany). The staining of PHB granules using Nile Blue A
was based on Poirier et al. (1992). Stained M. polymorpha
gemmae were dry mounted and imaged using a Leica SP5
confocal microscope (Leica Microsystems, Wetzlar,
Germany). Images were captured using an HC PL APO 20×
water immersion objective lens or an HC PL APO CS2 63×

water immersion objective lens (both Leica Microsystems)
at 512 × 512‐pixel resolution with 4‐line averaging. An
excitation wavelength of 633 nm was used with emission
collected at 650–700 nm.

Protein purification and analysis

Luciferase analysis

Luciferase expression dynamics were determined using a
NightSHADE photon‐counting camera (Berthold Technol-
ogies, Bad Wildbad, Germany) in the presence of exogenous
D‐luciferin solution (1 mM D‐luciferin, 0.01% [v/v] Triton
X‐100), which was added to the top of the plant immedi-
ately prior to the start of the experiment. Illumination with
red (660 nm), blue (470 nm), far‐red (730 nm), and/or white
(equal combination red, blue, and far‐red) light and image
acquisition (exposure time of 300 s) were automated using
the NightSHADE camera. All light intensities were 10 μmol
photons·m−2·s−1.

Luciferase activity was quantified using the Dual‐Glo
Luciferase Assay System (Promega, Madison, Wisconsin,
USA) according to the manufacturer's instructions and a
GloMax Plate Reader (Promega). A standard curve using
pure firefly luciferase standard (Promega) was used to
determine micrograms of luciferase in each sample.

Protein purification and western blotting

For soluble protein purification, thallus fragments from
4–8‐wk‐old M. polymorpha were flash frozen and homog-
enized in a TissueLyser Reaction Tube Holder cooled
to −80°C using a TissueLyser II (Qiagen, Hilden, Germany)
for 5 min at 25 Hz and resuspended in a 10‐fold excess (v/w)
of cold grinding buffer (50 mM NaH2PO4, 150 mM NaCl,
50 mM ascorbic acid, 0.6% [w/v] PVPP‐40, 0.4% [w/v]
bovine serum albumin, 5% [v/v] glycerol, 1% [v/v] TWEEN‐
20, 1 mini tablet of Pierce Protease Inhibitor [Thermo
Fisher Scientific], pH 8.0). The lysate was sonicated for
10 min using a Grant Ultrasonic Bath XB3 (Keison Prod-
ucts, Chelmsford, United Kingdom), centrifuged for 15 min
at 3000 × g at 4°C, and the supernatant collected.

Proteins were fractionated using sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS‐PAGE)
and transferred to a nitrocellulose membrane using stan-
dard methods. Proteins containing c‐Myc and HA tags were
detected with commercial antibodies (Abcam, Cambridge,
United Kingdom and Merck, Darmstadt, Germany,
respectively [at 1 μg/mL]). Acetoacetyl‐CoA reductase was
detected using an α‐PhbB antibody (1:500 dilution)
(Nawrath et al., 1994). Bound antibodies were detected
using a goat α‐rabbit IgG antibody linked to horseradish
peroxidase (HRP) (Merck) and the EZ‐ECL Chemilum-
inescence Detection Kit (Biological Industries, Kibbutz Beit‐
Haemek, Israel).
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PHB quantification

The extraction of PHB was based on a published method
(Bohmert et al., 2000). After derivatization with N‐methyl‐N‐
(trimethylsilyl)trifluoroacetamide (MSTFA) for 30min at room
temperature with gentle shaking, a 0.25‐μL sample was injected
in splitless mode at 230°C into an Intuvo 9000 gas chroma-
tography mass spectrometer (Agilent Technologies, Santa
Clara, California, USA) fitted with a 15m × 250 μm × 0.25 μm
DB‐5ms Ultra Inert Intuvo GC capillary column module
(Agilent Technologies). Chromatography was performed by
holding the temperature at 60°C for 5min followed by heating
at a rate of 7.5°C/min to 200°C, resulting in a run time of
24min. An Agilent 5977B mass spectrometer (Agilent Tech-
nologies) was used in single ion monitoring (SIM) mode to
detect the 189 and 203m/z fragment ions for PHB and 3‐
hydroxy‐valerate‐methyl ester, respectively. Samples were
injected in triplicate and average values taken forward for
analysis. The MassHunter MS Quantitative Analysis software
(Agilent Technologies) was used for peak identification and
integration with reference to the National Institute of Standards
and Technology (NIST; Gaithersburg, Maryland, USA) mass
spectra library (version 2.0). PHB:3‐hydroxy‐valerate‐methyl
ester standard curves were generated using pure PHB standard
(Merck) and used for absolute quantification.

Data analysis and statistics

Statistics and data visualization were performed using Python
(version 3.8.18, Python Software Foundation, https://www.
python.org) in a Jupyter Notebook (Kluyver et al., 2016). A
Mann–Whitney U test (Mann and Whitney, 1947) was used
to determine differences between two groups and was im-
plemented using the SciPy package (Virtanen et al., 2020).
Figures were prepared using the seaborn (Waskom, 2021)
and matplotlib (Hunter, 2007) packages.

RESULTS

Adaptation of the PULSE optogenetic system
for use in Marchantia polymorpha

The activity of PULSE relies on the combinatorial activity of
two engineered photoreceptors. The first, Boff, represses
gene expression in the presence of blue light and is built
from the Erythrobacter litoralis EL222 photoreceptor, which
binds its target DNA sequence C1205 as a dimer in the
presence of blue light. In Boff, EL222 is fused to the tran-
scriptional repressor domain SRDX. The second element of
PULSE is the Ron module, which activates gene expression
in red light. Ron is based on the red/far‐red light‐dependent
interaction between phytochrome B (PhyB) and phyto-
chrome interacting factor 6 (PIF6) from A. thaliana. In
PULSE, PIF6 is fused to a DNA‐binding domain that binds
etr8, and PhyB is fused to the VP16 activator domain.

PULSE combines Boff and Ron by the construction of a
synthetic target promoter, POpto, which integrates the C1205
and etr8 binding sites upstream of a promoter used to drive
expression of the target gene, such as luciferase. The com-
binatorial effect of the Boff and Ron switches ensures that
blue or white light will prevent gene expression (due to
binding of the repressor Boff) and far‐red light will do the
same (due to inactivity of the activator), but in red light Ron

will bind etr8 and activate gene expression.
A published version of PULSE with expression of the

PhyB, PIF6, and EL222 modules controlled by 35S cauli-
flower mosaic virus promoters (p35S), an established pro-
moter for constitutive expression in M. polymorpha (Althoff
et al., 2014), was used. The system was modified from its
published version to carry hygromycin resistance, given the
observation that M. polymorpha is insensitive to kanamycin
(for a plasmid map, see Figure S2).

Dynamics and distribution of PULSE
expression in Marchantia polymorpha

Fifty‐five PULSE lines were screened for activity of the
PULSE construct by the addition of exogenous D‐luciferin
and exposure of plants to monochromatic red light for 4 h
(Figure S3). Four selected lines confirmed for the presence
and the activity of the PULSE construct were grown from
gemmae in clear 24‐well plates for 15 d. After addition of
exogenous D‐luciferin, the plants were placed in white light
for 12 h, in red light for 12 h, and in white light for another
24 h. Images and photon counts were captured every 2 h, and
photon counts were normalized by final plant mass. There
was a clear increase in luminescence, and thereby of lucif-
erase expression, following the red‐light treatment in the
transgenic lines (Figure 1A). Luminescence did not increase
linearly with induction time but tapered off after approxi-
mately 8 h of induction. It took approximately 6 h for lumi-
nescence to reach a steady state after the end of the induction
period. The rate of decrease of luciferase activity is reflective
of the half‐life of the luciferase protein rather than the off‐
time of the PULSE system expression: structural changes in
EL222 and PhyB are expected to result in turning off of
expression on a millisecond‐to‐second scale once exposed to
white light (Zoltowski et al, 2011; Heyes et al., 2019).

Luminescence signal was heterogeneously distributed in
all PULSE lines, with higher levels in the apical regions of
the thalli and, in some cases, with no signal detected at the
center of the thallus (Figure 1A, inset). Given that the thalli
of M. polymorpha develop from apical stem cells located in
an invaginated notch at the thallus extremity (Solly
et al., 2017), the apical region is expected to grow faster than
the basal region of the thallus. The processes involved in
growth require adenosine triphosphate (ATP) (Salin
et al., 2019), and as a result the apical region of the thallus
might be better able both to accumulate large amounts of
protein and to provide a higher availability of ATP for the
conversion of D‐luciferin to oxyluciferin.
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Induction of PULSE in response to different
light conditions

The induction of expression of the PULSE system in response
to different intensities of red light, different ratios of blue to

red light, and different white light conditions was tested via
activity of the luciferase reporter (Figure 1B–D). Three PULSE
lines were grown from 36‐d‐old gemmae (red to blue light
ratio) or from thallus cuttings grown for 1 wk (red light
intensity and white light experiments) and were exposed to the

F IGURE 1 Characterization of the PULSE optogenetic system in Marchantia polymorpha. (A) Dynamics and distribution of expression through PULSE in
M. polymorpha. Counts per second (cps) normalized by the final mass of each plant are shown in response to monochromatic red‐light treatment; the inlay
represents raw data obtained from a photon‐counting camera, showing signal heterogeneity where red represents highest counts and blue lowest counts (n = 4).
Shaded regions on the graph represent standard error of the mean (SEM). Bar above the figure represents the light conditions used, where red is monochromatic
red light and white is white light with no supplemental far‐red light. (B) Response of the PULSE system to different intensities of red light; intensities are shown in
units of μmol photons·m−2·s−1 (n = 3). Error bars represent SEM. (C) Response of the PULSE system to different ratios of blue to red light; ratios of blue to red light
intensities are shown in units of μmol photons·m−2·s−1 (n = 3). Error bars represent SEM. (D) Response of the PULSE system to different white light conditions
(n = 3). W+FR, white light with supplemental far‐red; W, white light with no supplemental far‐red; FR, far‐red. Error bars represent SEM. (E) Long‐term induction
behavior of PULSE over a 6‐d period. Horizontal lines represent expression levels at t = 0 (n = 3). Shaded regions represent SEM. (F) Induction of PULSE in
response to multiple three‐day pulses of red light (n = 3). Shaded regions represent SEM. For E and F, a bar above the figure represents the light condition used,
where red is monochromatic red light and light purple is W+FR. (G) Phenotype of three PULSE lines and wild‐type M. polymorpha Tak1 and Tak2 plants after
25 d of growth from gemmae in W+FR conditions. Scale bar is 5mm. gFW, gram fresh weight; OE, overexpressor/transgenic lines; WT, wild‐type.
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test condition for 18 h. The PULSE system also includes
Renilla luciferase under the control of the A. thaliana consti-
tutive polyubiquitin 10 gene promoter (pAtUbi10) to nor-
malize firefly luciferase readouts and thereby reduce variability
due to sample handling or expression levels (Sherf et al., 1996).
However, no Renilla luciferase was detected in any experi-
ments carried out in this work. This could be due to inactivity
of the pAtUbi10 promoter in M. polymorpha, although the
promoter has been successfully used in the moss Physcomi-
trium patens (Hedw.) Mitt. (Peramuna et al., 2018). The
inability to normalize luminescence data led to high levels of
variability, which can likely be attributed to differences in
luciferase expression between gemmae or thallus cuttings from
the same line. In the absence of normalization, and to allow for
comparison of data across experiments, data were expressed as
micrograms of luciferase normalized by final plant mass.

The two most important metrics for an inducible system
are fold‐change in expression upon induction and basal levels
of expression in uninduced conditions (“leakiness”). Given
that the level of expression does not increase linearly with the
intensity of red light applied (Figure 1B), a red‐light intensity
of 10 μmol photons·m−2·s−1 was used to determine fold‐
change of expression. This value ranged from 20.6‐ to 2.9‐fold
depending on the line, as determined by calculating the dif-
ference in normalized luminescence between monochromatic
blue (expected to fully prevent expression) or red (expected to
fully induce expression) light conditions (Figure 1C). This
variability reflects leakiness through POpto, where lines with
lower fold‐changes in induction show basal levels of expres-
sion in monochromatic blue light.

Expression through POpto was prevented in the white
light conditions used for plant growth. Plants grown in two
different white light conditions, either with (W+FR) or
without (W) supplemental far‐red light (see light spectra in
Figure S1), had similar expression levels to conditions ex-
pected to prevent expression such as dark and mono-
chromatic far‐red light conditions (Figure 1D).

To determine the long‐term induction dynamics of PULSE
in M. polymorpha, two different induction strategies were
tested using thallus cuttings grown for 1 wk (Figure 1E, F).
When exposed to constant induction (i.e., monochromatic red
light) for 6 d, activity of the luciferase reporter increased or
stayed constant for a maximum of 3 d before decreasing. In
two of the three lines, luciferase activity was negligible after 6 d
of induction. An intermittent induction scheme was also tes-
ted; plants were placed in monochromatic red light for 3 d
followed by W+FR conditions for 3 d, and this was repeated
for a total of two cycles in each condition. Results show that
this approach was successful at turning expression on and off,
and that, apart from line #37, induction levels upon the second
pulse of red light were comparable to the first.

Phenotypic effects of the PULSE system

Marchantia polymorpha PULSE lines display a notable
developmental phenotype characterized by slower growth,

thinner and more branching thalli, increased cuticular dep-
osition, reduced or no gemmae cup development, and lower
rates of gemmae germination (Figure 1G). This phenotype is
not linked to induction as it occurs in plants both before and
after exposure to red light and could be seen in spores several
days after germination.

Due to the lack of gemmae cup development in some
lines, thallus cuttings were used to propagate plants. As can
be seen in Figure 1D and 1F, this has resulted in transgene
silencing in line #37, manifesting itself as a reduction in
luminescence after induction, a known effect of the propa-
gation of M. polymorpha by thallus cuttings.

Using PULSE to control the biosynthesis
of PHB

To demonstrate the utility of PULSE in M. polymorpha, we
assessed its ability to regulate the expression of the heterol-
ogous PHB pathway and evaluated the effect of optogenetic
induction on yield of PHB and plant health. Marchantia
polymorpha lines constitutively expressing the three enzymes
required for PHB synthesis were generated to act as a base-
line against which inducible expression could be compared.
A polycistronic construct for the cytosolic expression of β‐
ketothiolase, acetoacetyl‐CoA reductase, and PHB synthase
from R. eutropha was designed. The three coding sequences
with stop codons removed were separated by the InteinF2A
self‐cleaving fusion protein domain, composed of a Ssp DnaE
mini‐intein variant engineered for hyper‐N‐terminal auto-
cleavage that was covalently linked to the 2A peptide from
the foot‐and‐mouth disease virus (Zhang et al., 2017). This
construct was cloned into the pMpGWB103 expression vec-
tor for constitutive expression through the endogenous
pMpEF1α promoter (Ishizaki et al., 2015).

Twenty‐two transgenic lines were grown for 29 d from
gemmae and exhibited a large range of PHB yields and growth
rates (Figure S4A, B). The most productive lines produced PHB
levels similar to the highest yield of cytosolic PHB published to
date, in A. thaliana (Poirier et al., 1995). There was a strong
negative correlation (r =−0.61, df= 21, P= 0.0014) between
average final size (measured in mm2) and PHB yield, sup-
porting previous work reporting negative growth phenotypes of
plants producing cytosolic PHB (Poirier et al., 1995). Thallus
area is a good proxy for size in M. polymorpha given its pre-
dominantly two‐dimensional growth (Wang et al., 2023).

Three of the highest PHB‐yielding lines were taken forward
for further analysis. Plants were grown for 39 d, and PHB yield
and the expression of PHB‐producing enzymes were confirmed
(Figures 2A and S4E). PHB granules were visualized in M.
polymorpha gemmae by Nile Blue A staining (Figure 2B). As
well as being smaller than the wild type (WT) (Figure S4H), all
three lines had visible gaps in the dorsal epidermis not observed
in WT plants (Figure 2C). Given the dependence of PHB
biosynthesis on acetyl‐CoA, these structures might reflect
reduced access to cytosolic acetyl‐CoA, which is essential for the
acetylation of cell wall polysaccharides (Zhong et al., 2020) and
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F IGURE 2 Optogenetic control over PHB production in Marchantia polymorpha. (A) PHB yield in three selected high‐PHB‐producing constitutive
lines grown for 39 d from gemmae (n = 6). Error bars represent SEM. (B) Representative image of Nile Blue A–stained PHB granules in a gemma of line #25.
Granules are indicated in the inset with white arrows. Scale bar is 10 μm. (C) Images of three selected high‐PHB‐producing constitutive lines and wild‐type
M. polymorpha after 29 d of growth. Scale bar is 5 mm. Black arrows indicate enlarged pore‐like structures. (D) Induction scheme used for characterization
of inducible PHB lines. The sampling point is indicated with a black arrow. (E) PHB levels expressed as percent PHB per gram fresh weight (%PHB/gFW) in
both constitutive (#18, 25, 3) and inducible (#112, 88) lines grown according to the scheme shown in D (n = 6). Error bars represent SEM. *** represents a
P value < 0.001, ** a P value < 0.01, * a P value < 0.05, and n.s. a P value > 0.05 (Mann–Whitney U). (F) Images of three inducible PHB lines with severe
branching phenotypes that were not taken forward for further analysis. (G) Images of three selected high‐inducible PHB‐producing lines and wild‐type M.
polymorpha after 31 d of growth and induction. Scale bar is 5 mm. Black arrows indicate enlarged pore‐like structures. (H) Induction scheme used for
characterizing PHB accumulation dynamics. Sampling points are indicated with black arrows. (I) The change in PHB contents expressed in terms of %PHB/
gFW of thallus cuttings from both constitutive and inducible PHB‐producing plants over time. PHB levels in inducible lines grown for the same amount of
time but not induced are also shown (0bis) (n = 3). (J) The change in PHB contents expressed as total milligrams per plant of thallus cuttings from both
constitutive and inducible PHB‐producing plants over time (n = 3). Legend applies to both (I) and (J), and error bars represent SEM. OE, overexpressor/
transgenic lines; WT, wild‐type.
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the synthesis of compounds such as waxes, sterols, and cutins
(Xing et al., 2014).

To generate plants with optogenetic control over PHB
production, the polycistronic construct containing all three
PHB‐producing enzymes separated by InteinF2A was
cloned downstream of POpto. Twenty‐three inducible
transgenic lines were screened for their ability to produce
PHB in response to 3 d in red light (Figure S4C). There was
a moderate negative relationship (r = −0.40, df = 22,
P = 0.053) between final plant size and yield of PHB (Fig-
ure S4D). Only three lines accumulated significant levels of
PHB at the end of the experimental period, and the PHB
accumulation levels were comparable to those in the con-
stitutive lines (Figure 2A). Inducible expression of the PHB
enzymes by monochromatic red light and minimal leakiness
were demonstrated at the protein level by immunoblotting
(Figure S4F). Inducible PHB lines exhibited phenotypes
reminiscent of both PULSE lines and constitutive PHB lines,
including branching (Figure 2F), an increase in cuticular
deposition, and gaps in the dorsal epidermis (Figure 2G).
These gaps were only seen in inducible lines after induction.

The three inducible lines accumulating significant levels of
PHB upon induction and the previously characterized consti-
tutive lines were grown from gemmae under the same condi-
tions to allow for direct comparison of PHB yield. When ex-
pressed in terms of percent PHB per gram fresh weight (%PHB/
gFW), the inducible lines outperformed the constitutive lines
under the same conditions with 2–3‐fold higher yields
(Figure 2E). Inducible control is often used in metabolic en-
gineering to temporally separate heterologous expression and
normal plant growth. We hypothesized that the negative growth
phenotypes associated with PHB production might be limited
by placing PHB production under inducible control. If this was
the case, plants inducibly producing PHB should be larger than
constitutively producing plants given the same levels of PHB
accumulation. However, inducible PHB lines were roughly the
same size or smaller than constitutive PHB lines grown under
the same conditions (Figure S4H). For this reason, when re-
ported as total amount of PHB per plant, there was no longer a
clear advantage to the inducible strategy (Figure S4G).

One possible caveat to the comparison between induc-
ible and constitutive PHB biosynthesis is that two different
promoters were used: constitutive PHB production was
driven by the pMpEF1α promoter, whereas inducible PHB
production was achieved by p35S‐driven expression of
PULSE. However, quantification of betalain accumulation
in M. polymorpha when expression of the biosynthesis en-
zymes was driven by these two promoters occurred to very
similar levels (Tse et al., 2024), and hence promoter effects
are unlikely to be a major factor in our experiments.

The dynamics of PHB accumulation in
constitutive and inducible PHB‐producing plants

The accumulation of PHB and plant growth over time were
used to gain a fuller understanding of the interplay between

growth and PHB accumulation. Due to issues generating
gemmae as previously described, thallus cuttings were
grown and induced according to the scheme shown in
Figure 2H. For the inducible lines, some thallus cuttings
were never exposed to induction conditions but were
instead grown for the entire period in long‐day white
light conditions, as an additional control for the proper
functioning of the PULSE optogenetic system. There was
very minimal PHB production in these thallus cuttings
(Figure 2I), showing that the small amount of protein
detected without induction (Figure S4F) was insufficient
to sustain significant PHB synthesis.

The dynamics of PHB accumulation over time varied
considerably between the constitutive and the inducible
PHB‐producing lines. When expressed in terms of %PHB/
gFW, the levels of PHB stayed constant or decreased over
the experimental period in the constitutive lines but
increased in the inducible lines (Figure 2I). In general, the
final levels of PHB expressed as %PHB/gFW were higher in
the inducible lines than in the constitutive lines, echoing
results already described when plants were grown from
gemmae. Whereas previous results showed no apparent
benefit to inducible PHB production in terms of plant
growth (Figure S4G), there was a clear increase in total
milligrams of PHB per plant in the inducible lines compared
to the constitutive lines when grown from thallus cuttings
(Figure 2J).

Effects of induction conditions on plant growth

The conditions used for inducing expression through
PULSE were found to influence plant growth. WT and
constitutive PHB lines grown with three three‐day bursts of
red light were larger than plants grown only in white light
(Figure S4H). The growth‐stimulating effects of red light
might partly explain why the constitutive lines accumulated
less PHB expressed as %PHB/gFW in induction conditions
(Figure 2E) as opposed to growth in normal long‐day
conditions (Figure 2A).

DISCUSSION

An evaluation of PULSE in Marchantia
polymorpha

Published PULSE induction rates range from 396.5‐fold (A.
thaliana protoplasts) to 10‐fold (stable A. thaliana line)
(Ochoa‐Fernandez et al., 2020). In M. polymorpha, induc-
tion rates reached 20.6‐fold and were thus broadly similar to
published results in other species. The two other important
attributes of an optogenetic system are reversibility and
low leakiness; reversibility of PULSE in M. polymorpha
was demonstrated by the reduction in luciferase signal
after induction when plants were placed in white light
(Figure 1A, F). There was some expression through POpto in
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conditions expected to turn off expression (Figures 1C,
S4F); however, this was insufficient to lead to significant
levels of PHB accumulation (Figure 2I). As such, we can
conclude that PULSE is fully functional in M. polymorpha
and can be used to successfully drive the expression of a
heterologous enzyme pathway.

Transgenic lines carrying PULSE had a prominent
developmental phenotype (Figure 1G). The lack of gemmae
cup formation in M. polymorpha PULSE lines not only
reduces the ability to rapidly and easily scale up plant
numbers (Ishizaki et al., 2016), it also presents significant
challenges to the long‐term maintenance of PULSE lines
given the propensity of thallus‐propagated plants for
silencing. These phenotypic effects are present in uninduced
plants and are hence likely due to the activity of one or
more of the constitutively expressed PULSE construct
proteins forming part of the Ron or Boff modules. Although
not tested in plants on its own, the expression of an EL222
and VP16‐based optogenetic system (which forms the basis
of Boff) in zebrafish embryos resulted in minimal morpho-
logical effects or toxicity (Motta‐Mena et al., 2014).

It is therefore likely that the developmental phenotype
arises due to the constitutive expression of the Ron module,
which is derived from the A. thaliana PhyB and PIF6 pro-
teins and might therefore be interfering with developmental
processes in M. polymorpha. The Marchantia genome is
very streamlined, with no evidence of recent whole‐genome
duplications in its evolutionary history; this means that
there is less genetic and regulatory complexity than in an-
giosperms (Bowman et al., 2017). In Arabidopsis, there are
five different phytochromes (Phy) and eight PIFs (Cheng
et al., 2021). In M. polymorpha, however, there is only one
gene each for a phytochrome (Mp‐Phy) and its PIF (Mp‐
PIF) (Inoue et al., 2016), and the MpPhy‐MpPIF pair en-
coded by these genes regulates a wide range of processes.
For instance, MpPhy and MpPIF have been implicated in
the germination of gemmae (Inoue et al., 2016) and in
thallus and sporeling regeneration (Nishihama et al., 2015),
and MpPIF‐mediated signaling has been shown to regulate
meristem dormancy. The meristems that develop at thallus
apices are responsible for the branching architecture in
M. polymorpha, and their relative number, position, and
activity determine the final shape of the thallus (Streubel
et al., 2023). The roles of MpPhy and MpPIF and the lack of
redundancy in Phy‐PIF signaling encoded in the M. poly-
morpha genome means that the expression of another Phy‐
PIF pair from Arabidopsis might be able to significantly
interact with MpPhy, MpPIF, and/or their downstream
targets, and that this might lead to the phenotypes observed.
This is further supported by the fact that the deduced amino
acid sequence of MpPhy includes canonical land plant
phytochrome domains and that a phylogenetic analysis of
MpPIF showed it to be closely related to the PIF family in
Arabidopsis (Inoue et al., 2016).

The Phy‐PIF signaling module is evolutionarily con-
served and is present in all land plants and most algal taxa
(Pham et al., 2018). Although M. polymorpha is so far

unique in possessing a single Phy‐PIF pair, the ubiquitous
nature of this system in plants is likely to result in effects of
PULSE on plant development in other plants too. Thus far,
PULSE remains the only optogenetic system with no ex-
pression in white light that has been tested in stable plant
lines. Its effects on developmental phenotype would warrant
the development of an alternative system for applications in
which these effects are unacceptable. Recently, another plant
optogenetic system purported to be compatible with growth
in white light was reported (Larsen et al., 2023). This system
is specifically repressed with blue light or blue‐enriched
white light, but active under other light regimes such as
green‐enriched white light, and was tested in transiently
transformed N. benthamiana leaves for the control over
fluorescent protein, pigment, or immune response protein
production. However, the system is considerably leaky and
active in dark conditions. Despite this, and given the ability
to modulate activity by changing the spectral properties of
white light, this system would warrant being tested in stable
plant lines.

The expression of PULSE was driven by strong consti-
tutive p35S promoters. The library of constitutive promot-
ers available for use in M. polymorpha has recently been
expanded to include 367 transcription factor–derived pro-
moters (Romani et al., 2024), some of whose relative
strengths have been directly quantified for control over a
heterologous biosynthetic pathway (Tse et al., 2024). Re-
placing the strong p35S promoters with weaker promoters
might ensure adequate induction levels while minimizing
developmental phenotypes. Indeed, a trade‐off might exist
whereby a weaker promoter could result in higher product
accumulation levels due to reduced adverse effects on plant
health.

PULSE as a tool for the metabolic engineering
of Marchantia polymorpha

The utility of PULSE as a tool for the metabolic engineering
of M. polymorpha was demonstrated by its successful control
over PHB production, which was chosen as a case study
given the established negative effects on plant growth when
the PHB biosynthesis pathway is expressed constitutively
(Poirier et al., 1995). It is thought that the main cause of
growth reduction in plants producing cytosolic PHB is the
competition between PHB and biomass‐accumulating path-
ways for acetyl‐CoA (Nawrath et al., 1994; Kocharin
et al., 2013; McQualter et al., 2016). In metabolic engineering,
inducible expression is often used in such instances to par-
tially separate endogenous plant processes and heterologous
production and thereby minimize effects on plant health.
Inducibility has been used in plant‐based PHB production to
avoid competition between PHB production and endogenous
metabolism (Somleva et al., 2013; Mortimer, 2019; Lu
et al., 2020). Chemically induced promoters such as ethanol
(Lossl et al., 2005), salicylic acid (Bohmert et al., 2002), or
ecdysone (Kourtz et al., 2007) have been used to drive
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plastidial PHB production and improve plant phenotypes. To
our knowledge, however, no inducible system has been used
for cytosolic PHB production. In this work, the PULSE op-
togenetic system was used to drive the production of cyto-
solic PHB in response to red light.

The production of PHB was shown to be fully inducible
and minimally leaky (Figures 2I, S4F). When expressed in
terms of %PHB/gFW, inducible lines consistently out-
performed constitutive lines grown under the same condi-
tions (Figure 2E, I). The unit of %PHB/gFW can be used to
infer the preferential allocation of carbon and other cellular
resources toward PHB given that a higher value of %PHB/
gFW means a larger proportion of plant mass is composed
of PHB. As such, inducible PHB production was more
effective than constitutive production at re‐allocating plant
resources toward PHB synthesis.

The benefit of an inducible strategy was less clear when
final plant size was taken into account. When grown from
thallus cuttings, PHB yield expressed as total milligrams of
PHB per plant was higher in inducible lines than in consti-
tutive lines (Figure 2J). When grown from gemmae under the
same induction scheme, however, there was no longer any
benefit to the inducible strategy (Figure S4G). These plants
also had the same enlarged pore‐like structures after induc-
tion and showed similar levels of growth retardation to
constitutive lines when compared to WT plants (Figures 2G,
S4H). Expression is induced at very different developmental
stages in gemmae and thallus cuttings, thus it is possible that
either prolonged exposure to red light or the production of
PHB affects germinating gemmae and growing thalli in dif-
ferent ways. These effects seem the most severe in gemmae,
such that inducing the production of PHB in growing thallus
tissue is clearly advantageous over both induction in the same
plant lines growing from gemmae and constitutive PHB
production under the same conditions.

The interpretation of benefits incurred by an inducible
PHB strategy is complicated by the growth stimulation
demonstrated by the induction conditions (Figure S4H).
Inducing plants using three three‐day bursts of red light
hence sets up an increased competition during this period
between PHB and biomass production. Moreover, growth
in monochromatic red light adversely affects photosynthesis
(Kaiser et al., 2018); therefore, shorter pulses of red light
might reduce the stimulating effect on biomass accumula-
tion while allowing for higher PHB accumulation. Alter-
natively, white light supplemented with a large excess of
monochromatic red light might allow for higher PHB
production levels while minimizing growth stimulation.

Concluding remarks

The PULSE system is the first published optogenetic system
compatible with growth of plants in white light without
promoter activation. As such, it shows promise as a tool in
metabolic engineering where production often needs to be
temporally restricted to minimize negative effects on the

plant host, or in other fields where the need for reversibility
of gene expression is crucial. In this work, the PULSE sys-
tem was shown to be fully functional in the emerging
metabolic engineering testbed species M. polymorpha, with
induction fold‐changes of expression comparable to previ-
ously tested plant hosts, full reversibility, and low levels of
leaky expression. The system was also modified to provide
optogenetic control over the expression of a three‐enzyme
heterologous pathway for PHB production, providing in-
sights into the trade‐offs between PHB and biomass accu-
mulation. The successful expression of both a luciferase
reporter and the PHB pathway genes suggests that there is
no limitation on the target genes that can be expressed using
this system. Nevertheless, users should assess the repro-
ducibility of the system using the luciferase reporter and
should carry out direct quantification of their target protein,
which could differ from luciferase in expression dynamics
due to factors such as different turnover rates.

The wider applicability of the PULSE optogenetic sys-
tem might be somewhat limited by its effect on develop-
mental phenotype. As it is unclear whether these phenotypic
effects are unique to Marchantia or whether they might be
encountered in other plant species stably transformed with
PULSE, further work is needed in a range of species to
characterize these effects.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Figure S1. Superimposed light spectra of conditions used
for growth ofMarchantia polymorpha in white light without
(green) and with (red) supplementary far‐red light.

Figure S2. PULSE plasmid map.

Figure S3. The screening of functional Marchantia poly-
morpha transgenic PULSE lines using a photon‐counting
camera.

Figure S4. Further characterization of the transgenic lines
generated in this study.

Table S1. Gene parts used for genetic construct design.

Table S2. Primers used in this study. For a description of
plasmid names, refer to Table S3.

Table S3. Plasmids used in this study.
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