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ABSTRACT 

Plant synthetic biology is a fast-evolving field that employs engineering principles to empower 

research and bioproduction in plant systems. Nevertheless, in the whole synthetic biology 

landscape, plant systems lag compared to microbial and mammalian systems. When it comes 

to multigene delivery to plants, the predictability of the outcome is decreased since it depends 

on three different chassis: E. coli, Agrobacterium, and the plant species. Here we aimed to 

develop standardised and streamlined tools for genetic engineering in plant synthetic biology. 

We have devised Mobius Assembly for Plant Systems (MAPS), a user-friendly Golden Gate 

Assembly system for fast and easy generation of complex DNA constructs. MAPS is based on 

a new group of small plant binary vectors (pMAPs) that contains an origin of replication from a 

cryptic plasmid of Paracoccus pantotrophus. The functionality of the pMAP vectors was 

confirmed by transforming the MM1 cell culture, demonstrating for the first time that plant 

transformation is dependent on the Agrobacterium strains and plasmids; plasmid stability was 

highly dependent on the plasmid and bacterial strain. We made a library of new short promoters 

and terminators and characterised them using a high-throughput protoplast expression assay. 

Our results underscored the strong influence of terminators in gene expression, and they 

altered the strength of promoters in some combinations and indicated the presence of 

synergistic interactions between promoters and terminators. Overall this work will further 

facilitate plant synthetic biology and contribute to improving its predictability, which is 

challenged by combinatorial interactions among the genetic parts, vectors, and chassis. 
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INTRODUCTION 

Synthetic biology focuses on design-led rational engineering of biological functions (1). When 

starting to establish a new chassis, tools and methods need to be established to enable 

predictive genetic engineering. The first step is to create and characterise reliably consistent 

standardised parts and vectors to control target gene expression. Multigene construction is 

necessary to engineer complex genetic circuits and regulatory networks underlying metabolic 

biosynthesis, developmental pathways, and environmental responses (2–5). An example is the 

transfer of nine genes in a single construct encoding fatty acid desaturases and elongases into 

the Indian mustard plant (Brassica juncea) to increase the yield of long-chain polyunsaturated 

fatty acids (6). Multigene transformation requires technologies for the successful generation of 

the constructs and their delivery. Design-led, precision molecular plant breeding for 

bioproduction of food, energy, materials, and pharmaceuticals has a great potential to catalyse 

a sustainable future (7, 8); however, the synthetic biology tools are still limited for plant systems. 

To enable complex multigene engineering of plant systems, here we report the development of 

suites of new standardised parts for gene regulation. The characterisation of these new parts 

has underlined often overlooked modes of gene regulation, which actually cast strong 

influences and so should be fully considered in genetic engineering and the research aiming to 

understand gene regulation mechanisms.    

 

The generation of construct libraries of complex biosynthetic pathways demands a fast and 

easy DNA assembly method. We have developed a user-friendly and straightforward DNA 

assembly method, which combines high cloning capacity with a compact vector toolkit called 

Mobius Assembly (9, 10). Mobius Assembly employs IIS restriction endonucleases, which 

cleave DNA outside their recognition sequence allowing the unidirectional fusion of DNA 

sequences in a one-tube reaction (11, 12). The popularity of the type IIS methods has 

accelerated the development of new variants and improvements. It is now possible to predict 

the fidelity of the three or four base overhang ligations (13–15). At the same time, new methods 

have been developed to deal with domestication requirements (16), scars at coding sequence 

borders (17), the polarity of the transcriptional unit (TU) growth (18), backbone modularity and 

interoperability of DNA assembly (19, 20). Also, already established methods were adjusted for 

other organisms such as cyanobacteria (21, 22), fungi (23, 24) and Chlamydomonas (22). 

Additionally, the philosophy of universality in DNA assembly has gained further popularity(25, 
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26).  Recent developments in the plant field include Loop Assembly (27) and an extension of 

the MoClo part toolkit for plants (28). 

 

Plant binary vectors mediate the delivery and incorporation of transgene constructs into the 

genome of plant cells. Although functional, plant binary vectors could be improved further to 

enhance plant transformation efficiency. A typical plant vector for Agrobacterium-mediated 

transformation is comprised of left and right T-DNA borders for the transfer of the DNA construct 

into the host plant's nuclear DNA genome (29); plasmid replication functions in E. coli and 

Agrobacterium; and markers for the selection and maintenance in E. coli and Agrobacterium. 

Currently, there are five categories of the vectors depending on the origin of replication in 

Agrobacterium: 1) RK2 (e.g. pCB series (30)) or RK2 in combination with ColE1 (e.g. pORE 

(31)); 2) pVS1 + ColE1 (e.g. pCambia (https://cambia.org)); 3) pSa with ColE1 (e.g. pGreen 

(32)); 4) pRi in with ColE1 (e.g. pCGN (33)), or F factor (eg pBIBAC (34)) or Phage P1 (eg. 

pYLTAC (35)); 5) BBR1 with pLX vectors (36). The pLX vectors revolutionised binary vector 

construction as they shifted from the cut-and-paste strategy to a modular design with minimal 

functional parts and introduction of stability features. Plasmid instability issues are among the 

main challenges of recombinant DNA production, affecting plasmid yield and quality (37). For 

plant binary vectors, the challenge is doubled since they should be stable in two different 

chassis, E. coli and Agrobacteria. The plasmid size (38), plasmid copy number (39), direct 

repeats (40), and inverted repeats (41), among others (37), are the factors affecting structural 

plasmid stability. Some popular plant vectors (e.g. pCambia) are based on bulky plasmid 

backbones (6,2 kb), and thus they burden the size of the final constructs by default. Efforts 

have been made to generate binary backbones with a smaller size to prevent plasmid 

instabilities, such as pGreen (2.5 kb, (32)), pLSU (4.6 kb (42)), and pLX (3.3 kb (36)).  

 

Stable transformation of whole plants is the common goal in plant genetic engineering, yet it is 

labour- and time-consuming. Transient assays by Agrobacterium-mediated DNA transfer in 

plant tissues (e.g. leaves) or transformation of isolated protoplasts directly with DNA are faster 

alternative systems (43). However, these need cultivated plants and are still preparation-

intensive when it comes to testing libraries of constructs. Plant cell cultures combine the 

benefits of plant systems with those of microbial cultures, and they can be established as a 

next-generation synthetic biology chassis. They can be utilised for transient experiments or, 

with further improvement, for stable transgene integrations.  Nonetheless, the methods and the 
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part toolbox available for genetic engineering of plant cell cultures are as yet limited, and more 

characterisation and standardisation are wanted. 

 

Promoters are  DNA sequences near the transcription initiation site (TSS) responsible for the 

commencement and spatiotemporal gene transcription regulation, well known for their gene 

expression role. Terminators are genetic elements, usually located at the end of a gene or 

operon, and they terminate transcription. Although often underestimated, the terminator is likely 

to play important gene expression roles by controlling transcription arrest and mRNA stability 

and tuning other transcription functions.  Currently, the most commonly used promoters and 

terminators in plant systems come from the cauliflower mosaic virus (35S), Agrobacterium 

opine genes (NOS, MAS, OCS), and recently from the plant genome (UBQ10pro and HSPter 

from Arabidopsis). The shortage of well-characterised genetic elements results in the repeated 

use of the same parts within a multigene construct. This might negatively influence plasmid 

stability due to repetitive sequences (40) or even raise the frequencies of homologous-

dependent gene silencing (44). Consequently, a plant genetic engineering toolbox is wanting 

more promoters and terminators. Besides, there is a need for short parts, especially crucial for 

single vector multigene delivery; they will substantially reduce the already large size of multi-

TU constructs. Large constructs tend to make plasmids structurally unstable (38) and decrease 

the efficiency of agrobacterium-mediated transformation in plants (45).  

 

Here we report the development of Mobius Assembly for the engineering of plant chassis. 

Mobius Assembly for Plant Systems (MAPS) includes new plant binary vectors (pMAP) 

compatible with a wide variety of plant systems, such as plant cells, tissues, and whole 

organisms. pMAP vectors exploit the WKS1 origin of replication from a Paracoccus 

pantotrophus cryptic plasmid. They are small in size, structurally stable and suitable for 

transformation methods that demand high yield plasmid DNA. As proof of concept, we tested 

the functionality of pMAP vectors on the MM1 plant cell line with great success. For the first 

time, we demonstrated that plant cell culture transformation is Agrobacterium strain and 

plasmid specific, paving the way to establish plant cell cultures as a next-generation synthetic 

biology chassis. We also showed that plasmid stability is strain and vector-specific, and we 

stressed the importance of testing plasmid stability before cloning experiments. MAPS is also 

equipped with a selection of new standardised parts (Phytobricks) of short promoters and 

terminators, reducing the overall construct size and driving a gradient of gene expression levels. 
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Throughout the characterisation experiments, we demonstrated the importance of the 

terminators in regulating gene expression. We also revealed a synergistic effect between the 

terminators and the promoters, which has a vital role in tuning the expression.  

 

MATERIALS AND METHODS 

 

Bacterial strains and growth conditions 

E. coli strains DH5α, DH10B, TOP10, JM109, NEB stable, and A. tumefaciens strains AGL-1, 

C58C1*, GV3101, LBA4404 were used. E. coli chemically competent cells were made using 

the TSS preparation, described by Chung & Miller (46), except TOP10, which were bought from 

ThermoFisher Scientific. A. tumefaciens electrocompetent cells were prepared as follows: 

Overnight seed culture was grown in S.O.C medium (0.5 ml) at 28°C, 200 min-1 with the 

appropriate antibiotics, was diluted in 500 ml of the same fresh medium. After overnight 

incubation at the same conditions, and when the culture reached OD600 0.6-1.0, cells were 

harvested and washed three times with ice-cold 10% sterile glycerol. Finally, cells were 

resuspended in 1.5 ml 10% cold glycerol, aliquoted in 40 μl batches and snap-frozen in liquid 

nitrogen. E. coli cells were incubated at 37°C (30°C for NEB stable), 200 min-1 either in 5 ml 

(for a high copy) or 10 ml (for a low copy), or 100 ml (for midi prep) in LB growth medium 

supplemented with antibiotics. Cells bearing the LhGR-pOp6 and sXVE-lexA inducible systems 

were grown for 24 h instead due to their slower growth rate. Agrobacterium cells were cultured 

in 10 ml YEP medium at 28°C, 200 min-1, for two days.  

 

Plasmid isolation 

Plasmids were isolated using Monarch (NEB) or PureYield (Promega) or GeneJET (Thermo 

Fisher Scientific) Plasmid Miniprep Kits. The Promega PureYield Plasmid Midiprep System 

(Promega) with vacuum manifold and GeneJET Plasmid Midiprep Kit (Thermo Fisher Scientific) 

were used for higher yields. Plasmid isolation from Agrobacteria was carried out with 1.5 times 

the recommended reagent volumes. 

 

Bacterial transformations 

For E. coli transformation, 5 μl of the plasmid DNA was incubated with 100 μl of the competent 

cells (25 μl for TOP10) on ice for 30 min, followed by a heat shock at 42°C for 90 sec (30 sec 
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for TOP10) and re-cooled on ice for 5 min. S.O.C medium (400 μl) was added, and after 1 h 

incubation at 37°C, 100 μl of the cell suspension was plated on LB agar plates with antibiotic 

selection. For Agrobacterium transformation, 1 μl of plasmid DNA was added into an aliquot of 

competent cells and incubated on ice for 5 min. Subsequently, the cells were transferred into 

an ice-cold electroporation cuvette, 0.2 cm gap (Bio-Rad) and pulsed twice in a Gene Pulser 

Xcell Electroporation System (Bio-Rad) using pre-set settings for Agrobacteria (25 μF, 200 Ω, 

2400 V, 2 mm). S.O.C medium was added immediately (1 ml), and after 2h of shaking at room 

temperature, 20 μl was plated on YEP plates with the correct antibiotics and incubated at 30°C 

for 2-3 days until colonies had formed. 

 

Molecular cloning 

All PCR amplifications for plasmid construction and cloning were performed using Q5® High-

Fidelity DNA Polymerase (NEB), followed by purification with Monarch® PCR & DNA Cleanup 

Kit (NEB). The Mobius Assemblies were verified first by colony PCR using GoTaq® Green 

Master Mix (Promega) and then with double restriction digestion with EcoRI-HF (NEB) and PstI-

HF (NEB). The constructs were further verified by Sanger sequencing (GATC Biotech-Eurofins 

or Edinburgh Genomics). 

 

Plasmid construction 

Mobius Assembly Level 1 and Level 2, Acceptor Vectors for plants, were built using Gibson 

Assembly. The Mobius Assembly cassettes were amplified from the corresponding E. coli 

plasmids in the Mobius Assembly Vector toolkit and fused to the plant binary vectors. pGreen 

based Level 1 vectors were constructed using pGreen0029 (32), which was acquired from the 

John Innes Centre. NptI gene was replaced with a spectinomycin resistance gene amplified 

from pCR8 vector (ThermoFisher Scientific) to generate Level 2 vectors. pLX based vectors 

Level 1 and Level 2 were built using pLX-B3 and pLX-B2 (36), respectively, which were 

acquired from Centro Nacional de Biotecnología (CNB‑CSIC).  

WKS1 Ori was synthesised by Twist Bioscience into two parts (due to repetitive 

sequences), and pUC Ori was amplified from pUC19, both flanked by BsaI recognition sites. 

The minimum sequence requirement of pUC for stable replication in E. coli was found to include 

RNA I/RNA II transcripts on 5′-side and dnaA/dnaA′ boxes on the 3′-side, while co-directional 

transcription of two different replicons in the same plasmid was shown to increase 

transformation efficiency and DNA yield (42) A pLX Level 1 A vector with the construct 
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NOS:BglR:NOS-UBQ10:nluc:HSP was amplified outside the BBR1 Ori with primers harbouring 

BsaI recognition sites and fused with pUC and WKS1 Ori.  The resulting plasmid was used as 

a template to amplify the pUC-WKS1 fused Ori, which then replaced BBR1 Ori from pLX Level 

1A and Level 2A vectors with Gibson Assembly, resulting in the pMAP Level 1A and Level 2A 

vectors. The rest of the pMAP vectors were constructed again using isothermal assembly and 

as a template for the Mobius cloning cassettes, the plasmids from the original Mobius Assembly 

kit (9). MethylAble modules were devised with the Gibson Assembly using mUAV as a template. 

Overlapping primers bearing two outward-facing BsaI sites prone to CpG methylation and the 

suitable standard overhangs were used to amplify mUAV into two parts. The resulting parts 

were purified, digested with DpnI (ThermoFisher Scientific) to eliminate the template DNA, and 

they were fused in an isothermal reaction. 

 

Mobius Assembly cloning 

A detailed protocol can be found in (10). Briefly, the assembly was performed in a one-tube 

reaction with a total volume of 10 μl, with ~50 ng Acceptor Vectors and double amounts of 

inserts. Reagents added were 1 μl of 1 mg/ml BSA (diluted from 20 mg/ml - NEB), 1 μl T4 DNA 

ligase buffer (NEB or Thermo Fisher Scientific), 0.5 μl AarI (ThermoFisher Scientific) and 0.2 

μl 50x oligos (AarI recognition site) for Level 0 and Level 2 cloning or Eco31I/BsaI-HFv2 

(ThermoFisher Scientific/NEB) for Level 1 cloning, and 0.5 μl T4 DNA ligase (NEB or Thermo 

Fisher Scientific). The reactions were incubated in a thermocycler for 5-10 cycles of 5 min at 

37°C and 10 min at 16°C, followed by 5 min digestion at 37°C and 5 min deactivation at 80°C. 

(5 cycles for Level 0 and the first round of Level 1 cloning – 10 cycles for Level 2 and large 

constructs >10 kb).  

 

CpG Methylation 

Midi-prep plasmid DNA of the MethylAble modules was used. The reaction was carried out in 

20 μl total volume according to the NEB protocol. Briefly, up to 2 μg of plasmid DNA was 

incubated for 4 h at 37°C with 2 μl of CpG Methyltransferase from M.SssI (NEB) in 1× 

Methyltransferase Reaction Buffer supplemented with 2 μl of diluted SAM (6.4 mM). The 

reaction was stopped by heating to 65°C for 20 min and was purified by column 

chromatography. 
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Selection and amplification of Arabidopsis promoters and terminators 

Ubiquitously and likely constitutively expressed genes used in qPCR or genes expressed in the 

plant embryos were identified through literature research. The most stably expressed were 

selected for promoter and terminator identification. Their sequences were retrieved from the 

TAIR webpage (47) (http://www.arabidopsis.org/index.jsp) and blasted in NCBI to find the 

untranslated regions flanking the genes. A 1.5 kb sequence upstream of the start codon was 

run through the online prediction software and TSSPlant (48) (http://www.softberry.com) to 

identify TATA and TATA-less promoters or enhancer sites. In the promoter selection, it was 

also considered, when possible, to include the initiator (INR) elements (YYA(+1)NWYY-

TYA(+1)YYN-TYA(+1)GGG)) and downstream promoter (DPE) element (RGWYV). Finally, two 

promoter versions were created based on the sequence size, one ~300 bp and one ~500 bp. 

Potential promoter elements linked to increased gene expression were identified using 

PlantCare (49) and PLACE (50) software. 

Terminators were selected with PASPA, a web server for poly(A) site prediction in plants 

and algae (51) (http://bmi.xmu.edu.cn/paspa/interface/run_PASPA.php). A sequence 300bp 

downstream of the stop codon was run into PASPA, and the selection of the terminator was set 

10bp after the second polyadenylation site, resulting in a sequence of around 200bp. They were 

then analysed in RegRNA2.0 to identify other RNA functional motifs (52) 

(http://regrna2.mbc.nctu.edu.tw). Appropriate primers were designed for both promoters and 

terminators for cloning into mUAV. 

 

Functional dissection of FAD2 and HSP terminators 

Primers were designed to gradually remove functional sequence elements from the 3' end of 

each terminator through PCR and subsequently cloned to mUAV. Site-directed mutagenesis 

by Gibson Assembly was employed to mutate the poly-A signal of the HSP part3, while the 

same method was used to build HSP part 5. 

 

Plant-cell suspension culture and Agrobacterium mediated transformation 

MM1 cell suspension culture of Arabidopsis thaliana ecotype Landsberg erecta (53) was 

subcultured weekly by 1:10 dilution in 1× MS medium (Sigma) supplemented with 2% w/v 

glucose (Sigma), 0.5 mg/L NAA (Sigma), 0.05 mg/L kinetin (Sigma), with the pH adjusted to 5.8 

with KOH. Agrobacterium-mediated cell culture transformations were performed according to a 
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modified protocol (54) under sterile conditions. Freshly prepared Agrobacterium plates (2-3 

day-old maximum) and Arabidopsis cells 5-7 days post-sub-culturing were used. 25 ml of cell 

culture was transferred to a 50 ml falcon tube and centrifuged at 100 min-1, at 22oC for 10 min. 

The supernatant was removed with a 25 ml serological pipette, and the cells were resuspended 

in 40 ml of transformation medium at pH 5.8 (1× MS plant salt mixture without NH4NO3 (Sigma-

Aldrich), 1% w/v sucrose, 1% v/v B5 vitamin stock solution and 1 μg/ml 2,4-

dichlorophenoxyacetic acid (Sigma-Aldrich)) and 25 μl of 100 mg/mL freshly prepared 

acetosyringone (Sigma-Aldrich) was added. B5 vitamin stock solution was prepared with 0.4 g/l 

nicotinic acid (Sigma-Aldrich), 0.4 g/l pyridoxine-HCl (Supelco/Sigma-Aldrich), 4 g/l thiamine-

HCl (Merck), and 40 g/l myo-inositol (Merck). After gentle resuspension, 4 ml of plant cells were 

transferred in each well of a 6-well plate, and inoculated with a small amount of agrobacterium 

directly from the petri dish with the help of a 200 μl pipette. After 2 days of incubation on a rotary 

shaker, plant cells were supplemented with 5 ml of fresh culture medium and 50 μl of cefotaxime 

(Arcos) at 100 mg/mL which was added to eliminate agrobacteria.  

 

Arabidopsis protoplast isolation and transformation 

Arabidopsis thaliana (Wildtype Col-0) seeds were sown on the soil. After a 2-day pre-treatment 

at 4°C in darkness, they were grown under long-day conditions (21°C; 16h light / 8h dark cycles; 

light intensity ~100μmol/m2s-1; humidity ~65%) for two weeks. Then, seedlings were 

transplanted and moved to short-day conditions (21°C; 9h light / 15h dark cycles; light intensity 

~110μmol/m2s-1) and grown for 4-6 weeks until harvest. 

 The protoplast isolation and transformation protocol was developed based on (55) and 

(56). Briefly, leaves from 6-8 week old plants were digested with MGG digestion solution 

containing: Cellulase ONOZUKA R-10 (0.2%), MACEROZYME R-10 (0.06%) (Yakult 

Pharmaceutical) and Driselase (0.08%) (Sigma-Aldrich). The following day, the protoplasts 

were filtered and washed 3-5 times with MGG without enzymes and resuspended in MMM 

solution (0.4 M mannitol, 15 mM MgCl2, 0.1% w/v MES, pH 8) in a concentration of 5x105 

cells/ml. Protoplasts were transformed into 1 ml 96-well plates. 8 μl DNA (500 ng/μl) was added 

to 75 μl of the protoplast suspension, followed by addition of 83 μl PEG (0.4 M mannitol, 0.1 M 

Ca(NO3)2-4H2O, 40% PEG4000, pH8) and 1 min incubation. Subsequently, the tubes were 

filled with MGG solution and incubated for 1 h at RT. After the incubation, the solution was 

removed, and the protoplasts were resuspended in 100 μl of fresh MGG and incubated 
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overnight in darkness at RT. For the inducible system, 0.1% EtOH, 2.5 μM DEX (Acros) or 5 

μM β-estradiol (LKT laboratories) were added. 

 

Luciferase assay  

The plates containing the transformed protoplasts were centrifuged at 200 min-1 (acc/decc = 3) 

for 10 min, and 60 μl of supernatant was discarded. The protoplasts were resuspended, and 

40 μl was transferred to white optical plates in a grid pattern with empty spaces between wells 

to reduce luminescence bleed-through. For the MM1 transformed cells, 40 μl were transferred 

with a cut-tip directly from the 6/12-well plates to 96-well plates in triplicate. Luciferase activity 

was assayed in an Omega luminescence plate-reader (Fluostar) with four different gains 

following the instructions of the Nano Dual-Luciferase® Reporter kit (Promega). A further 

correction for luminescence bleed-through was applied using the software developed by Mauri 

et al. (57). 

 

 

RESULTS 

 

Mobius Assembly for Plant Systems (MAPS) 

MAPS is an extension of our molecular cloning system Mobius Assembly (9) to mediate 

transformation and gene expression into plant systems, either whole-plant or cell-based. MAPS 

iterates between two cloning levels enabling quadruple augmentation of transcriptional units 

(Figure 1). The introduction of the rare cutter AarI minimises the need for removing internal 

restriction sites, and the exploitation of constitutively expressed chromogenic proteins for clonal 

screening eliminates the need for additives in the selection plates. MAPS vector toolkit consists 

of a core set of pMAP cloning/destination vectors (Level 1 Acceptor Vectors Α-Δ and Level 2 

Acceptor Vectors Α-Δ), which have a fusion origin of replication (WKS1+pUC) to replicate in E. 

coli and Agrobacteria.  
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Figure 1. Mobius Assembly for Plant Systems (MAPS).  

A. Schematics of how Mobius Assembly operates. MAPS is an adaptation of the Mobius 
Assembly for plant systems based on small plant binary vectors. The core vector toolkit is 
comprised of one storage vector in Level 0 (mUAV), four pMAP Level 1 Acceptor Vectors, four 
pMAP Level 2 Acceptor Vectors and seven Auxiliary plasmids. It employs BsaI in Level 1 
cloning and the rare cutter AarI in Level 0 and Level 2 cloning. B. Proof of concept 
transformation of MAPS vectors in the MM1 Arabidopsis cell line. The construct 
NOS:BglR:NOS-UBQ10:nluc:HSP was cloned either in pLX, pGreen and pMAP Level 1 Vector, 
and it was transformed in C58C1*, GV3101, LBA4404 and AGL-1 Agrobacterium strains. The 
Agrobacteria bearing the binary vectors were co-cultured with cells from the MM1 cell line in 6-
well plates. After two days, Agrobacteria were eliminated with Cefotaxime. Two more days later, 
the cells were assayed for Nano luciferase activity in a plate reader. C. Plasmid design of pMAP.  
Nluc= Nano luciferase activity, bar graphs show luciferase activity values in mean±SE, p < 0.05, 
one-way ANOVA and Tukey's HSD test. 
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Initially, we used pGreen based vectors for the transient transformation of Arabidopsis 

mesophyll protoplasts; nevertheless, we found to have transformation issues with large 

constructs and proved unsuitable for transforming plant cell cultures. Also, it was reported to 

have instability issues (58). Therefore, we built a new small plant binary vector based on the 

pLX architecture, called pMAP (Figure 1C), suitable for protoplast, cell culture, tobacco leaves, 

and whole-plant stable transformation. To achieve this, we devised a new origin of replication 

for plant binary vectors comprised of the fusion of pWKS1 and pUC19 Ori. pWKS1 Ori derives 

from a small, multicopy and cryptic plasmid pWKS1 (2697 bp) of Paracoccus pantotrophus 

DSM 11072, which has only replication and mobility function domains (59). Cryptic plasmids 

usually encode proteins involved in plasmid replication and mobilisation, and they do not have 

obvious benefits to the host cells that carry them (60, 61). The replication domain consists of 

an origin of vegetative replication OriV (249 bp) and the gene encoding its cognate binding 

protein RepA (1020 bp). pWKS1 Ori was found to be functional in Agrobacterium tumefaciens 

but not in E. coli (59). The minimal stable pUC Ori from pUC19 was amplified and fused in co-

directional transcriptional orientation with pWKS1 Ori. The new origin of replication is only 

37.84% larger than BBR1 (1978 bp instead of 1435 bp), which is still smaller than the short 

version of pVS1 + colE1 in pLSU (2654 bp, (62) and pSa+colE1 in pGreen (2179 bp without 

the plasmid stability domains, (32).  

 

The kit also has pLX (BBR1 and RK2) based destination vectors (Level 1 and Level 2 Acceptor 

Vectors A), which are medium and low copy number vectors, respectively, to deal with possible 

instabilities that occur in large constructs housing repetitive or similar sequences. The mUAV 

and the seven Auxiliary plasmids are also included, as described in the original Mobius 

Assembly kit (9). The MAPS toolkit also contains a selection of plant promoters, terminators, 

antibiotic resistance genes, and reporter genes.  All MAPS plasmids are listed in 

Supplementary Table S1 and available through AddGene 

(https://www.addgene.org/browse/article/28211394/). 

 

To test the MAPS vector functions, we transformed the different variations of MAPS vectors 

(pGreen, pLX or pMAP) to transform Arabidopsis cell suspension culture MM1 (63) into four 

widely used Agrobacterium strains (GV3101, AGL1, C58C1*, LBA4404 (Supplementary Table 

2, Figure 1B,C). The evaluation was carried out by a luciferase assay using the construct 

NOS:BlpR:NOS-UBQ10:nluc:HSP. The results showed that all the Agrobacteria strains could 
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infect the MM1 cell line (Figure 1B). The LBA4404 strain exhibited the highest transformation 

efficiency giving the most top luciferase signal. The second-best activity was found in the 

GV3101 and C58C1* strains. GV3101 was more efficient in transfection than C58C1*, 

harbouring the pMAP vector, while there was no significant difference when bearing the pLX 

vector. On the other hand, the AGL1 strain had the lowest transfection capacity for all the binary 

vectors tested. Regarding the binary vectors, pMAP performed better than pLX in the GV3101 

strain, leading to high luciferase values, while there was no statistical difference with C58C1*, 

LBA4404 and AGL1 strains. Strikingly, pGreen performed poorly in all Agrobacteria strains 

compared to the other vectors. All the vectors have been tested for their stability in both E. coli, 

and Agrobacterium strains exhibiting different stabilities in different strains (Supplementary 

results). 

 

MethylAble feature 

Combinatorial DNA library is a powerful method for applications such as part characterisation 

and metabolic pathway optimisation (64). However, manual generation of a combinatorial DNA 

library takes time, effort and resources, especially when it involves several cloning steps. 

Therefore, we developed a new feature called 'MethylAble' to propagate intact BsaI recognition 

sites by cytosine methylation during Level 1 cloning so that Level 2 constructs can directly 

receive Phytobricks (Figure 2). According to Rebase (http://rebase.neb.com), 

GGTCTCm5/Cm5CAGAG methylation protects BsaI digestion. An amilCP expression cassette 

was designed to carry in each site divergent and convergent BsaI recognition sites bordering 

the four base pair overhangs. The overhangs correspond to the part that the MethylAble 

replaces. The divergent BsaI recognition sites were designed to be prone to CpG methylation 

(CGGTCTCm5G/GCm5CAGAGC), and consequently, BsaI digestion is blocked, while the 

convergent sites (TGGTCTCm5T/ACm5CAGAGA) are not.  
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Figure 2. MethylAble feature for transcending levels in Mobius Assembly.  

MethyAble is a new feature of the Mobius Assembly that enables direct assembly of standard 
parts with Level 2 constructs.  
A. MethylAble plasmid: It has an amilCP gene flanked by inward and outward-facing BsaI 
recognition sites, which both cleave at the Phytobrick overhangs. The outward-facing BsaI sites 
are blocked with CpG methylation. B. In this example, the MethylAble plasmid replaces the 
terminator part, which is fused with a promoter and a coding sequence in a Level 1 reaction. C. 
If desired, the Level 1 construct can directly receive Phytobricks. The Level 1 construct is then 
fused with a second TU, resulting in a 2-TU construct. This construct can be fused directly with 
a library of Phytobricks in a Level 1 reaction.  
Pink circles demarcate Level 1 and yellow circles Level 2 Acceptor Vectors, respectively; the 

purple circle shows the MethylAble cassette and oval numbered shape the Auxiliary Plasmid. 

The green and red arrows are BsaI and AarI, respectively. 
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Upon CpG methylation, the amilCP TU is cloned with intact divergent BsaI sites in a Level 1 

reaction and subsequently to a Level 2 reaction (Figure 2). Therefore, Level 0 parts can directly 

be inserted in a premade Level 1 TU or fused to a Level 2 TU. As amilCP chromoprotein will 

be expressed, the correct constructs will have a purple colour until the Level 0 parts replace 

the amilCP expression cassette. The MethylAble feature can be designed for any standard part, 

or combinations of parts, by setting the appropriate overhangs. It is also possible to use this 

feature to change the polarity of the TU growth in a Level 2 reaction by replacing the standard 

overhangs with the Level 1 overhangs. MethylAble plasmids are built with isothermal assembly 

using mUAV as a template and overlapping primers to introduce the BsaI recognition sites and 

the selected overhangs. 

 

As a proof of concept, the MethylAble Feature was used to build the library of the three inducible 

promoters, each of which was combined with 14 new terminator parts. The MethylaAble 

cassette was designed to have the terminator overhangs (GCTT-CGCT). In Level 1, the 

constructs were made, as shown in (Supplementary Table S3). Briefly, a normaliser unit was 

built in Vector A, the three trans-activator units in Vector B and three inducible promoters were 

combined with the MethylAble feature in Vector Γ. Without the MethylAble feature, the inducible 

promoters should have been combined with all terminators in this step. Then in a Level 2 

reaction, the normaliser, the trans-activators and the inducible promoters were fused to 

generate three constructs in total. Lastly, in a Level 1 reaction, the inducible constructs were 

combined with Level 0 terminators to give the final 14 constructs. 

 

Design and characterisation of new promoters and terminators 

To select new promoter and terminator parts, we mainly opted for likely ubiquitously expressed 

genes (Supplementary Table S4), which have a good chance of driving high expression 

consistently in different applications for plant research. Ubiquitously expressed genes used as 

positive controls in qPCR were identified through literature search (65), and the most stably 

expressed were selected for promoter and terminator identification.  LEC2 promoter was 

selected for expression in undifferentiated cells, similar to cells in suspension cultures (66). The 

first screening round included short promoters (~300bp) and short terminators (~200bp) from 

the genes ACT2, FAD2, TUB9, APT1, NDUFA8 and LEC2. As the ~300 bp promoters' activity 

was low (Data not shown), we designed new promoters derived from the genes TUB2, UBQ11, 

UBQ4, ACT7, and the longer versions of the previous promoters (~500 kb).  
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The library of the short promoters and terminators was characterised by the high-throughput 

protocol for transient gene expression assay with Arabidopsis mesophyll protoplast in 96-well 

format, which we developed based on (56, 67). Specific parameters were optimised to improve 

the transformation efficiency and reproducibility, simplify the protocol and reduce the reagents. 

Nano-Glo Dual-Luciferase reporter assay system was used for the characterisation 

experiments, as it has better sensitivity at low expression levels and improved reagent stability. 

Nano luciferase was compatible with established instrumentation and protocols for firefly 

luciferase and suitable for plant expression (68).  The Nano luciferase gene was employed as 

a primary reporter, and its signal was normalised to a construct bearing the firefly luciferase 

flanked by UBQ10 promoter and UBQ5 terminator to minimise the expression variations.  

 

For the evaluation of the promoters, the NLuc transcription was terminated either by NDUFA8 

or HSP terminator, while 17 different promoters drove the transcription initiation. UBQ10 

exhibited by far the highest expression activity among the promoters, followed by MAS when 

combined either with HSP or NDUFA8 terminator (Figure 3A and B). With the exemption of 

the TUB9 promoter, the HSP terminator resulted in more elevated expression than NDUFA8 to 

the various promoters. Two of the new isolated promoters, UBQ11 and UBQ4, were found to 

have a comparable or even better expression from the commonly used 35S and OCS 

promoters. UBQ11 had an expression of 68.3 RLU with HSP and 21.8 RLU with NDUFA8, and 

UBQ4 showed an expression of 66 RLU fused to HSP and 16 RLU combined with NDUFA8. 

The corresponding values of the 35S promoter were 41.7 RLU and 20.7 RLU, in combination 

with HSP and NDUFA8 terminators, respectively. Furthermore, the newly isolated promoters 

ACT7, TUB2, TUB9, APT1, ACT2 and LEC2 drove stronger expression from the NOS 

promoter. Lastly, the lowest expression was found for FAD2 and NDUFA8 promoters. 
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Figure 3. High-throughput characterisation of plant promoter and terminator part 
libraries.  

The characterisation was carried out with PEG-transformation of Arabidopsis leaf mesophyll 
protoplasts in 96-well plates. The expression strength of the promoters and terminators was 
assayed in 96-well plates in a plate reader measuring the Nano luciferase activity normalised 
by Firefly luciferase. The promoter library was characterised either with HSP (A) or NDUFA8 
(B) terminator, while the terminator library was characterised either with UBQ10 (C) or 
NDUFA8 (D) promoter. The construct for the promoter study was 
Promoter:nluc:HSP/NDUFA8:UBQ10:fluc:UBQ5 and for the terminator characterisation 
UBQ10/NDUFA8:nluc-Terminator:UBQ10:fluc:UBQ5, both housed in pGreen based vector.  
Nluc= Nano and Fluc=Firefly luciferase activity, bar graphs show luciferase activity values in 
mean±SE. 
 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.31.437819doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.31.437819
http://creativecommons.org/licenses/by-nc-nd/4.0/


For the terminators' evaluation, the strong UBQ10 or the weak NDUFA8 promoter drove the 

NLuc expression, terminated by one of the 14 terminators. The different terminators resulted in 

a wide range of expression spanning 5.3 and 6.3 orders of magnitude for UBQ10 and NDUFA8 

promoters, respectively (Figure 3C and D). For the strong UBQ10 promoter, the FAD2 

terminator resulted in the highest activity with 547.9 RLU and NOS in the lowest with 103.9 

RLU. For the weak NDUFA8 promoter, the HSP terminator led to the highest expression with 

0.327 RLU and APT1 to the lowest at 0.052 RLU.  

 

Since it was surprising to see a wide range of expression levels different terminators drive with 

the same promoters, we characterised them more with three chemical inducible systems 

commonly used in plant sciences: dexamethasone, estradiol and ethanol inducible systems 

(69). They are all based on two-component mechanisms involving at least two transcriptional 

units, in which the exogenously applied chemical activates the transcription factor that further 

'transactivate' the downstream target genes. The target genes are driven by the specific 

promoters that contain binding sites for the transactivator (pOp6, lexA and alcSynth, 

respectively), and hence promoters cannot be changed. Terminators, on the other hand, can 

be altered. Interestingly, terminators combined with pOp6-35S and lexA-35S inducible 

promoters resulted in narrow and more uniform luciferase expression, spanning at around 2.2 

and 2.9 orders of magnitude, respectively (Figure 4A, B). For lexA-35S, the expression is 

spread between 37.9 and 111.6 RLU when combined with UBQ5 and 35S terminators, 

respectively. For pOp6-35S, the expression ranges between 11.6 and 25.1 RLU with E9-RbcS 

and 35S terminators. In contrast, the alcSynth-34S promoter has shown a wide array of 

expression activity similar to the constitutive promoters; the expression with HSP terminator 

(337.9 RLU) is 7.2 times higher the expression that LEC2 terminator provides (46.7 RLU) 

(Figure 4C). Both pOp6-35S and lexA-35S have a basal expression of around 10 RLU (when 

combined with HSP); however, lexA-35S has demonstrated ~11-fold activation amplitude 

(111.6 RLU), while pOp6-35S had only three times activation amplitude (25.1 RLU). Combined 

with HSP terminator, alcSynth basal expression was very high (250.3 RLU), leading to only 1.3 

times of activation (337.9 RLU) upon treatment with ethanol. 
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Figure 4. Characterisation of plant 
inducible promoters with the library of 
terminators.  

The characterisation was carried out with 
PEG-transformation of leaf mesophyll 
protoplasts from Arabidopsis in 96-well 
plates. The expression strength was 
assayed in 96-well plates in a plate reader 
measuring the Nano luciferase activity 
normalised by Firefly luciferase. 
Terminators were characterised combined 
with the inducible promoters: pOp6-35S 
(A), lexA-35S (B), or alcSynth-34S (C) 
inducible promoter. The construct we 
used was UBQ10:fluc:UBQ5- 
UBQ10:Transactivator:HSP-
Promoter:nluc:HSP in pGreen based 
vector, where 'Transactivator' 
corresponds to LhGR (A), sXVE (B) and 
AlcR (C) and 'Promoter' to pOp6-35S (A), 
LexA-35S (B) and alcSynth-34S (C). 
Chemical induction was achieved with 
2.5μM DEX for (A), 5μM β-estradiol for 
(B), or 0.1% EtOH for (C).  
Nluc = Nano and Fluc = Firefly luciferase 
activity, bars show normalised luciferase 
activity values in mean ± SE. N.C. = 
negative control (uninduced cells).  
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To gain further insights about how these terminators influence gene expression, we 

investigated candidate primary sequences that have been implicated in gene regulation via 

RNA processing or stability or translation efficiency (Figure 5).  Two strong terminators, FAD2 

and HSP, were dissected for putative functional sequences by creating a deletion series. 

Putative RNA stabilisation and destabilisation hexamers, Poly-A signals and other regulatory 

motifs were identified, and we constructed a deletion series to isolate the effects of these 

motifs. The stabilisation and destabilisation hexamers correlate with mRNA stability (70); the 

YGTGTTYY motif was found to be necessary for efficient formation of mRNA 3' termini (71), 

and Musashi binding element represses the translation of mRNAs in mammalian stem cells or 

activates translation in maturing Xenopus oocytes (72).  

 

Five different terminator variations were generated for each terminator. For the FAD2 

terminator, Sequence 1 is the full length (200bp) terminator, while Sequence 2 removed the 

second Poly-A signal and a putative destabilisation signal (PDS) (Figure 5A). Sequence 3 

resulted from an additional deletion of a PDS and a Musashi binding element (MBE). 

Sequence 4 removed another PDS from Sequence 3. Further shortening of the terminator by 

removing two more PDS gave rise to Sequence 5, and finally, elimination of the first Poly-A 

resulted in Sequence 6. Concerning the HSP terminator, the first dissection removed two 

overlapping putative stabilisation signals (PSS) and two overlapping PDS (Figure 5B). The 

second deletion of a 73bp segment removed the second Poly-A signal and a PSS to generate 

the second part. The HSP Sequence 3 had a mutation in the Poly-A site converting AATAAA 

to AAgcAA and removing a segment with a YGTGTTYY motif and two overlappings PDS 

created part four. Finally, the last part results from the deletion of the Poly-A signal and two 

PSS. The variation in the terminator activity was evaluated transiently in Arabidopsis 

mesophyll protoplasts. Statistical analysis of the results showed only a significant difference 

between FAD2 Sequence 5, which is the shortest part with no Poly-A site, and the intact 

FAD2 as well as FAD2 Sequence 1. Concerning the rest of the HSP series as well the FAD2 

series, there was no significant difference in the reporter expression level in Arabidopsis 

protoplasts.  
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Figure 5. Deletion series of HSP and FAD2 terminators.  

Five length deletion series were constructed for HSP and FAD2 terminators. The deletions 
removed putative motifs that could affect their function to influence the gene expression level. 
Putative Stabilisation/Destabilisation Motifs (Narsai et al. 2007), while the rest were identified 
using RegRNA2.0 and PASPA online tools. Transformation of the construct was performed 
with PEG-transformation of Arabidopsis leaf mesophyll protoplasts in 96-well plates. The 
expression activity of the constructs was assayed using a plate reader, measuring the Nano 
luciferase activity normalised by Firefly luciferase. The construct we used was 
UBQ10:nluc:Terminator Part:UBQ10:fluc:UBQ5, housed in a pMAP vector.  
Nluc= Nano and Fluc=Firefly luciferase activity, bar graphs show luciferase activity values in 
mean ± SE. p < 0.05, one-way ANOVA and Tukey's HSD test. 
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Promoters and terminators combinatorially regulate gene expression  

Comparing two constitutive and three inducible promoters in combination with the whole set of 

terminators, respectively, we noticed that the gene activation function of a promoter or a 

terminator is not independent or additive, but they have combinatorial effects. A clear example 

of such promoter-terminator interaction is seen with the NOS terminator, which in combination 

with UBQ10 results in weak, NDUFA8 strong, lexA medium, pOp6 weak and alcSynth medium 

expression (Figure 6). From the 14 terminators characterised, only four exhibited stable 

behaviour: FAD2 and HSP were consistently on the strong side, while LEC2 and RbcS2b 

tending towards the weak side. The terminators paired with the inducible promoters pOp6-35S 

and lexA-35S resulted in negligible interaction as they follow a specific pattern 

(strong/medium/weak), with the exemption of UBQ5, APT1 and NOS. On the other hand, 

AlcSynth-34S does not follow this pattern.  

 

 

Figure 6. Promoter-terminator interactions in gene regulation.  

Heat map showing how the combination of different promoters and terminators affects the 
expression level of nanoluciferase normalised by firefly luciferase. The green colour indicates 
high activity, while red low. The colour scale is set independently in each promoter series. 

  TERM 1 2 3 4 5 

PROM   UBQ10 NDUFA8 lexA pOp6 alcSyn 

1 G7 444.8 0.11 85.46 24.3 187 

2 NOS 103.9 0.26 64.7 12.6 161.8 

3 ACT2 247 0.073 57.4 17.3 142.6 

4 APT1 171.4 0.052 83.4 11.8 132.2 

5 35S 346.9 0.177 111.6 25.1 157.6 

7 LEC2 158.2 0.075 50 16.2 46.7 

8 TUB9 235 0.071 106.4 23 92.2 

9 MAS 409.3 0.098 71.7 18.3 104.5 

10 E9RbcS 160.6 0.188 48.7 11.6 79.7 

11 RbcS2b 132.4 0.066 55.9 13.3 56.7 

12 HSP 464.2 0.327 79.1 23 337.9 

13 UBQ5 239.6 0.101 37.9 20.4 48.1 

14 NDUFA8 423.7 0.216 61.1 17.7 135.7 

15 FAD2 547.9 0.178 80.8 21.5 223.4 
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DISCUSSION 

 

MAPS: A new synthetic biology framework to engineer plant systems 

In the present work, we established the Mobius Assembly for Plant Systems (MAPS), which is 

an adaptation of the Mobius Assembly (9) for plant gene expression. MAPS is a fast and user-

friendly DNA assembly platform based on small plant binary vectors, and it comes with a 

characterised part toolkit for plant expression. We have introduced a new feature for Mobius 

Assembly to facilitate combinatorial DNA library assemblies. This new feature – MethyAble – 

exploits in vitro DNA methylation to directly feed Phytobricks in the Level 2 constructs.  

 

For plant genetic engineering, small binary vectors are vital in enhancing efficiency in cloning 

and transformation. Initially, we have used the pGreen backbone for protoplast transformations; 

however, they had transformation issues in E. coli TOP10 cells with large constructs and proved 

inefficient for transforming plant cell cultures. As we wanted a reliable core vector in our kit for 

both cloning and transformation applications, we developed a new binary vector pMAP. pMAP 

bears a fused replication of origin of pUC with pWKS1 from a Paracoccus pantotrophus cryptic 

plasmid, and it is suitable for experiments that demand both high DNA yield (e.g. cloning and 

protoplast transformation) and transformation efficiency (e.g. cell cultures). This vector was 

highly efficient for cell culture transformations and was used to characterise dissected 

terminator parts in both Arabidopsis protoplasts.  

 

To test the functionality of the MAPS vectors, we used them in combination with five commonly 

used Agrobacteria strains to transform the Arabidopsis MM1 cell line. We showed that the 

vector selection is of crucial importance for the cell culture transformation, with pLX based and 

pMAP vectors outperforming pGreen vectors. Among pLX and pMAP, there was no 

considerable difference in the strains C58C1*, LBA4404 and AGL1, while pMAP demonstrated 

better activity in GV3101. Agrobacterium chromosomal background played a vital role in the 

infection of the MM1 Arabidopsis cell line. LBA4404 (Ach5 background) outperformed all the 

strains with C58 background (C58C1*, AGL1 and GV3101). On the contrary, in Arabidopsis 

floral dip transformation, GV3101 was shown to have higher transformation frequencies than 

LBA4404 (73), while in transient assays, C58C1* found to be the best strain either for leaves 

(74) or seedlings (75). Among the strains with C58 background, AGL1 provided the lowest 
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infection showing that the disarmed virulent vector is another factor that affects the 

transformation efficiency. The other two C58 strains (GV3101 and C58C1*) exhibited strong 

transformation efficiency, with GV3101 being slightly more efficient when harbouring the pMAP 

vectors. Factors that can explain the results are the copy number of the vector, the 

segregational plasmid stability, and the T-DNA borders. pLX and pGreen vectors have a 

medium and low copy number origin of replication for Agrobacteria, respectively. pMAP, on the 

other hand, resulted in plasmid concentrations between pLX and pGreen. The higher the copy 

number, the more copies of a construct can be transferred to the cells. pGreen's origin of 

replication, pSa, does not include the stability regions necessary for maintaining the plasmid 

(50, 100). On the other hand, pLX and pMAP origins of replication (BBR1 and WKS1) were 

derived from cryptic plasmids that are stable without stability regions (76, 101). As there is no 

selective pressure during Agrobacterium transformation, possibly, pGreen plasmids are not 

100% maintained in the agrobacteria strains.  Also, even though WKS1 is thought to replicate 

at a lower copy number than BBR1, pMAP exhibited similar or stronger transformation 

efficiency than pLX, which might be attributed to its better segregational plasmid stability. A 

third factor that can affect the transfection is the T-DNA borders of the binary vector. pGreen 

has minimal synthetic LB and RB sequences, derived from pTiT37 and an Overdrive from the 

LBA4417 plasmid (50), while pLX and pMAP have extended LB and RD T-DNA borders, 

including the overdrive from the plasmid pTiA6 (54). 

 

New libraries of short promoter and terminator parts 

Furthermore, we generated and characterised a collection of short promoter (17 constitutive 

and three inducible) and 14 terminator standard parts for plant expression. Ten of the promoters 

and six of the terminators were newly isolated in the present study, and they have a sequence 

length between 300-500bp (promoters) and 200bp (terminators). Until now, little attention has 

been paid to the size of the developed plant parts. Available in repositories (e.g. MoClo plants, 

GB plants and GreenGate) are promoters and terminators up to 4kb. The large size of the 

expression elements can burden the multigene delivery in plants as the large size of the binary 

vectors will lead to plasmid instabilities and low transformation efficiency or 

incomplete/truncated transformation (38, 45). There are indications that short plant terminators 

are adequate for transcription termination. Notably, it was shown that transcripts with 3′ UTRs 

longer than 300 bp do not improve mRNA stability (70). In another study, ten randomly selected 

mRNA sequences from Arabidopsis showed an average 3'UTR length of 209bp (76). Our short 
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terminators were found to have matching or surpassing expression activity than the commonly 

used terminators (e.g. NOS, 35S). Additionally, there are already examples of short, strong 

constitutive promoters from Arabidopsis, such as AtTCTP (0.3 bp (77)) and AtSCPL30 (0.45bp 

(78)). A recent study was also introduced short synthetic promoters for plant expression (79).  

 

With this study, the plant toolbox is further equipped with short promoters with a range of 

expression levels, desirable for different applications such as overexpression of transgenes or 

expression of resistance cassettes. An Actin 2 promoter (787bp) was characterised in MoClo 

and GB2.0 toolboxes, showing a comparable activity to the NOS promoter (80, 81). The shorter 

version we made in this study (340bp) exhibited similar expression activity (Figure 3). More 

specifically, in combination with the HSP terminator, the NOS and ACT2 promoters had 1.4 and 

4.6 RLU, respectively, while the corresponding expression from the GB2.0 versions was 2.61 

and 4.36 RLU (40). UBQ11 and UBQ4 promoters showed strong expression, and they 

performed better than the commonly used 35S and OCS. Sequence analysis through the online 

programs PLACE and PlantCARE showed that the UBQ11 promoter contains 11 CAAT-box 

and 6 DOFCOREZM, while the UBQ4 promoter harbours 9 CAAT-box and 7 DOFCOREZM 

elements (Supplementary Figure S2). DOFCOREZM elements are the binding sites of Dof1 

and Dof2 TFs, which were found to enhance gene expression (82). CCAT-box also influences 

expression efficiency (83). The UBQ10 promoter is a well-known and commonly used 

constitutive promoter, and it exhibited the highest expression in our protoplast assay, ~20 and 

~11 times higher than the 35S promoter, combined with NDUFA8 and HSP terminators, 

respectively. On the contrary, in the part characterisation in Nicotiana benthamiana leaves, the 

35S promoter had the highest activity as shown by the MoClo and GB2.0 publications (80, 81). 

Similarly, the OCS promoter had strong activity in our study but low activity in the 

characterisation in tobacco leaves (80). Consequently, some genetic parts behave differently 

in different chassis, and we should not generalise characterisation results among different plant 

species or expression systems (whole plants, transient leaf expression systems, protoplasts, 

or cell cultures). Even though the ACT7, TUB2, TUB9, APT1, ACT2 and LEC2 promoters had 

lower expression activity, they performed better than NOS, the commonly used promoter to 

drive the antibiotic/herbicide resistance for transgene selection. Therefore, they can be used to 

express selection markers or any experiments that do not require high expression levels of the 

transgenes. 
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Terminator affects gene expression 

Comprehensive characterisation of the terminators using the high throughput protoplast 

transient assay that we developed underscored the strong influence of the terminators on gene 

expression. It is a common practice to rely on promoters to control gene expression level and 

neglect the influence of terminators. For example, to compensate the loss of expression after 

the domestication of the synthetic plant promoter G10-90 promoter, researchers replaced it with 

the AtRPL37aC promoter (84). However, they were using the psE9-RbcS terminator, which we 

found to drive low gene expression; the gene expression could have been restored with a more 

activating terminator instead. Terminators could alter the gene expression 5.3, 6.3 and 7.3 

times when combined with UBQ10, NDUFA8 and alcSynth promoters.   

 

Terminators can alter gene expression in multiple ways. 3'UTR participates in quality control in 

the post-transcriptional regulatory mechanism for eukaryotic genes through Nonsense-

mediated mRNA decay (57, 58). Genome-wide analysis of the transcript degradation profiles 

in Arabidopsis revealed specific sequence motifs at 3' UTR that stabilise or destabilise mRNA 

(59). Several motifs in the 3'UTR might be involved in polyadenylation or in mRNA decay (60). 

Strong gene expression is linked with short poly(A) tails, while poly(A)-binding proteins can 

facilitate both the protection and degradation of mRNA (61). In Arabidopsis, the poly(A) tail was 

found to block RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) from converting aberrant 

mRNAs into substrates for degradation (62). Unpolyadenylated transcripts derived from 

terminator-less constructs or readthrough mRNAs from transgenes with strong promoters are 

subjected to (RDR6) mediated silencing (63). 

 

To gain insights into how the terminators influence gene expression, we dissected different 

domains of the HSP and FAD2 terminators based on sequence elements and known RNA 

processing or motifs affecting translation efficiency. We mapped putative stabilisation and 

destabilisation hexamers, Poly-A signals and other regulatory motifs known on the 

terminators and constructed a deletion series to isolate the effects of these motifs (Figure 5). 

Only removing the FAD2 Poly-A site was able to considerably reduce the expression in 

Arabidopsis protoplasts, revealing that it is a key driver of this terminator activity. For the other 

tested motifs, no conclusive correlations to the expression activity were made, as there were 

no statistically significant effects on the readout of the luciferase activity. These results 

suggest that the known sequence motifs in terminators affecting gene activity cannot fully 
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explain the strong influence of terminator cast in gene regulation. This was further supported 

by another observation we made that the relative strength of a promoter was dependent on 

the terminators it was paired with. 

 

Chemically inducible systems are popular tools to control the timing and amplitude of transgene 

expression. β-estradiol, Dex, and ethanol-inducible systems were developed almost 20 years 

ago and have been used in many studies since then (69). However, no work has been reported 

about enhancing the target gene expression using different terminators. In this study, we 

attempted to modulate the gene expression ranges of the inducible promoters by exchanging 

the terminators. We found that lexA has a 2.9 times difference in the expression level when 

combined with different terminators, while pOp6 showed 2.2 times difference (Figure 4). In 

contrast, the alcSynth led 7.2 times difference in reporter gene expression depending on the 

terminators. pOp6 and lexA are fully synthetic and comprised of a minimal promoter and a 

tandem repeat of the specific transcription factor binding sites; in contrast, the alcohol inducible 

system (36) drives its promoter from the natural promoter found in Aspergillus nidulans. We 

therefore propose that alcSynth promoter still harboured sequences that mediate interaction 

with the terminators (Supplementary Figure S3), whereas pOp6 and lexA do not. 

 

The Dex and Estradiol systems had similar basal expression levels of ~10 RLU (with the HSP 

terminator) in the protoplast system and with our hands; however, lexA-35S has demonstrated 

~10-fold activation while pOp6-35S only 3-fold (Figure 4A and B). The alcSynth promoter, on 

the other hand, had a high basal expression (250.3 RLU with the HSP terminator) with 1.3 times 

activation (Figure 4C). A possible explanation for the leakiness of the ethanol system might be 

TMV Ω; the addition of the TMV Ω in the LhGR-pOp6 system exhibited slightly increased basal 

expression (85). Also, as the whole alcA promoter is directly fused to the minimal 35S or 34S 

promoter, constitutive transcription elements present in the sequence might be responsible for 

the leakiness. Synthetic design of the ethanol inducible promoter, in which only alcR binding 

sites are present separated by random spacer sequences and fused to a minimal plant 

promoter, could reduce the leakiness and improve the stringency of the gene regulation. Taken 

together, the estradiol and Dex inducible systems worked well in our protoplast systems, and 

more inducible systems, such as optogenetics or other chemical inducible systems, are 

anticipated to enrich the synthetic biology toolkit to build circuitry gene expression control in 

plant systems. 
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Promoter-terminator interactions in gene regulation 

We have observed clear interactions between promoters and terminators, as the terminators 

drove relatively different expression levels when combined with different promoters and vice 

versa (Figure 6). The NOS terminator is a case in point; It behaves as a weak terminator in 

conjunction with the UBQ10 and lexA promoters, yet as a strong terminator with the NDUFA8 

promoter and medium terminator with the alcSynth and pOp6 promoters. Only four out of the 

14 terminators exhibited stable behaviour: FAD2 and HSP were always strong while LEC2 and 

RbcS2b were always weak. Therefore, a terminator can have a different impact on different 

promoters. Terminators performed differently combined with the inducible promoters pOp6-35S 

and lexA-35S than the rest of the promoters. These combinations resulted in a more uniform 

expression range and exhibiting similar terminators strengths (low/high). LexA-35S and pOp6-

35S inducible promoters are synthetic and comprise only the minimal 35S promoter and 

bacterial DNA binding sites. Hence they do not include other regulatory elements that can 

interact with the promoters and further manipulate gene expression. In contrast, alcSynth 

includes the intact alcA promoter, consequently behaves similarly to the other promoters and 

contains more regulatory elements. 

 

The synergistic regulation between natural promoters and terminators can be explained by the 

direct interaction of the terminator with the promoter (RNA or chromatin looping), which can 

further influence gene expression. Gene looping is the physical connection of the terminator 

with the promoter region of a gene (86), mediated by nucleic acid-binding proteins (87). It can 

influence gene expression through transcriptional memory (88), intron-mediated modulation of 

transcription (89), transcription directionality (90), reinitiation of transcription (91), and 

transcription termination (92, 93). Moreover, it was recently shown that the absence of a 

terminator caused higher DNA methylation on the promoter region and reduced the transgene 

expression compared to constructs with a terminator, indicating an alternative role in 

transcriptional gene silencing (94).    

 

It was shown previously that double terminators increase expression (95, 96). Building on the 

double terminator observations, Diamo and Mason showed a synergistic enhancement in the 

double terminator combinations (97). The effect of the double terminators was partially 

attributed to a reduction of RDR6-mediated silencing. mRNA read through from "leaky" 

terminators under the influence of a strong promoter triggers RDR6-mediated silencing. 
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However, this explanation cannot sufficiently explain the synergistic effects the terminators 

cast, especially combined with weak promoters or double terminators. Meanwhile, interaction 

of the terminators with the promoters and the transcription initiation machinery could. More in-

depth work, such as RNA/chromatin structure assay and a priori dissection of the promoter and 

terminator sequences in influencing gene activity, is required to verify the theory of looping or 

any other mechanisms on the roles of plant terminators on transcriptional or translational 

regulation.   

 

Perspectives/conclusion 

Plant synthetic biology lacks characterised parts to develop more predictable biosynthetic 

pathways and high-throughput methods to perform systematic genetic part characterisation. 

There is also a need for characterised genetic elements in different plant chassis, for example, 

Arabidopsis, tobacco, and barley. In this work, we equipped the plant community with a DNA 

Assembly (MAPS), new compact binary vectors for general plant expression and a library of 

short characterised genetic elements for Arabidopsis. Throughout this work, we underlined the 

power of terminators in controlling gene expression, which is neglected, and attention primarily 

focuses on promoters. We also showed that terminators act in synergy with the promoters, and 

it is incorrect to assume that a promoter or a terminator can always be strong or weak. Further 

studies need to be conducted to elucidate the mechanisms of these interactions.  

 

In the plant community, there is also the tendency to use the same E. coli and Agrobacterium 

strains, binary vectors, cloning and transformation methods, for all experiments conducted 

within a lab, assuming that their efficiency is independent from each other. Here we showed 

that the combination determines the overall efficiency of an experiment in non-additive 

manners. The successful cloning of complex multigene constructs, plant transformation and 

expression is affected by the bacterial stains and the binary vectors. Cell strains (E. coli and 

Agrobacteria) can be responsible for low transformation efficiency and plasmid instabilities. 

Simultaneously, binary vectors can also contribute to plasmid instabilities, low transformation 

efficacy and protein expression. Consequently, all of these factors need to be considered in 

combinations when working with complex constructs in plant engineering. 
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SUPPLEMENTARY MATERIALS 

 

Results 

Plasmid structural stability  

Structural stability of the plasmids was evaluated during propagation in E. coli and Agrobacterial 

strains. The 3-TU insert UBQ10:LhGR:HSP-pop6:nluc:HSP-UBQ10:fluc:UBQ5 was cloned 

either in pGreen, pLX, pLXBBR1mut or pMAP-based Mobius Assembly Vectors. pLXBBR1mut 

was an attempt to increase the copy number of pLX vectors for applications that demand a high 

amount of DNA. pGreen based vectors exhibited good stability in DH10B (5/5), Dh5α (5/5), and 

TOP10 (4/5) but poor stability in JM109 (0/5) and NEB stable (0/5) strains according to the 

restriction digestion profiles and sequencing results (Supplementary Figure S1).  

Instabilities were detected as random deletions in the pOp6 repetitive sequence. pLX 

based plasmids found stable in DH5α (5/5), DH10B (5/5) and TOP10 (5/5) strains; however, 

they also showed poor stability in NEB stable (0/0), and JM109 (0/0) strains with deletions in 

the pOp6 domain. A similar pattern was observed for the pLX BBR1mut version for E. coli 

strains, as they were stable in DH5α (5/5), DH10B (4/5) and TOP10 (5/5) strains, yet unstable 

in JM109 (1/4) and NEB stable (1/4) strains. Lastly, the pMAP vector was stable in DH5α (5/5), 

DH10B (5/5) and TOP10 (5/5) and also unstable in NEB stable (2/5) and JM109 (0/5). 

Regarding the Agrobacteria strains AGL1 (4/5), GV3101 (5/5), LBA4404 (5/5) and C58C1* 

(5/5), no major instability problems were detected in the pGreen vector. pLX was also stable in 

Agrobacteria with AGL1 (5/5), GV3101 (5/5), LBA4404 (4/5) and C58C1* (4/5). pMAP was 

stable in Agrobacteria as well, having all the colonies correct (AGL1 (5/5), GV3101 (5/5), 

LBA4404 (5/5) and C58C1* (5/5). Nevertheless, only the AGL1 strain could propagate stable 

plasmids for the pLXBBR1mut version, which has a higher plasmid copy number. Severe 

instability issues were observed in GV3101, LBA4404 and C58C1* strains with aberrant 

restriction digestion patterns and even plasmid loss, rendering the high copy BBR1mut 

plasmids unsuitable for propagation in Agrobacteria.  

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.31.437819doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.31.437819
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Supplementary Figure S1. Plasmid structural stability analysis. 

Stability was tested by electrophoresis in 1% agarose gel after digestion with PstI-HF and 
then by Sanger sequencing of the tandem short repeats of the pOp6 sequence. The stability 
of the construct UBQ10:LhGR:HSP-pOp6:nluc:HSP-UBQ10:fluc:UBQ5 was evaluated in both 
E. coli (DH5α, DH10B, TOP10, JM109, and NEB stable) and A. tumefacience strains (AGL-1, 
C58C1*, GV3101, and LBA4404) housed by the binary vectors: pLX (A), pLX-BBR1mut (B), 
pGreen (C) and pMAP (D). Alignment of the sequencing data was performed with Snapgene. 
The concentration of pGreen generated in Agrobacteria is low; consequently, we used high 
volume of plasmid DNA, but the digestion was incomplete. Low concertation of pMAP also 
resulted in low visibility of the second band. 
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Methods 

Structural plasmid stability  

The construct UBQ10:fluc:UBQ5-UBQ10:LhGR:HSP-pop6:nluc:HSP was used for the stability 

studies and cloned either in pGreen based, pLX BBR1 based, pLX BBR1mut or pMAP based 

Mobius Assembly vectors and transformed in DH5α, DH10B, TOP10, JM109 or NEB stable E. 

coli strains. LB cultures, after 24h of incubation, were used for plasmid isolation. Structural 

plasmid stability was tested first electrophoretically in 1% agarose gel after digestion with PstI-

HF (NEB) and then by Sanger sequencing of the tandem short repeats of the pOp6 sequence. 

Next, the Agrobacteria strains AGL-1, C58C1*, GV3101, LBA4404 were transformed with a 

construct from each plasmid with the correct sequence, and the same process was followed to 

determine the structural plasmid stability.  

For pLX-BBR1mut construction, primers were designed to introduce a point mutation 

(C299 to T299) into the Rep gene of pBBR1 origin of replication to increase the copy number 

(60). pLX Level 1A and Level 2A plasmids were PCR amplified into two parts using the primers 

carrying the mutation and the Assembly Linker 1 primers. Gibson assembly was employed to 

reconstruct the plasmids, and after transformation, colonies with bright pink and yellow colour 

were, selected for the pLX BBR1mut version.   

 

Discussion 

The effect of vectors and bacterial strains on plasmid stability 

Our results indicate that structural plasmid stability is an essential factor to consider when 

working with constructs susceptible to instabilities. The insert employed to test structural 

plasmid stability (UBQ10:LhGR:HSP-pOp6:nluc:HSP-UBQ10:fluc:UBQ5) is prone to 

instabilities since it is large (~6.7 kb) and has two direct repeats (two UBQ10 promoters and 

two HSP terminators). Additionally, the pOp6 promoter consists of six inverted repeats of the 

lac operator and five inverted spacer repeats. Most of the observed instabilities were deletions 

in the pOp6 sequence. Structural plasmid analysis revealed that the stability was strain-

dependent; The constructs housed by pGreen, pLX, and pMAP vectors were generally stable 

in DH10B, DH5a, TOP10 strains but unstable in JM109, and NEB stable strains. 

Interestingly, even though all the E. coli strains we used are recA1- to minimise 

recombination, they do not perform the same in plasmid stability. Similar conclusions were 

drawn by Moore et al. when they switched to JM109 from DH10Β to deal with instability issues 
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in the engineering of the violacein pathway (1). All the vectors mentioned above were generally 

stable in the Agrobacteria strains (AGL1, GV3101, LBA4404, C58C1); however, the domains 

vulnerable to instabilities should be sequenced before any application.   

Increasing the copy number of pLX based vectors by mutating the BBR1 origin of 

replication maintained the stability of the vectors in the E. coli strains, which are recA-, but 

abolished it in Agrobacteria strains, except AGL1 (Supplementary Figure S1B). AGL1 is recA- 

strain, which stabilises the recombinant plasmids, hence justifying the results (2). Additionally, 

all the Agrobacteria strains had a slower growth rate on agar plates (3-4 instead of 2-3 days). 

Even though BBR1mut was tested before in the C58 Agrobacterium strain to produce β-

carotene (3), we do not consider a suitable origin of replication for binary vectors because it 

could not stably maintain large and complex constructs in commonly used Agrobacteria strains. 

Overall, a selection of an origin of replication with a bacterium strain that favour plasmid stability 

should be considered before transforming a construct into plants or plant cells,  
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Supplementary Figure S2. Potential sequence elements in the UBQ11 and UBQ4 
promoters linked to increased gene expression.  

Sequence analysis performed with the online programs PLACE and PlantCARE. Yellow 
highlighted sequences show the DOFCOREZM elements, pink the CAAT-boxes in the 
UBQ11 promoter and blue the CAAT-boxes in the UBQ4 promoter. 
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Supplementary Figure S3. Regulatory elements in the alcSynth ethanol inducible 
promoter.  

It is a fusion of the alcohol dehydrogenase promoter sequence (alcA) and elements of the alcM 
(pink), alcR (Orange) and aldA (yellow) with the minimal Figwort Mosaic Virus (FMV) 34S and 
the translational enhancer from the tobacco mosaic virus 5'-leader sequence (TMV Ω). Deep 
green is 5' ➔3' and pale green 3' ➔5' AlcR binding sites. Black box is TATA box. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.31.437819doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.31.437819
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Tables 

A/A Well Plasmid 
Name 

Purpose 

1 A1 pMAP L1Α Mobius Assembly cloning and expression vector for plants 
with high-copy number origin of replication  

2 A2 pMAP L1Β Mobius Assembly cloning and expression vector for plants 
with high-copy number origin of replication  

3 A3 pMAP L1Γ Mobius Assembly cloning and expression vector for plants 
with high-copy number origin of replication  

4 A4 pMAP L1Δ Mobius Assembly cloning and expression vector for plants 
with high-copy number origin of replication  

5 A5 pLXMA L1Α Expression vector for plants with medium-copy number origin 
of replication 

6 A6 pLXMA _RK2 
L1Α 

Expression vector for plants with low-copy number origin of 
replication 

7 A7 Auxiliary 1 Provides Middle-to-End linker 1 for level 2 cloning 

8 A8 Auxiliary 2 Provides Middle-to-End linker 2 for level 2 cloning 

9 A9 Auxiliary 3 Provides Middle-to-End linker 3 for level 2 cloning 

10 A10 Auxiliary Α Provides End-to-End linker 4Α for level 2 cloning 

11 A11 Auxiliary Β Provides End-to-End linker 4Β for level 2 cloning 

12 A12 Auxiliary Γ Provides End-to-End linker 4Γ for level 2 cloning 

13 B1 Auxiliary Δ Provides End-to-End linker 4Δ for level 2 cloning 

14 B2 pMAP L2Α Mobius Assembly cloning and expression vector for plants 
with high-copy number origin of replication  

15 B3 pMAP L2Β Mobius Assembly cloning and expression vector for plants 
with high-copy number origin of replication  

16 B4 pMAP L2Γ Mobius Assembly cloning and expression vector for plants 
with high-copy number origin of replication  

17 B5 pMAP L2Δ Mobius Assembly cloning and expression vector for plants 
with high-copy number origin of replication  

18 B6 pLXMA L2Α Expression vector for plants with medium-copy number origin 
of replication 

19 B7 pLXMA_RK2 
L2Α 

Expression vector for plants with low-copy number origin of 
replication 

20 B8 mUAV Converts DNA sequences into Phytobricks 

21 B9 lvl0 UBQ10p Plant promoter 

22 B10 lvl0 MASp Agrobacterium promoter for plant expression 

23 B11 lvl0 UBQ11p Plant promoter 

24 B12 lvl0 UBQ4p Plant promoter 

25 C1 lvl0 OCSp Agrobacterium promoter for plant expression 

26 C2 lvl0 TCTPp Plant promoter 

27 C3 lvl0 35Sp Cauliflower mosaic virus promoter for plant expression 

28 C4 lvl0 G10-90p Synthetic promoter for plant expression 

29 C5 lvl0 ACT7p Plant promoter 

30 C6 lvl0 APT1p Plant promoter 

31 C7 lvl0 TUB9p Plant promoter 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.31.437819doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.31.437819
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 C8 lvl0 ACT2p Plant promoter 

33 C9 lvl0 NOSp Plant promoter 

34 C10 lvl0 LEC2t Plant terminator 

35 C11 lvl0 FAD2t Plant terminator 

36 C12 lvl0 HSPt Plant terminator 

37 D1 lvl0 NDUFA8t Plant terminator 

38 D2 lvl0 G7t Agrobacterium terminator for plant expression 

39 D3 lvl0 MASt Agrobacterium terminator for plant expression 

40 D4 lvl0 35St Cauliflower mosaic virus terminator for plant expression 

41 D5 lvl0 UBQ5t Plant terminator 

42 D6 lvl0 ACT2t Plant terminator 

43 D7 lvl0 TUB9t Plant terminator 

44 D8 lvl0 APT1t Plant terminator 

45 D9 lvl0 RbcS2bt Plant terminator 

46 D10 lvl0 NOSt Agrobacterium terminator for plant expression 

47 D11 lvl0 NptII  Confers resistance to kanamycin and G418 

48 D12 lvl0 BlpR Confers resistance to bialaphos or phosphinothricin 
(Glufosinate )  

49 E1 lvl0 HptII Confers resistance to hygromycin  

50 E2 lvl0 turboRFP 
CDS 

Red fluorescent protein coding sequence 

51 E3 lvl0 turboRFP 
CTAG 

Red fluorescent protein CTAG 

52 E4 lvl0 mKate2 
CDS 

Far-red fluorescent protein with SV40 NLS, codon optimised 
for Arabidopsis thaliana 

53 E5 lvl0 eGFP 
CDS 

Green fluorescent protein coding sequence 

54 E6 lvl0 eYFP 
CTAG 

Yellow fluorescent protein CTAG codon optimised for 
Arabidopsis thaliana 

55 E7 lvl0 eCFP 
CDS 

Cyan fluorescent protein coding sequence 

56 E8 lvl0 sfGFP 
CDS 

Green fluorescent protein coding sequence 

57 E9 lvl0 sfGFP 
CTAG 

Green fluorescent protein CTAG  

58 E10 lvl0 mTFP1 
CTAG 

Cyan fluorescent protein with FLAG tag 

59 E11 lvl0 TagRFP 
CTAG 

Red fluorescent protein CTAG codon optimised for 
Arabidopsis thaliana 

60 E12 lvl0 YPet 
CTAG 

Yellow fluorescent protein CTAG codon optimised for 
Arabidopsis thaliana 

61 F1 lvl0 mVenus 
CDS 

Yellow fluorescent protein coding sequence 

62 F2 lvl0 nluc CDS Nanoluciferase coding sequence  

63 F3 lvl0 fluc CDS Firefly luciferase coding sequence  

64 F4 lvl0 sXVE Estradiol inducible system trans-activator 

65 F5 lvl0 lexA-35S Estradiol system inducible promoter  
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66 F6 lvl0 LhGR Dex inducible system trans-activator 

67 F7 lvl0 pOp6-35S Dex system inducible promoter  

68 F8 lvl0 AlcR Ethanol inducible system trans-activator 

69 F9 lvl0 alcSynth-
34S 

Ethanol system inducible promoter 

70 F10 lvl0 
MethylAblet 

It is used to bypass the Level 1 cloning and directly feed 
terminators into Level 2 

 
Supplementary Table S1. Plasmids contained in the MAPS toolkit. 

They are available from AddGene (https://www.addgene.org/browse/article/28211394/). 

 

 

Agrobacterium 

strain 

Parental 

strain 
Virulent vector 

Antibiotic 

Resistance 

Antibiotic 

Concentration 

AGL1 C58 

pAtC58 

disarmed 

pTiBo542 

Rifampicin 

Carbenicillin 

50 μg/ml 

100 μg/ml 

GV3101 C58 

pAtC58 

pMP90(disarmed 

pTiC58) 

Rifampicin 

Gentamycin 

50 μg/ml 

25 μg/ml 

LBA4404 Ach5 
pTiAch5, named 

pAL4404 
Rifampicin 50 μg/ml 

C58C1* 

C58C1(pTiB6S3ΔT)H 
C58 

pTiB6S3 

pAtC58 

pCH32 

Rifampicin 

Tetracycline 

Carbenicillin 

50 μg/ml 

15 μg/ml 

100 μg/ml 

 

Supplementary Table S2. Agrobacterium strains commonly used in plant 
biotechnology.  

They are derived from two wild isolates, C58 and Ach5 (4), and they differ in their Ti plasmids. 
C58 contains two plasmids, the nopaline type pTiC58 and a cryptic one pAtC58, which assists 
the virulence (5). Temperature-induced loss of pTiC58 plasmid generated C58C1 strain (6). 
The introduction of the disarmed pTiC58 plasmid (pMP90) led to the generation of 
GV3101:pMP90 (7). AGL1 also has the C58C1 background and has been engineered to carry 
a supervirulent, disarmed succinoamopine-type plasmid, pTiBo542, from the Agrobacterium 
strain A281 (2). C58C1(pTiB6S3ΔT)H derives again from the C58C1 strain and contains a 
disarmed octopine-type Ti plasmid pTiB6S3 (8) and harbours the pCH32 plasmid, which 
overexpresses the virulence genes virE and virG (9). LBA4404 has Ach5 as its chromosomal 
background and contains a disarmed octopine‑type plasmid pTiAch5, named pAL4404 (10). 
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Number of 

constructs 

 With  W/o  

Level 1 cloning 

7 46 

A B Γ 

UBQ10:fluc:UBQ5 UBQ10:sXVE:HSP lexA:nluc:MeamilCPMe 

 UBQ10:LhGR:HSP pOp6:nluc:MeamilCPMe 

 UBQ10:AlcA:HSP alcSynth:nluc:MeamilCPMe 

Level 2 cloning 

3 42 

A 

UBQ10:fluc:UBQ5-UBQ10:sXVE:HSP-lexA:nluc:MeamilCPMe 

UBQ10:fluc:UBQ5-UBQ10:LhGR:HSP-pOp6:nluc:MeamilCPMe 

UBQ10:fluc:UBQ5-UBQ10:AlcA:HSP-alcSynth:nluc:MeamilCPMe 

Level 1 cloning 

42 - 

A 

UBQ10:fluc:UBQ5-UBQ10:sXVE:HSP-lexA:nluc:Terminator1-14 

UBQ10:fluc:UBQ5-UBQ10:LhGR:HSP-pOp6:nluc: Terminator1-14 

UBQ10:fluc:UBQ5-UBQ10:AlcA:HSP-alcSynth:nluc: Terminator1-14 

Total 52 88 

 

Supplementary Table S3. Efficient cloning with MethylAble feature. 

Application of the MethylAble Feature to generate a library of three inducible systems where 
the promoters are combined with 14 different terminators. In Level 1 a normaliser unit was 
built in vector A, the three transactivator units in vector B and three inducible promoters were 
combined with the MethylAble Feature in vector Γ. Without the MethylAble feature, the 
inducible promoters should have been combined with all terminators in this step. Then in a 
Level 2 reaction, the normaliser, the transactivators and the inducible promoters were fused 
to generate three constructs in total. Lastly, in a level 1 reaction, the inducible constructs were 
combined with the Level 0 terminators to give the final constructs. Letters represent the 
Acceptor Vectors. 
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No TAIR ID Gene Protein Function Pro Ter Ref. 

1 AT3G18780 
ACT2 

(Actin 2) 

Component of the cell 

cytoskeleton 
+ + This study 

2 AT3G12120 
FAD2 

(Fatty Acid Desaturase 2) 
Part of Lipid metabolism + + This study 

3 AT1G27450 

APT1 

(Adenine 

PhosphoribosylTransferas1) 

Contributes to the recycling 

of adenine 
+ + This study 

4 AT5G18800 

NDUFA8 

(NADH:Ubiquinone 

oxidoreductase subunit A8) 

Mitochondrial electron 

transport 
+ + This study 

5 AT4G20890 
TUB9 

(Tubulin 9) 

A major constituent of 

microtubules 
+ + This study 

6 AT5G62690 
TUB2 

(Tubulin 2) 

A major constituent of 

microtubules 
+ - This study 

7 AT4G05050 
UBQ11 

(Ubiquitin 11) 

Ubiquitin-dependent protein 

catabolic process 
+ - This study 

8 AT5G20620 
UBQ4 

(Ubiquitin 4) 

Ubiquitin-dependent protein 

catabolic process 
+ - This study 

9 AT1G28300 
LEC2 

(Leafy Cotyledon 1) 
Embryo development + + This study 

10 AT5G09810 
ACT7 

(Actin 7) 

Component of the cell 

cytoskeleton 
+ - This study 

11 AT4G05320 
UBQ10 

(Ubiquitin 10) 

Ubiquitin-dependent protein 

catabolic process 
+ - (11) 

12 AT3G16640 

TCTP 

(Translationally Controlled 

Tumor Protein) 

Guanine nucleotide 

exchange factor in the TOR 

signalling pathway 

+ - (12) 

13 AT5G38420 
rbcS-2b 

(Rubisco Small Subunit -2b) 

Member of the Rubisco 

small subunit 
- + 

(13) 

Shorter 

versions 

in this 

study 

 

14 AT5G59720 
HSP 

(Heat shock protein) 
Response to heat shock - + 

15 AT5G59720 
UBQ5 

(Ubiquitin 5) 

Ubiquitin-dependent protein 

catabolic process 
- + 

16 
Agrobacteriu

m gene 

NOS 

(Nopaline synthase) 
Nopaline synthesis + + (14) 
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17 
Agrobacteriu

m gene 

MAS 

(Mannopine synthase) 
Mannopine Synthesis + + 

18 
Agrobacteriu

m gene 

OCS 

(Octopine synthase) 
Octopine synthesis + - 

19 
Agrobacteriu

m gene 

G7 

(Gene 7) 
Unknown function - + 

20 

Cauliflower 

mosaic virus 

gene 

35S 
Function in genome 

replication 
+ + (15) 

21 Synthetic G10-90 
10 G-box sequences fused 

to CaMV –90/35S promoter 
+ - (16) 

22 Synthetic lexA-35S 
lexA operator repeats fused 

to CaMV 35S core promoter 
+ - (17) 

23 Synthetic pOp6-35S 
lacI operator repeats fused 

to CaMV 35S core promoter 
+ - (18) 

24 Synthetic alcSynth-34S 
alcR binding sites fused to 

FMV 34S core promoter 
+ - (19) 

 

Supplementary Table S4. List of promoter and terminator parts in the standard part 
library made in this study. 

1-10: Genes from which we amplify promoter or/and terminators for likely constitutive plant 
expression. We selected house-keeping genes, which tend to be ubiquitously expressed, and 
they are being used as reference genes in qPCR. LEC2 is being expressed in the developing 
embryo.11-23: Promoters and terminators isolated in other studies and used for 
characterisation in this work. 
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