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Summary
Advancement of DNA-synthesis technologies has greatly facilitated the development of synthetic

biology tools. However, high-complexity DNA sequences containing tandems of short repeats

are still notoriously difficult to produce synthetically, with commercial DNA synthesis companies

usually rejecting orders that exceed specific sequence complexity thresholds. To overcome this

limitation, we developed a simple, single-tube reaction method that enables the generation of

DNA sequences containing multiple repetitive elements. Our strategy involves commercial

synthesis and PCR amplification of padded sequences that contain the repeats of interest, along

with random intervening sequence stuffers that include type IIS restriction enzyme sites.

GoldenBraid molecular cloning technology is then employed to remove the stuffers, rejoin the

repeats together in a predefined order, and subclone the tandem(s) in a vector using a single-

tube digestion–ligation reaction. In our hands, this new approach is much simpler, more versatile

and efficient than previously developed solutions to this problem. As a proof of concept, two

different phytohormone-responsive, synthetic, repetitive proximal promoters were generated

and tested in planta in the context of transcriptional reporters. Analysis of transgenic lines

carrying the synthetic ethylene-responsive promoter 10x2EBS-S10 fused to the GUS reporter

gene uncovered several developmentally regulated ethylene response maxima, indicating the

utility of this reporter for monitoring the involvement of ethylene in a variety of physiologically

relevant processes. These encouraging results suggest that this reporter system can be leveraged

to investigate the ethylene response to biotic and abiotic factors with high spatial and temporal

resolution.

Introduction

With the recent advances in single-cell genomics, in vivo and in

vitro high-throughput quantification of DNA and RNA regula-

tory elements’ activities, and increasingly powerful machine-

learning approaches, the synthetic biology goal of designing

programmable regulatory sequences that confer the desired

expression characteristics is now in the foreseeable future

(reviewed in Bhandari et al., 2021; Schmitz et al., 2022;

Vazquez-Vilar et al., 2023; Yu et al., 2023). The plant biology

community has been experimenting with relatively simple

versions of these types of synthetic promoters for decades,

making important advances and identifying bottlenecks. Three

notable examples of these types of synthetic regulatory

sequences are the DR5 (direct repeats with a 5-bp spacer)

and its derivatives (Liao et al., 2015; Ulmasov et al., 1997), TCS

(two component output sensor) and its variants (M€uller and

Sheen, 2008; Steiner et al., 2020; Z€ucher et al., 2013), and EBS

(ETHYLENE INSENSITIVE3 (EIN3) binding site) (Stepanova, 2001;

Stepanova et al., 2007) promoters and their derivatives that

specifically respond to the plant hormones auxin, cytokinin and

ethylene, respectively. These synthetic promoters are not only

more sensitive to the triggering stimuli than most native genes,

but more importantly, they lack additional regulatory sequences

potentially present in the corresponding native promoters that

could be sources of unwanted interference or unpredictable

response (Butel et al., 2021; Fagard and Vaucheret, 2000;

Leibovic and Gronau, 2021). In these hormone-responsive

promoters, multiple copies of the consensus DNA-binding

sequence of a transcription factor (or a family of transcription

factors) specifically activated by the desired stimulus are placed

upstream of a minimal promoter driving a reporter gene in

response to auxin, cytokinin or ethylene. Increasing the number

of cis-elements in a synthetic promoter has been shown to lead

to stronger reporter activation (Ulmasov et al., 1997; Z€ucher

et al., 2013), with cis-element stacking expected to lead to

greater transcription factor binding, enhanced recruitment of

the general transcriptional machinery, and more efficient

transcription initiation. Nonetheless, even for these relatively

simple synthetic promoters, the expression levels and patterns

of the reporter gene are strongly affected not only by the

specific consensus sequence(s) used and their copy number, but

also by the arrangement of the DNA elements (direct, inverted

or everted tandems) and their spacing (Grabczyk and

Usdin, 1999; Jiang et al., 1996; Pandey et al., 2019). Thus,

experimental testing of different promoter architectures is
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central to deciphering the rules governing gene regulation and

optimizing the design of synthetic promoters.

In the past few years, DNA synthesis has become very

affordable, and it is now common practice in biological research

to commercially synthesize DNA fragments of interest. The ability

to order desired sequences from a vendor has opened doors to

the field of synthetic biology by removing the requirement for a

suitable DNA template and making it possible to synthesize

unnatural DNA sequences. Despite the burst in demand for

commercial DNA synthesis, sequences that are repetitive, contain

homopolymers, are highly (>80%) GC- or AT-rich, or are prone

to forming secondary structures are notoriously difficult to

synthesize (reviewed by Hoose et al., 2023). In fact, although

direct synthesis seems the obvious answer for the rapid

generation of synthetic promoters, most vendors decline DNA

synthesis requests for sequences containing cis-element tandems

characteristic of the aforementioned synthetic promoters as they

fall into the ‘complex sequence’ categories. It is, therefore,

common for synthetic biologists to use alternative approaches

that allow for the assembly of these highly repetitive sequences

that cannot be synthesized directly. Thus, for example, pairs of

complementary oligos containing a single DNA element can be

assembled into large arrays by introducing a few nucleotides at

their flanks that would produce compatible overhangs upon

oligo hybridization or restriction enzyme digestion (Figure S1).

Although this and related approaches have been successfully

used (Atanassov et al., 2009; Horton et al., 1989; Jiang

et al., 1996; Scior et al., 2011; Williams and Coster, 2022),

they have some important limitations. Thus, for example,

undesired artefacts can be produced when annealing oligonu-

cleotides to generate inverted, everted, or palindromic repeats.

In addition, this strategy involves several time-consuming and

inefficient steps such as size fractionation, gel purification, and

classical restriction digest and ligation cloning strategies

(Figure S1) (Blachinsky et al., 2004; Bo€e and Masson, 1996;

Jobbagy et al., 2002; Kim and Szybalski, 1996; Scior et al., 2011;

Yasmeen et al., 2023).

One potential alternative consists of generating several

individual, non-identical-repeat entry clones and combining them

via Type IIS restriction enzyme-based cloning, such as MoClo

(Weber et al., 2011), Golden Gate (Engler et al., 2008) or

GoldenBraid (GB) (Figure S2) (Sarrion-Perdigones et al., 2011,

2013), in an ordered fashion through the use of unique and

sequentially compatible overhangs solving the insert directionality

and targeted sequence variation dilemma. However, such an

approach is also labour intensive as each element needs to be

‘domesticated’ into the corresponding entry vectors and then

combined in the desired destination vector. Fragment domesti-

cation involves the addition of vector-compatible restriction

enzyme sites at the flanks of the DNA fragment and their

removal from the interior of the fragment via site-directed

mutagenesis or commercial DNA synthesis prior to the subcloning

of the fragment into an entry vector (Figure S2A). Working with a

single Type IIS site-flanked insert source clone, on the other hand,

is less cumbersome than making a series of several sequence-

divergent clones, but it does not allow for repeat variation

(Hillson, 2011; Kim and Szybalski, 1996). Finally, scarless DNA

assembly methods like Gibson (Gibson et al., 2009), SLIC (Li and

Elledge, 2012), SLiCE (Zhang et al., 2014) or CPEC (Quan

and Tian, 2009) all rely on homology-based DNA fragment

annealing and thus are not generally suitable for generating

highly repetitive sequences (Hillson, 2011).

Herein, we worked on solving the problem of generating

complex, repetitive sequences and developed a universal approach

that should be applicable to the production of extremely complex

and otherwise not directly synthesizable sequences while over-

coming some of the key limitations of other existing technologies.

One of the main advantages of the proposed approach is its

simplicity and ease by which repetitive DNA sequences composed

of short element tandems can be generated using a combination of

commercial DNA synthesis and GB cloning methodology. We

initially synthesized the desired repetitive DNA fragments with

random stuffers strategically positioned between individual

repeats. The addition of these stuffers diversified the repetitive

sequences facilitating standard commercial synthesis of relatively

large sets of repeats and enabling PCR amplification of one or

several of the repeats. We then generated the stuffer-free versions

of these repetitive sequences by removing the DNA stuffers and

ligating the repeats in a desired order using a modified single-tube

GB cloning reaction.

The need for the development of this technology arose from

the desire to build a new ethylene reporter. The most widely

adopted ethylene reporter currently in use, EBS:GUS, was

generated over 20 years ago based on limited information on

the binding of the transcription factor EIN3 to the promoter of the

ethylene-inducible ETHYLENE RESPONSE DNA-BINDING FACTOR1

(EDF1) gene, At1g25560 (Stepanova, 2001; Stepanova

et al., 2007). To make EBS:GUS, five copies of an experimentally

validated EIN3-binding site (aka EBS ) from EDF1 were placed

upstream of the 35S(�46) core promoter (Odell et al., 1985)

driving the b-glucuronidase gene GUS. Although this reporter has

proven very useful (reviewed in Fernandez-Moreno and Stepa-

nova, 2020), it is based on a single native EBS (Song et al., 2015;

Stepanova, 2001; Stepanova et al., 2007) which may or may not

be optimal for EIN3 binding. A more comprehensive analysis of

the in vitro binding properties of another EBS cis-element derived

from the promoter of the ethylene-inducible ETHYLENE

RESPONSE FACTOR1 (ERF1) gene, At3g23240, suggested that

EIN3 can bind DNA as a dimer and identified the spacing of 10

nucleotides separating the two everted half-sites of the EBS motif

as most optimal (Solano et al., 2015; Song et al., 2015).

Similarly, information derived from the crystal structure analysis

of two divergent AUXIN RESPONSE FACTORs (ARFs) and

corresponding protein-binding arrays has been used to develop

an auxin reporter DR5v2 that partially overlaps and, in some

tissues, expands the expression domains of the classical DR5 auxin

reporter (Liao et al., 2015). To explore the possibility of improving

the performance of existing ethylene and auxin reporters, we

used the information derived from the aforementioned studies to

design 2EBS-S10 and hybrid 2DR5-2DR5v2. 2EBS-S10 consists of

10 copies of the spacing-optimized dual DNA binding site for the

EIN3 dimer, whereas 2DR5-2DR5v2 contains 10 copies of

alternating dual DR5 and DR5v2 DNA elements.

To overcome the challenges of generating these highly

repetitive 2EBS-S10 and 2DR5-2DR5v2 distal promoters, we

employed GB. We argue that the potential utility of this approach

extends beyond the construction of synthetic repetitive pro-

moters, for example, to the generation of complex combinatorial

libraries of cis-regulatory elements that can help in deciphering

the rules governing gene regulation in eukaryotes.
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Results

De novo assembly of the ethylene-inducible 10x2EBS-S10
synthetic promoter

We set out to generate a novel ethylene-inducible synthetic

proximal promoter on the basis of an in vitro-optimized 2EBS-S10

[AAGATACATGCAAAAAAGCATGTATCTT] DNA element charac-

terized by Song et al. (2015) and chosen for its efficient

recruitment of the ethylene-regulated transcription factor EIN3

in electrophoretic mobility shift assays. This DNA sequence

element harbours two everted EBS cis-elements separated by a

10-nucleotide randomly chosen spacer (Song et al., 2015).

Our strategy consisted of synthesizing a DNA fragment

harbouring 10 of those dual 2EBS-S10 elements flanked by

standardized GB codes to enable the fragment’s subsequent

assembly with other gene parts via GB technology (Sarrion-

Perdigones et al., 2013, 2014; Figure 1a) to ultimately build a

new ethylene-regulated reporter. The flanking sequences on both

sides of the tandem contain three essential elements: a restriction

site for the Type IIS enzyme BsmBI (cyan and underscored), a

(a)

(b)

(c)

Figure 1 In silico design for de novo ethylene-responsive 10x2EBS-S10 promoter commercial synthesis. Original 10x2EBS-S10 sequence design failed to

pass sequence complexity filters for commercial DNA synthesis, whereas the modified 5x2EBS-S10 sequence design was compatible with commercial DNA

synthesis. (a) Ten repeats of the synthetic 2EBS-S10 element (Song et al., 2015) were stacked in tandem for DNA synthesis. Each repeat (grey and yellow)

consisted of two everted sequences with a 10 bp spacer. pUPD2-compatible GB entry vector overhangs (dark blue) were added at the tandem flanks to

allow for the subcloning of the 10x2EBS-S10 synthetic fragment. Directional GB codes (purple) with (A1-A2) grammar were included to enable the use of

this fragment in transcriptional unit assemblies as a distal-proximal promoter. The recognition sequence of the BsmBI restriction site (cyan) and the EIN3

binding site are underlined. (b) The synthetic DNA fragment harbours five non-identical repeats of the 2EBS-S10 sequence, with each repeat flanked by the

four-nucleotide codes for standard GB grammar (purple) or newly designed GBL codes (code 1 in red, code 2 in brown, code 3 in mustard and code 4 in

green), followed by the BsmBI restriction site (cyan) and a forward or reverse stuffer oligonucleotides (light green) strategically selected from our group’s

existing primer collection (see Figure S8 for the full DNA sequence). The first and last repeats also contain a four-nucleotide code compatible with the

pUPD2 vector (dark blue) between the GB grammar and the BsmBI restriction site. (c) Digestion of the synthetic DNA fragment shown in panel b with BsmBI

enzyme liberates the individual repeats flanked by compatible four-nucleotide GBL codes enabling directional assembly. The GB grammar for a distal-

proximal promoter element [GGAG (50-A1) – TCCC (30-A2)] allows for subcloning of this fragment into pUPD2. A graphical summary of the different

elements is shown on the right side of each panel. A legend listing different types of DNA elements is included on the bottom.

ª 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1–15
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directional four-nucleotide code (dark blue) compatible with the

50 or 30 ends of BsmBI-linearized pUPD2 GB entry vector, and a

four-nucleotide code (purple) with the standard GB grammar

(Patron et al., 2015; Sarrion-Perdigones et al., 2014; Vazquez-

Vilar et al., 2015) of a distal-proximal promoter (A1-A2) category

[GGAG – TCCC] (see colour-coded parts in Figure 1a). Due to the

repetitiveness of the sequence tandem, this synthetic DNA

fragment did not pass the sequence complexity filters for the

commercial synthesis by several different vendors and needed to

be redesigned. The spacer sequence within each dual repeat was

modified and nucleotide-diversified stuffer sequences were

inserted between the dual repeats. Specifically, the fifth and/or

sixth adenine nucleotide in the original 10-nucleotide internal

spacer of each everted 2EBS-S10 repeat (red lowercase nucleo-

tides, Figure 1b) was changed and each dual repeat was flanked

by 18- to 22-bp-long oligonucleotide stuffers (Figure 1b,

Table S1) to generate unique inter-repeat buffer sequences that

were about twice as long as each individual repeat. In addition to

diversifying the otherwise very repetitive sequence to meet the

vendor’s sequence complexity requirements, these stuffer

sequences could also be used to amplify each individual repeat,

or a subset of repeats, in case the amplification of the full DNA

sequence fails. To enable the post-synthesis removal of these new

stuffer sequences prior to the final construct assembly, each of

the stuffers was flanked by four-nucleotide GB-like (GBL) codes

(different from those in the standard GB parts grammar described

in Figure S2A, shown in red, brown, mustard and green) and a

BsmBI restriction site (cyan and underscored) placed between the

oligonucleotide stuffer and the four-nucleotide GBL code

(Figure 1b). This design allows for the enzymatic removal of the

inter-repeat stuffers during the GB domestication reaction using

BsmBI and preserves the directionally of the assembly of the dual

repeats upon rejoining of overlapping GBL codes (Figure 1c). With

these additional modifications, up to five repeats could be

accommodated in a DNA fragment and still pass the vendor’s

sequence complexity filters for DNA synthesis at Integrated DNA

Technologies (IDT) (Figure 1b).

The resulting commercially synthesized IDT gBlock containing

this repetitive DNA fragment with stuffers (Figure 1b) was PCR

amplified using a proofreading polymerase, purified and used in a

typical single-tube digestion–ligation GB domestication reaction

using the type IIS restriction enzyme BsmBI (optimal activity at

37 °C), the T4DNA ligase (optimal activity at 16 °C) and thepUPD2
entry vector (Sarrion-Perdigones et al., 2013, 2014; Vazquez-Vilar

et al., 2015). An additional final BsmBI digestion step (37 °C for

5 minwith fresh enzyme)was included at the end of the digestion–
ligation reaction in order to enrich for circularized constructs

containing the desired stuffer-free 5x2EBS-S10 promoter by

linearizing the residual stuffer-containing clones. The screening of

white colonies was done by NotI digestion of plasmid DNA, which

liberated the insert from pUPD2 (Sarrion-Perdigones et al., 2013,

2014), and the size was determined by gel electrophoresis. Upon

confirming the fidelity of a stuffer-less 5x2EBS-S10 clone by Sanger

sequencing, we next aimed to assemble the desired full-length

10x2EBS-S10 synthetic fragment by combining two 5x2EBS-S10

fragments. For that, we designed two GB code-converting

oligonucleotide primers to change the GB-A1 50 code [GGAG] or

the GB-A2 30 code [TCCC] of the 5x2EBS-S10 (A1-A2) synthetic

promoter by GB-A2 50 code [TGAC] or the GB-A1 30 code [TGAC],
respectively, to generate two compatible and independent 5x2EBS-

S10-A1 [GGAG – TGAC] and 5x2EBS-S10-A2 [TGAC – TCCC]

promoters. Thus, to convert theGGAG-5x2EBS-S10-TCCC (A1-A2)

promoter into GGAG-5x2EBS-S10-TGAC (A1) promoter, we

designed a primer with two nucleotide changes in the 30 GB code:

[TCCC > TGAC] (Figure 2a). Similarly, to convert the original (A1-

A2) promoter into a TGAC-5x2EBS-S10-TCCC (A2) promoter, we

designed a newprimer harbouring twonucleotide changes in the 50

GB code: [GGAG > TGAC] (Figure 2a).

The aforementioned cloning procedure of 5x2EBS-S10 (A1-A2)

was followed to subclone 5x2EBS-S10 into two independent

pUPD2 plasmids as (A1) and (A2) GB elements (Figure 2b). Thus,

the original stuffer-containing IDT gBlock was used as a PCR

template for the amplification with the new oligos containing the

modified GB-codes, 2EBS-S10-A1R and 2EBS-S10-A2F (Table S1).

The resulting amplicons were subcloned into pUPD2 following the

same strategy as described above. Stuffer-less clones were then

analysed via NotI restriction digest and confirmed as error-free

and containing the converted GB codes by Sanger sequencing for

both 5x2EBS-S10 (A1) and 5x2EBS-S10 (A2) reactions (Figure 2c).

Functional validation of 10x2EBS-S10 as an ethylene-
inducible proximal promoter

To test the functionality of 5x2EBS-S10 in plants, the two GB

elements, (A1) and (A2), of this DNA sequence were combined

via a standard alpha-level GB assembly procedure (Figure S2B)

(Sarrion-Perdigones et al., 2014; Vazquez-Vilar et al., 2015) to

generate a reporter construct containing a full 10x2EBS-S10

proximal promoter, minimal 35S(�46 bp) promoter (Odell

et al., 1985), nuclear localization signal (NLS or 3xNLS ) (Hicks

and Raikhel, 1993), reporter gene (1xYPet, 3xYPet, or GUS )

(Brumos et al., 2020; Eudes et al., 2008; Jefferson et al., 1987;

Nguyen and Daugherty, 2005; Zhou et al., 2011) and the 35S

terminator (Franck et al., 1980) in a single-tube digestion–ligation
reaction (Figure 3a). A BASTA selectable maker (Rathore

et al., 1993) was then introduced into these reporter constructs

via standard omega-level GB cloning (Figure S2C) (Sarrion-

Perdigones et al., 2014; Vazquez-Vilar et al., 2015) and all three

final modules were stably transformed into Arabidopsis.

The screening of T2 seedlings harbouring the 10x2EBS-S10

driving the expression of either 1xYPet, 3xYPet and GUS revealed

that one of 36, 14 of 18 and 19 of 50 T1 lines showed

ethylene-mediated reporter induction respectively. All 15 ethyl-

ene-inducible YPet lines (including those from both 10x2EBS-

S10:35Smp:NLS:YPet:35Sterm and 10x2EBS-

S10:35Smp:3xNLS:3xYPet:35Sterm transgenic lines) showed

weak and patchy but detectable expression in the nuclei of root

tip cells of three-day-old dark-grown Arabidopsis seedlings

germinated in the presence of the ethylene precursor ACC (1-

aminocyclopropanecarboxylic acid), but not in control media

(Figure S3A). In addition, the 14 lines expressing the 3xYPet

transgene also exhibited a relatively strong expression in the

nuclei of lower hypocotyl cells and of root cells above the

elongation zone in ACC-treated seedlings, but again displayed

no detectable fluorescence in control conditions (Figure 3b,

Figure S3B). Unfortunately, in later generations, silencing was

observed in all of the YPet lines, with the reporter activity no

longer reliably detectable by the T3 or T4 generation (Figure S3C).

Similarly to the YPet lines, the 19 positive lines harbouring the

10x2EBS-S10:35Smp:NLS:GUS:35Sterm transgene showed a

robust ethylene-inducible expression in roots and hypocotyls of

three-day-old T2 Arabidopsis seedlings germinated in the

presence of ACC, but not in control conditions (Figure S4).

Importantly, the pattern of induction of the 10x2EBS-S10:GUS

reporter persisted in later generations, as shown for two
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independent GUS lines, #18 and #21 (Figure 3c) grown in the

presence of ethylene gas. No prominent GUS expression was

observed in control conditions, confirming the ethylene-

inducibility of this new reporter.

Although some transgenic lines displayed ethylene-triggered

GUS staining in apical hooks and/or cotyledons, the primary

domain of GUS reporter activity encompassed only the hypocotyls

and roots, with the upper part of most seedlings showing no or

little GUS activity in ethylene or ACC in a majority of transgenic

lines (Figure S4, Figures 3c, 4). This pattern clearly differs from

that of the classic EBS:GUS reporter (Stepanova, 2001, Stepanova

et al., 2007) that harbours five copies of an unpaired EIN3-

binding element from the promoter of the EDF1 (At1g25560)

gene and is predominantly expressed in cotyledons, apical hooks

and root tips (Figure 3d), suggesting that the two synthetic

promoters may recruit alternative EIN3-containing transcriptional

complexes that have different tissue-specific prevalence.

In contrast with the aforementioned widespread silencing of

the YPet and 3xYPet lines, the robust inducibility of the new

10x2EBS-S10:GUS reporter persisted until at least the T4

generation without any signs of silencing, as shown for line 18

(Figure 4a). Sanger sequencing was performed to confirm the

structural integrity of the 10x2EBS-S10 promoter of lines 18 and

21, with all 10 dual 2EBS-S10 elements found to be intact

(Figure 4b). In contrast, a loss of four of 10 dual 2EBS-S10 everted

repeat elements was discovered in the promoter of line 17, with

(a)

(b)

(c)

Figure 2 The strategy for generating the 10x2EBS-S10 synthetic promoter. (a) Schematic colour-coded representation of the 5x2EBS-S10 synthetic DNA

fragment described in Figure 1b, with two upper insets showing GB entry vector overhang sequences. The grammar for the A1-A2 distal-proximal

promoter GB element, GB-A1 50 code [GGAG] and GB-A2 30 code [TCCC], was modified by site-directed mutagenesis using 2EBS-S10_A1R or 2EBS-

S10_A2F oligos (Table S1) with two nucleotide changes in either A1 or A2 GB code (light green nucleotides in the pink box) to generate the [TGAC]

grammar in either the A1 30 code or the A2 50 code (pink). (b) To generate the 10x2EBS-S10 promoter, two 5x2EBS-S10 copies were cloned in independent

pUPD2 vectors. One vector harboured a 5x2EBS-S10 (A1) part [GGAG – TGAC] and the other carried a 5x2EBS-S10 (A2) part [TGAC – TCCC]. (c) The

compatibility of the [TGAC] grammar (pink) makes it possible to combine the (A1) and (A2) parts via GB cloning in a destination vector of interest to

generate a 10x2EBS-S10 synthetic promoter. A legend listing different types of DNA elements is included on the bottom. See also Figure 1 for colour coding

description.
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the deletion encompassing repeat #5 from the (A1) fragment and

repeats #1 to #3 from the (A2) fragment (Figure 4b). A detailed

comparison of the expression patterns in the intact line 18 and

the truncated line 17 showed that, on average, line 17 displayed

a much stronger transgene expression in apical hooks, hypocotyl

vasculature, and root tips relative to line 18, but less GUS activity

elsewhere in the hypocotyls of three-day-old seedlings germi-

nated in the presence of ACC. Although it is tempting to suggest

that these differences could be due to the truncated promoter, it

is also possible that they are caused by the differential positional

effects of the insertion (Matzke and Matzke, 1998) or tissue-

specific transcriptional or post-transcriptional gene silencing

(Butel et al., 2021).

The activity of the 10x2EBS-S10:GUS reporter was also

examined in the inflorescences of soil-grown adult plants for

the promoter-intact lines 18 and 21. The 10x2EBS-S10:GUS

expression was primarily observed in the anthers and pollen

(Figure 5), implicating ethylene in pollen development (Mira

et al., 2015). Interestingly, in older plants that have experienced

stress due to mild soil toxicity, some 10x2EBS-S10:GUS activity

was also observed in mature ovules and young embryos

(Figure S5). The pollen-enriched expression of 10x2EBS-S10:GUS

is in sharp contrast with the notable lack of any activity in these

tissues for the classical EBS:GUS reporter, which in our growth

conditions appears to be excluded from both the pollen and a

majority of the pistil (Figure 5). In the flower, EBS:GUS is most

active in the sepals, nectaries, petal vasculature and stamen

filaments, with milder expression also detected in the pedicels,

styles, transmitting tracts and the septums of young developing

siliques. Noteworthy, non-transgenic wild-type Col-0 Arabidopsis

(a) (b)

(c) (d)

Figure 3 Ethylene-inducible expression of 10x2EBS-S10 reporters in Arabidopsis. (a) Schematic representation of three 10x2EBS-S10 reporter constructs

harbouring the 10x2EBS-S10 proximal and 35S(�46 bp) minimal promoters, a NLS-SV40 nuclear localization signal, the YPet, 3xYPet fluorescent proteins

or GUS coding region, and a 35S terminator. (b) A representative three-day-old dark-grown 10x2EBS-S10:35Smp:3xNLS:3xYPet:35Sterm T2 seedling

germinated in the presence of the ethylene precursor ACC. Fluorescence in the nuclei of lower hypocotyl, root and root tip cells is marked with white

arrows. (c) Four-day-old 10x2EBS-S10:35Smp:NLS:GUS:35Sterm T4 seedlings grown in the dark in air or in the presence of ethylene gas (10 ppm). (d)

Three-day-old Arabidopsis seedlings carrying the classical EBS:GUS reporter grown in the dark in air or 10 ppm ethylene.
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plants also showed some basal GUS activity in immature anthers

and nectaries of mature flowers (Figure 5), consistent with prior

reports of the Arabidopsis genome harbouring GUS-like genes

(Bruno et al., 2023; Eudes et al., 2008).

In summary, our data demonstrate that the 10x2EBS-S10

promoter is functional in stably transformed plants and shows

robust ethylene-inducible expression. This finding backs the utility

of our novel method of building sequence tandems with

temporary stuffers as an effective way to lower the overall

sequence complexity allowing for its commercial synthesis. The

characterized 10x2EBS-S10:GUS lines represent a new and

powerful tool to examine the activation of the ethylene response

at a high spatial and temporal resolution.

De novo assembly and functional validation of the
10x2DR5-2DR5v2 synthetic promoter

To demonstrate the broad applicability of our repetitive sequence

generation method beyond making 10x2EBS-S10, we designed

another hormone-responsive proximal promoter, in this case, a

new version of an auxin-responsive synthetic sequence that

harbours alternating AUXIN RESPONSE FACTOR (ARF)-binding

sites, DR5 [TGTCTC] (Ulmasov et al., 1997) and DR5v2 [TGTCGG]

(Liao et al., 2015). The DR5 and DR5v2 elements are both

functional in planta and their respective reporters show different

spatial distributions (Liao et al., 2015; Ulmasov et al., 1997). We

strategically chose to combine both auxin responsive elements in

hopes of increasing the sensitivity of the novel synthetic proximal

promoter. Thus, each 2DR5-2DR5v2 repeat of the new auxin-

specific synthetic promoter consisted of two inverted DR5

elements followed by two inverted DR5v2 elements, with 7 base

pair spacers placed within and between these DNA elements

(Figures 6a, Figure S6). Each 2DR5-2DR5v2 repeat (52 bp,

57.69% GC) is about twice the size and GC content of the

2EBS-S10 repeat (28 bp, 28.57% GC) and, accordingly, has

greater sequence complexity (Figure 6A).

Similar to the design of the padded 5x2EBS-S10 sequence

(Figure 1b), we flanked each 2DR5-2DR5v2 repeat by four-

nucleotide GB (purple and pink) or GBL (red, brown, mustard and

green) codes, BsmBI restriction sites (cyan), and oligonucleotide

stuffer sequences (light green) (Figure 6b, Figure S6). Additionally,

the pUPD2 GB code (dark blue) was incorporated at the

beginning and at the end of the DNA fragment. As before, only

a tandem of five repeats was able to pass the sequence

complexity filters for its synthesis with IDT (Figure 6b).

Following the same steps as for the generation of 10x2EBS-

S10, we amplified either the 5x2DR5-2DR5v2 (A1) or (A2)

fragments (Figure 5b) from the corresponding IDT gBlock

template and used the purified PCR products to assemble these

promoters into pUPD2 using the same procedures as for the

10x2EBS-S10 promoter (Figure 6c). Similarly, NotI restriction

enzyme was used to identify positive clones with insert bands of

expected sizes that were later confirmed by Sanger sequencing.

To rapidly test the activity of the 10x2DR5-2DR5v2 proximal

promoter in planta, we generated a YPet transcriptional reporter

(a) (b)

Figure 4 Stability of the 10x2EBS-S10:35Smp:NLS:GUS:35Sterm transgene in the Arabidopsis transgenic lines. (a) Whole-plant images of four-day-old

dark-grown Col-0 (left panels), representative 10x2EBS-S10:35Smp: NLS:GUS:35Sterm transgenic T3 (central panels) and T4 (right panels) seedlings from

line 18 germinated in control media or media supplemented with 10 lM ACC and stained for GUS overnight. (b) Sanger sequencing uncovered four

missing 2EBS-S10 repeats in line 17 relative to the repeat-intact line 18. A legend listing different types of DNA elements is included on the bottom.
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via an alpha-level GB cloning reaction. The resulting construct

harbours a minimal 35S(�46) promoter, a single copy of YPet, a

nuclear localization signal NLS-SV40 and a 35S terminator

(Figure 6d). The reporter construct was agroinfiltrated into

Nicotiana benthamiana leaves treated with 50 lM 1-

naphthaleneacetic acid (NAA), a synthetic auxin analogue

(Figure 6e). Consistent with our expectations, YPet was detected

in the nucleus and nucleolus of infiltrated plants, indicating the

ability of 10x2DR5-2DR5v2 to support expression of the reporter

construct in NAA-treated plants. These results confirmed that our

approach can be successfully used to assemble highly repetitive

sequences from commercially synthesized, padded DNA frag-

ments containing intervening stuffers that are then enzymatically

removed during the assembly of the repetitive sequences in a

single GB cloning reaction.

Discussion

Repetitive sequence generation

In this study, we developed a simple procedure that bypasses

current limitations of commercial DNA synthesis to generate

highly repetitive sequences (Figure S7). Temporary inclusion of

random stuffers in the DNA template reduces the overall

repetitiveness of the sequence and allows for the selective

amplification of the desired repeat or group of repeats from

synthesizable DNA fragments. By lowering the overall sequence

complexity, sequence padding helps with passing vendor’s

complexity filters and makes it possible to synthesize DNA

fragments containing sets of repetitive sequences commercially

and amplify them by PCR. By including Type IIS recognition sites in

the stuffers and designing the cut sites in a way that unique

complementary overhangs are formed upon cutting, we make

such padded DNA sequences compatible with standard GB

cloning. A typical single-tube digestion–ligation reaction leads to

stuffer removal and ordered rejoining of up to five repeats directly

in an entry vector of interest. An extra digestion step at the end of

the digestion–ligation cycle eliminates the clones that retained

any of the stuffers. Successful cloning events are then verified by

restriction digest through insert sizing by gel electrophoresis or

by colony PCR (with the caveat that some highly repetitive

sequences may not be directly amplifiable by PCR (Hommelsheim

et al., 2014; Riet et al., 2017)) and ultimately confirmed by Sanger

sequencing of plasmid DNA or PCR products (Figure S7).

While all the work described in this study was carried out on

relatively simple, repetitive sequences, padding approaches can

be extended to even more complex promoter architectures

Figure 5 Expression of 10x2EBS-S10:35Smp:NLS:GUS:35Sterm and EBS:GUS in the reproductive organs of soil-grown plants. Images were taken at

different magnifications: inflorescence at 19, flower at 59, aging flower at 2.59 and pistil at 2.59. Pistils imaged are the same pistils as in the aging flower

images, but with stamens, sepals, and petals removed.
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comprising multiple copies of two or more synthetic transcription

factor-binding sites or even for generating libraries of randomly

assorted cis-elements. Furthermore, adding GC-rich stuffers to an

otherwise AT-rich template (or vice versa) would normalize its GC

content. Likewise, interrupting homopolymers with occasional

random stuffers would diversify the sequence, allowing for their

direct synthesis and improving otherwise inefficient PCR ampli-

fication. By strategically inserting removable stuffers in the DNA

region that tends to fold into secondary structures, the formation

of those structures can be minimized, and the likelihood that the

sequence can be synthesized commercially increased. Further-

more, the GB-like codes used for the sequence padding could be

designed to be part of the stuffers, allowing for a scarless

sequence assembly.

Although our approach provides a universal strategy to deal

with short, repetitive sequences, it remains to be determined on a

case-by-case basis whether stuffers can be safely enzymatically

removed, as ultimately, the user is still left working with complex

sequences that may be difficult to handle in vitro and propagate

faithfully in vivo. In the case of the repetitive sequences we

worked with in this project, we encountered a number of

technical difficulties including inefficient PCR amplification of all

stuffer-less promoters, mild toxicity of the 10x2DR5-2DR5v2

construct in E. coli and occasional repeat loss of 10x2EBS-S10

upon extended culturing in E. coli. Poor PCR amplification

(Hommelsheim et al., 2014; Riet et al., 2017) and spontaneous

loss of repetitive sequences in bacteria have been widely reported

(Blackwood et al., 2010; Bzymek and Lovett, 2001; Metzgar

et al., 2001), and some of these problems could be at least

partially bypassed by, for example, using special E. coli strains

such as Stbl4 or improved PCR protocols (Assad et al., 2021; Riet

et al., 2017). In this project, one of the three sequence-verified

10x2EBS-S10:35Smp:3xNLS:3xYPet:35Sterm Arabidopsis trans-

genic lines was found to be missing four dual 2EBS-S10 repeats

(Figure S3D). Likewise, one of 19 PCR-positive 10x2EBS-

S10:35Smp:NLS:GUS:35Sterm transgenic lines, #17, that was

Sanger sequenced had a truncation of four of 10 dual 2EBS-S10

repeats (Figure 4b). Given that a majority of transgenic plant lines

generated with an Agrobacterium strain have intact repeats and

assuming that the transformed Agrobacterium cell line had

initially acquired a single copy of the intact plasmid, the

truncation of some of the repeats must have happened in

Agrobacterium or in the plant. Interestingly, the truncated

promoter GUS line exhibited a different pattern of expression in

ACC relative to that of the intact promoter lines (Figure 4b).

In fact, the activity pattern of the 2EBS-S10 line #17 appears to be

similar to the expression pattern of the original EBS:GUS reporter

line (Figure 3d), but the reason for that phenomenon is currently

unclear.

Our repetitive sequence padding approach also allows for the

assembly of non-identical repeats (that are still highly similar and

thus incompatible with Gibson and related scarless,

(a) (d)

(b)

(c)

(e)

Figure 6 Cloning and functional testing of the 10x2DR5-2DR5v2 synthetic promoter. (a) Comparison of the 2DR5-2DR5v2 and 2EBS-S10 DNA element

structures. (b) Schematic representation of the amplified 5x2DR5-2DR5v2 synthetic (A1) and (A2) fragments that pass vendor’s sequence complexity

thresholds (details of the sequence are shown in Figures S6 and S9). (c) Digestion of the synthetic 5x2DR5-2DR5v2 (A1) and (A2) DNA fragments with BsmBI

enzyme facilitates the directional assembly of the repeats flanked by compatible four-nucleotide GBL codes. The GB grammar for the (A1) [GGAG (50) –
TGAC (30)] and the (A2) [TGAC (50) – TCCC (30)] promoter elements allows for their compatible subcloning in tandem into the GB alpha-level vectors when

building the reporter transcriptional unit, generating the 10x2DR5-2DR5v2 promoter. (d) Schematic representation of the 10x2DR5-2DR5v2:35Smp:

NLS:1xYPet:35Sterm fluorescent reporter construct. (e) Nicotiana benthamiana leaf agroinfiltration confirmed the induction of the reporter in 50 lM NAA-

treated plants relative to the mock-treated leaves. The arrowheads point to the nuclei expressing the new auxin-inducible reporter. Asterisks mark the

nucleoli visible inside of some nuclei. A legend listing different types of DNA elements is included on the bottom.
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homology-based DNA assembly methods) in a desired order. This

important advantage of the proposed method further broadens

the downstream utility of the resulting constructs, for example, to

recruit entire transcription factor families with divergent DNA-

binding preferences to a synthetic, non-identical-repeat promoter

of interest or, alternatively, to make the promoter sequence-

specific to a select subset of transcription factor family members.

In the era of synthetic biology, padded commercially synthesized

DNA fragments, in combination with enzymatic stuffer removal,

will be a critical solution to DNA synthesis limitations until

commercial manufacturing of complex sequences enters

mainstream.

Surprisingly, the recent market trends have been shifting in the

opposite direction, with some vendors increasing, rather than

decreasing, the stringency of the complexity filters for commercial

DNA synthesis, making the ordering of repetitive DNA fragments

harder than before. In fact, we recently re-submitted the desired

original (as well as padded) stuffer-containing DNA sequences of

5x2EBS-S10 and 5x2DR5-2DR5v2 to different vendors. No

vendors were willing to synthesize the non-padded repetitive

sequences and only one of the vendors, Twist Biosciences, was

willing to proceed with the synthesis of the padded 5x2EBS-S10

sequence. IDT, the vendor we originally ordered from, was no

longer able to accept our 5x2EBS-S10 and 5x2DR5-2DR5v2 order,

with even the padded versions of these sequences now failing to

pass the new, more restrictive complexity filters. These stricter

cut-offs in the sequence complexity thresholds recently adopted

by DNA synthesis companies make our approach even more

relevant, as even moderately repetitive sequences can no longer

be directly synthesized. As a workaround, with our approach,

repetitive sequences can be synthesized in different DNA

fragments (e.g., one or two repeats per fragment, possibly

combined with other, unrelated sequences in the same gBlock),

selectively amplified using the flanking stuffers, and assembled

together in the desired order by means of the BsmBI restriction

sites and GB codes present in the stuffers.

Novel hormone-responsive promoters

While this work highlights primarily the development of a suitable

method for generating repetitive sequences that are not

amenable to direct DNA synthesis using current commercial

technologies, the ethylene and auxin reporters made in this work

represent a useful resource for the plant community. While

several auxin-responsive synthetic promoters have been described

in the plant biology literature and multiple transcriptional

reporters, degradation-based and FRET-based biosensors are

available for auxin (reviewed by Zhao et al., 2021), only one

version of the synthetic ethylene reporter, EBS:GUS (reviewed by

Fernandez-Moreno and Stepanova, 2020), has been adopted

by the plant research community, and additional tools are

urgently needed. Our group is working on developing alternative

synthetic ethylene-responsive promoters, with the 2EBS-S10-

based version being of great interest due to its high performance

in EIN3 binding gel-shift assays in vitro (Song et al., 2015). Limited

reporter construct testing included in this work shows that the

10x2EBS-S10 promoter may experience repeat instability and that

the YPet versions of the construct undergo silencing. This may not

be surprising given that the new synthetic promoter harbours

four times as many EIN3 binding sites as does EBS:GUS. However,

since the GUS lines driven by the 10x2EBS-S10 promoter show

consistent expression until at least the T4 generation, the

silencing issues observed in the equivalent 1xYPet and 3xYPet

lines may at least in part be associated with the YPet sequence

and not with the highly repetitive 10x2EBS-S10 promoter alone.

The use of alternative fluorescent reporters may provide a simple

solution to the observed silencing problem observed in the YPet

lines.

Regardless, given their unique expression pattern and the

apparent lack of silencing in the 10x2EBS-S10:NLS:GUS trans-

genic lines, we believe that these reporter lines represent an

important new genetic tool complementary to the original EBS:

GUS. Not only does the new reporter provide an in vivo validation

of the synthetic EIN3-binding 2EBS-S10 sequence previously

tested only in vitro or in transient expression assays in protoplasts

(Song et al., 2015), but it also enables monitoring of ethylene-

regulated processes in tissues beyond those where the classic EBS:

GUS is responsive to ethylene. For example, to study the role of

ethylene in pollen development or in hypocotyl- or root-localized

processes or events (e.g., to explore the role of ethylene in pollen

sterility under heat stress, or to understand the contribution of

ethylene to plant host invasion by haustoria of parasitic fungi or

plants), this new 10x2EBS-S10:35Smp:NLS:GUS:35Sterm reporter

may prove to be better suited than the classical EBS:GUS.

From the basic science perspective, the difference in the

seedling as well as flower expression patterns between 10x2EBS-

S10:35Smp:NLS:GUS:35Sterm and EBS:GUS suggests that in

Arabidopsis EIN3 may exist in alternative transcriptional com-

plexes that show different tissue-specific distribution and

divergent preferences for binding to specific architectures of the

EBS (Figure 7). Thus, 10x2EBS-S10 carries 10 copies of dual

everted EBS sites ATACAT(nx10)ATGTAT and may recruit EIN3

(and potentially also its paralogues EILs) as dimers that in the

presence of ethylene are predominantly active in the hypocotyls

and roots of etiolated seedlings (Figure 7a). The classical EBS

harbours five copies of a single EBS site caaaggggggATGCACt

from the promoter of the EDF1 (At1g25560) gene and may

recruit monomeric EIN3/EILs or, alternatively, heterodimers of

EIN3 (or EILs) with sequence-unrelated proteins, that, according

to the EBS:GUS reporter staining, may be most abundant in the

cotyledons, apical hooks and root tips of the ethylene-treated

plants (Figure 7b).

While EBS:GUS has been reported as functional in Arabidopsis,

tomato and the parasitic plant Triphysaria versicolor (reviewed in

Fernandez-Moreno and Stepanova, 2020), thus far, we have

tested 10x2EBS-S10 only in Arabidopsis. To our knowledge,

neither 10x2EBS-S10 nor EBS:GUS have been used in monocots

or outside of flowering plants, so it remains to be determined if

either of these two reporters and their respective sequence-

divergent EIN3 binding elements are functional in a wider range

of plant species beyond a handful of dicots.

The second version of the hormone-responsive promoter we

have built, 10x2DR5-2DR5v2, was successfully validated only by

transient assays. We did transform the 10x2DR5-2DR5v2:35Smp:

NLS:1xYPet:35Sterm construct into Arabidopsis and generated

stable transgenic lines. However, as with the 10x2EBS-S10:NLS:

YPet, no reliable expression was observed with or without auxin,

beyond the T1 generation, suggesting transgene silencing. It

would be interesting to determine if, like with the 2EBS-S10

constructs, the use of the GUS reporter results in more stable

expression of the transgene. Alternatively, the sequences of

individual repeats could be diversified with the goal to minimize

the incidence of silencing. To bypass some of the problems

associated with the 10x2DR5-2DR5v2 promoter-based expression

in plants, our group is now developing a series of novel auxin

ª 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1–15
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reporters with different heteromeric synthetic promoter architec-

tures. Another reasonable strategy for minimizing the probability

of construct silencing and repeat instability would be to optimize

the number of cis-elements being stacked in an attempt to strike

a better balance aiming for a greater level of transgene expression

(the more repeats, the better) yet lower construct silencing and

instability (the fewer repeats, the better).

In conclusion, the repetitive sequence generation method we

have developed in this study provides a simple strategy for dealing

with high-complexity sequences that are not amenable to direct

commercial DNA synthesis and/or PCR amplification. The new

technology is not limited to producing repetitive promoter

element tandems for monitoring plant hormones, but rather

can be applied to building synthetic, high-complexity sequences

for a variety of in vitro and in vivo applications. We foresee that

this hack will prove useful to a broad range of basic and applied

scientists interested in applying synthetic biology tools to their

favourite biological questions.

Experimental procedures

Design of repetitive DNA fragments for de novo
synthesis

Benchling (https://www.benchling.com) was utilized to design

and build the synthetic DNA fragments for 5x2EBS-S10 (A1-A2),

5x2DR5-2DR5v2 (A1) and 5x2DR5-2DR5v2 (A2) GB distal-

proximal promoter elements, and to test in silico their amplifica-

tion and cloning prior to their independent synthesis by

(a)

(b)

Figure 7 Possible mechanisms behind the different expression patterns of 10x2EBS-S10:GUS and 5xEBS:GUS. (a) In the 10x2EBS-S10 reporter lines, the

presence of 10 everted EBS repeats may allow the recruitment of EIN3 in monomeric (1) or dimeric (4) forms. Potentially, these repeats may also recruit EIN3

paralogues, EILs, as monomers (2) or dimers (5). Finally, EIN3 and EIL may also be co-recruited together as monomers (3), homodimers (6) or heterodimers (7).

(b) In the 5xEBS:GUS reporter lines, the presence of single (unpaired) direct EBS repeats may recruit only the monomers of either EIN3 (1), EIL (2) or both (3),

although with different affinity due to the sequence differences between the repeats in the 10x2EBS-S10 and the 5xEBS:GUS constructs. The differential

affinity of different EIN3/EIL family members for the specific sequences in the 10x2EBS-S10 and the 5xEBS:GUS is reflected in the figure by different sizes of the

EIN3 and EIL circles. EIN3/EILs may be recruited to these DNA elements in the context of different protein complexes depending on the cell type, developmental

stage, etc. These different protein complexes may work as transcriptional activators or repressors and are illustrated as blue numbered ‘P’ circles (where

numbers indicate the different nature of these proteins) that preferentially interact with different monomers and/or dimers. The panels on the right show a

schematic representation of typical expression patterns of these two ethylene reporters in three-day-old, etiolated seedlings treated with 10 ppm ethylene.

Areas with the strongest induction of the reporter are coloured dark blue and marked with arrows. Areas with lower ethylene-inducible expression are shown

in lighter shades of blue, and areas where the reporter is not expressed in ethylene-treated plants are left blank or light grey.
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IDT (https://www.idtdna.com/pages) (Figure S7A). Previously

described cis-elements, ethylene-responsive 2EBS-S10 recognized

by EIN3 in vitro (Song et al., 2015) and auxin-responsive DR5

(Ulmasov et al., 1997) and DR5v2 (Liao et al., 2015) ARF binding

sites, were leveraged in the design of these promoters. The 12

standard GB grammar codes were utilized for the assembly of the

canonical gene parts (Patron et al., 2015, https://gbcloning.upv.

es), while random four-nucleotide GBL codes, different from the

standard GB codes, were used for the removal of the stuffers

(Figure S7B). Full padded sequence of the synthesized stuffer-

containing 5x2EBS-S10 (A1-A2) fragment is shown in Figure S8.

The equivalent sequences for 5x2DR5-2DR5v2 (A1) and 5x2DR5-

2DR5v2 (A2) fragments are displayed in Figure S9. All primers and

oligonucleotide stuffer sequences used in this work are compiled

in Table S1.

Assembly of synthetic DNA fragments using GB
methodology

GB domestication, stuffer removal and subcloning of
repetitive DNA fragments

Amplification of stuffer-containing DNA fragments from the

three aforementioned synthetic IDT gBlock templates was done

with the proofreading iProof High-Fidelity DNA Polymerase (Bio-

Rad) following manufacturer’s recommendations at the anneal-

ing temperature of 58 °C (Figure S7C). The three synthetic DNAs,

5x2EBS-S10 (A1-A2), 5x2DR5-2DR5v2 (A1) and 5x2DR5-2DR5v2

(A2), were amplified with the common flanking primers Oligo 1_F

and Oligo 5_R (Table S1). In order to create a 10x2EBS-S10

synthetic promoter, the 5x2EBS-S10 (A1-A2) template was

amplified with Oligo 1_F and 2EBS-S10_A1R (Table S1) to

introduce targeted nucleotide changes in the 30 GB grammar of

5x2EBS-S10 (A1-A2) fragment and to generate the 5x2EBS-S10

(A1) fragment. In parallel, 2EBS-S10_A2F and Oligo 5_R

(Table S1) were used to change the 50 GB grammar of the

5x2EBS-S10 (A1-A2) fragment to create the 5x2EBS-S10 (A2)

fragment. PCR products (50 lL) were extracted with 50 lL
chloroform (1:1 v:v) and precipitated with ethanol. Air-dried

pellets were resuspended in 15 lL sterile distilled water and

further diluted to 40 ng/lL. One lL of the purified DNA was used

for the domestication of the PCR fragment into the GB platform.

Standard GB cloning procedures to clone PCR products into the

pUPD2 entry vector (Figure S2A) (Sarrion-Perdigones et al., 2013,

2014; Vazquez-Vilar et al., 2015) were followed with minor

modifications: 25 cycles of digestion/ligation with BsmBI restric-

tion enzyme (NEB) at 37 °C for 3 min and ligation with T4 DNA

ligase (NEB) at 16 °C for 5 min were performed, followed by a

final digestion step at 37 °C for 5 min with 0.5 lL of fresh BsmBI

to linearize the residual clones with unremoved stuffers

(Figure S7D). Three lL of each GB reaction were transformed

into 50 lL of home-made chemically competent TOP10 E. coli

cells. The cells containing the desired pUPD2-derived plasmid

were selected in LB-agar plates supplemented with 25 lg/mL

chloramphenicol (GoldBio) and 20 lg/mL X-gal (GoldBio) for

16 h at 37 °C. White colonies were resuspended in 10 lL of

sterile distilled water and 1 lL of each sample was used to test

the insertion size by colony PCR [96 °C – 2 min; (96 °C – 30 s,

58 °C – 30 s and 72 °C – 1 min) 9 35 cycles; 72 °C – 10 min;

hold at 4 °C] with pUPD2_NewF2 and pUPD2_NewR2 primers

(Table S1). 7 lL of water suspensions of PCR-positive colonies

were inoculated into 4 mL of liquid LB supplemented with

25 lg/mL chloramphenicol (GoldBio). Cell cultures were grown

for 16 h at 37°C with shaking. Plasmid DNA was extracted using

alkaline lysis (Alonso and Stepanova, 2014) and digested with

NotI (NEB) for 2 h at 37 °C, an enzyme that cuts twice in pUPD2

at the flanks of the insert. Clones containing the desired DNA

inserts were chosen by restriction digest- and gel-electrophoresis-

based insert size analysis (Figure S7D) and Sanger sequencing

using pUPD2-specific primers pUPD2_NewF2 and pUPD2_NewR2

(Table S1). Sequencing results were analysed in Benchling.

GB domestication of additional DNA fragments

GB assembly strategy (Sarrion-Perdigones et al., 2014; Vazquez-

Vilar et al., 2015) was used to build hormone-responsive reporters

(Figure S2). The previously published coding DNA sequence of the

histochemical marker gene b-glucuronidase (GB0208-pGUS )

(Eudes et al., 2008; Jefferson et al., 1987), 35S terminator

(GB0036-pT35S ) (Franck et al., 1980) and the transcriptional unit

of the BASTA resistance gene (GB0023-pUPDtNOS:BASTA:pNOS )

(Table S2) (Rathore et al., 1993) were utilized to build the

ethylene and auxin reporters. Ten additional entry clones were

domesticated into pUPD2: the distal promoters 5x2EBS-S10 (A1-

A2), 5x2EBS-S10 (A1), 5x2EBS-S10 (A2), 5x2DR5-2DR5v2 (A1)

and 5x2DR5-2DR5v2 (A2); the minimal 35S promoter (�46, UTR)

(Odell et al., 1985); the nuclear localization signal NLS-SV40

(Hicks and Raikhel, 1993) and its triple version (3xNLS ) generated

in our lab using nucleotide diversification; and the coding DNA

sequence of either the single yellow fluorescent protein, 1xYPet

(Nguyen and Daugherty, 2005; Zhou et al., 2011), or the triple

AraYPet yellow fluorescent protein, 3xYPet (Brumos et al., 2020;

Zhou et al., 2011) (Table S2). Both the original entry vector,

pUPD, and its updated version, pUPD2, are interchangeable

during the assembly process in pDGB3alpha- or pDGB3omega-

level vectors (Sarrion-Perdigones et al., 2014; Vazquez-Vilar

et al., 2015) and were used in parallel.

GB-alpha level assembly into transcriptional units

The GB alpha-level assembly (Figure S2B) (Sarrion-Perdigones

et al., 2013; Vazquez-Vilar et al., 2015) was performed by

combining the pUPD and pUPD2 parts of interest into

pDGB3alpha-level vectors to generate the following five individ-

ual transcriptional units: three ethylene-responsive reporters,

pDGB3alpha1_10x2EBS-S10:35Smp:NLS:1xYPet:35Sterm,

pDGB3alpha1_10x2EBS-S10:35Smp:NLS:3xYPet:35Sterm, and

pDGB3alpha1_10x2EBS-S10:35Smp:NLS:GUS:35Sterm, one

auxin-responsive reporter, pDGB3alpha1_10x2DR5-

2DR5v2:35Smp:NLS:1xYPet:35Sterm, and a herbicide-resistant

marker pDGB3alpha2_35Sterm:BASTA:35Sp (Table S3). Three lL
of the different GB cloning reactions were transformed into 50 lL
of chemically competent TOP10 E. coli and grown overnight in

LB-plates supplemented with Kanamycin (GoldBio) 50 lg/mL and

X-gal 20 lg/mL (GoldBio). White colonies were then analysed by

colony PCR using the following oligo pairs (Table S1): YPet-

internal_F and UniversalpDGB3_R for the 1xYPet fluorescent

reporter, 3xYPet-internal_F and UniversalpDGB3_R for the 3xYPet

fluorescent reporter, GUS-30end_F and UniversalpDGB3_R for the

GUS reporter, and UniversalpDGB3_F and BASTA-30end_R for the

BASTA reporter. Construct identity was subsequently confirmed

by restriction digests with EcoRI (NEB) which cuts the alpha-level

vectors twice, releasing the full insert from the plasmid backbone.

GB-omega level assembly into gene modules

The GB omega-level assembly (Figure S2C) (Sarrion-Perdigones

et al., 2013, 2014; Vazquez-Vilar et al., 2015) was carried out to
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combine individual hormone-responsive transcriptional reporters

with the BASTA marker in pDGB3omega1 (Table S3). Primers

BASTA-50end_F and UniversalpDGB3_R (Table S1) were utilized to

screen the positive clones of 1xYPet, 3xYPet or GUS reporters in

the pDGB3omega1 vector. To further corroborate the assembly

of each reporter unit with BASTA, additional primer combinations

were employed: YPet-internal_F and BASTA-30end_R primers for

two 1xYPet modules (harbouring 10x2EBS-S10 or 10x2DR5-

2DR5v2 distal promoters); 3xYPet-internal_F and BASTA-30end_R
or 35Smp_F and 3xYPet-internal_R for the 3xYPet module; and

GUS-30end_F and BASTA-30end_R primers for the GUS module

(Table S1). Three lL of the GB cloning reactions were transformed

into 50 lL of chemically competent TOP10 E. coli cells and grown

overnight in LB-plates supplemented with Spectinomycin (Gold-

Bio) 100 lg/mL and X-gal (GoldBio) 20 lg/mL. Construct identity

in white colonies was subsequently validated by restriction digests

with BamHI (NEB) which cuts the omega-level vectors twice,

releasing the full insert.

Functional testing of the GB-assembled reporter DNA
constructs

Transient agroinfiltration of Nicotiana benthamiana leaves

Omega-level plasmids harbouring the desired modules were

transformed into home-made electrocompetent Agrobacterium

tumefaciens GV3101 cells as described (Alonso and Stepa-

nova, 2015) and confirmed by colony PCR using the same primer

combinations as the ones used for E. coli colony validation.

Positive agro clones were then tested in N. benthamiana leaf

agroinfiltration assays, performed as described (Wang et al.,

2015). For testing the 10x2DR5-2DR5v2:35Smp:

NLS:1xYPet:35Sterm reporter, 50 lM NAA (Sigma-Aldrich) was

gently painted over the agro-infiltrated leaf area with a soft paint

brush (Brumos et al., 2018) 1 h before microscopy imaging.

Fluorescent imaging of agro-infiltrated leaf discs was done with a

DFC365 FX camera and a Zeiss Axioplan microscope. A 209

objective (100% intensity, 587.5 ms Exposure, 1.5 Gain) was

utilized.

In-planta hormone inducibility assays in transgenic
Arabidopsis lines

Stable Arabidopsis thaliana transformation with the ethylene

reporters 10x2EBS-S10:35Smp:NLS:1xYPet:35Sterm, 10x2EBS-

S10:35Smp:NLS:3xYPet:35Sterm and 10x2EBS-S10:35Smp:NLS:

GUS:35Sterm, as well as with the auxin reporter 10x2DR5-

2DR5v2:35Smp:NLS:1xYPet:35Sterm, was performed via floral

dip (Clough and Bent, 1998), and transgenic lines were screened

as described (37, 38) in AT plates (4.33 g/L Murashige & Skoog

media (PhytoTech Labs), 10 g/L sucrose, pH 6.2, 6 g/L Bactoagar)

supplemented with 20 lg/mL phosphinothricin (PPT, GoldBio).

T2, T3 and/or T4 seedlings were germinated at 22 °C in the dark

in AT media with or without 10 lM ACC (PhytoTechnology Lab)

supplementation, flow-through 10 ppm ethylene (Airgas), or

50 lM NAA (Sigma-Aldrich) for 3 days prior to fluorescence

imaging as described above or for 4 days prior to GUS staining as

described (Brumos et al., 2020). Adult transgenic plants harbour-

ing the 10x2EBS-S10:35Smp:NLS:GUS:35Sterm reporter were

grown in soil (50:50 mix of Sun Gro Horticulture Professional

Growing Mix and Jolly Gardner PRO-LINE C/B Growing Mix) in a

walk-in growth chamber under led lights in ambient air without

ethylene supplementation at a 16 h/8 h light/dark cycle. Inflo-

rescences and emerging siliques were collected into cold 90%

acetone, washed, and stained for GUS overnight for 20 h, then

kept in 70% ethanol at 4 °C for several days to remove

chlorophyll before being imaged as described (Brumos

et al., 2018). Zen (Zeiss, https://www.zeiss.com) and ImageJ

(ImageJ, https://imagej.net/Fiji/Downloads) software (Schneider

et al., 2012) were used to process and adjust the brightness of

the yellow fluorescence images.
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