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Summary
Synthetic promoters may be designed using short cis-regulatory elements (CREs) and core

promoter sequences for specific purposes. We identified novel conserved DNA motifs from the

promoter sequences of leaf palisade and vascular cell type-specific expressed genes in water-

deficit stressed poplar (Populus tremula 9 Populus alba), collected through low-input RNA-seq

analysis using laser capture microdissection. Hexamerized sequences of four conserved 20-base

motifs were inserted into each synthetic promoter construct. Two of these synthetic promoters

(Syn2 and Syn3) induced GFP in transformed poplar mesophyll protoplasts incubated in 0.5 M

mannitol solution. To identify effect of length and sequence from a valuable 20 base motif, 50

and 30 regions from a basic sequence (GTTAACTTCAGGGCCTGTGG) of Syn3 were hexamerized

to generate two shorter synthetic promoters, Syn3-10b-1 (50: GTTAACTTCA) and Syn3-10b-2

(30: GGGCCTGTGG). These promoters’ activities were compared with Syn3 in plants. Syn3 and

Syn3-10b-1 were specifically induced in transient agroinfiltrated Nicotiana benthamiana leaves in

water cessation for 3 days. In stable transgenic poplar, Syn3 presented as a constitutive

promoter but had the highest activity in leaves. Syn3-10b-1 had stronger induction in green

tissues under water-deficit stress conditions than mock control. Therefore, a synthetic promoter

containing the 50 sequence of Syn3 endowed both tissue-specificity and water-deficit inducibility

in transgenic poplar, whereas the 30 sequence did not. Consequently, we have added two new

synthetic promoters to the poplar engineering toolkit: Syn3-10b-1, a green tissue-specific and

water-deficit stress-induced promoter, and Syn3, a green tissue-preferential constitutive

promoter.

Introduction

Plant synthetic biology has made substantial contribution to

sustainable applications for biofuel, pharmaceutical production,

and food production using plant cellular systems (Yang et al.,

2022a). The current economic success of synthetic biological

products calls for more effective techniques and plant platforms

to be applied in industry settings (Clarke and Kitney, 2020;

Fausther-Bovendo and Kobinger, 2021; Mahmood et al., 2020).

To date, various synthetic biology innovations have been applied

to biosensors, crop development, and synthetic bioproducts using

various plant resources. For these techniques, the design of

synthetic promoters is an attractive approach for targeted gene

expression in plants (Ali and Kim, 2019; Kumar et al., 2020;

Yasmeen et al., 2023).

Native promoters cover many different CREs spanning hun-

dreds of DNA sequences, which cause unnecessary complexity in

targeted gene expression by recruiting superfluous transcription

factors to overlap narrow DNA fragments in response to stress or

developmental cues (Ali and Kim, 2019; Yasmeen et al., 2023).

However, in synthetic promoters, the small number of specific

CREs without non-essential elements allows researchers to off-

target binding of transcription factors and focus on valuable

responses, leading to more practical applications. In a number of

recent studies, synthetic promoters have been applied to

effectively manage gene editing, transgenic crop improvement,

and orthogonal biosensor construction (Moreno-Gimenez et al.,

2022; Oliva et al., 2019; Persad et al., 2020; Persad-Russell et al.,

2022).

Synthetic promoters are constructed with a transcription factor

(TF) that recognizes a sequence containing either a re-formatted

CREs or simple repeats of a conserved CRE sequence, as well as a

core promoter sequence including the binding site of RNA

polymerase II. This format has been employed repeatedly for

applications in herbaceous and woody plant species (Cai et al.,

2020; Sears et al., 2023; Sultana et al., 2022; Yang et al., 2021,

2022b). Short synthetic promoters composed of head-to-tail

repeats of conserved CREs and fused upstream of a � 46 bp 35S

promoter can result in a shorter than 100 bp and functional

promoter. For example, Sultana et al. (2022) demonstrated that

the synthetic promoters were induced specifically by soybean cyst

nematode application in engineered soybean roots (Liu et al.,
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2014). In each of these studies, 6–7 copies of short conserved

sequences were effective to induce gene expression to specific

stimuli.

Synthetic promoters can be used to regulate precise spatio-

temporal gene expression at specific developmental stages and

tissues/organs. For this purpose, useful CREs must be identified

from native promoters in specific tissue/organ at desired plant

developmental stages. To date, tissue-specific native promoters

have been reported in various tissues of different species. For

example, two different vascular-tissue-specific native promoters

were identified in switchgrass and Arabidopsis (Xu et al., 2018;

Zhang et al., 2014). A switchgrass vascular-tissue-specific

promoter (PvPfn2) of 1715 bp and its various 50-end deleted

fragment showed vasculature specificity in leaves, sheaths, stems,

and flowers of heterologous transgenic rice (Xu et al., 2018). The

native promoter of Arabidopsis thaliana heat shock protein-

related protein (AtHSPR) was also shown to positively induce a

GFP reporter gene in vascular tissues of transgenic Arabidopsis

(Zhang et al., 2014). Additionally, promoters of 37 vascular

specific expressed genes, including AtHSPR, employed several

CRE motifs that responded to phytohormones, light, and other

biotic and abiotic stimuli, demonstrating their tissue specificity

(Zhang et al., 2014). In addition, three native switchgrass

promoters induced GUS marker gene expression in the above-

ground organs of transgenic rice (Liu et al., 2018). Those

promoters responded to several photosystem-related proteins in

the same regions of transgenic switchgrass by fusing with

switchgrass MYB4 (Liu et al., 2018). So far, a number of

representative tissue- or organ-specific native promoters have

been reported: root-specific promoters including tomato SIREO

and rice RCc3 (Jones et al., 2008; Xu et al., 1995), the phloem-

specific promoter of Brassica juncea (Koramutla et al., 2016),

seed-specific promoters rice glutelin (Wu et al., 2000), sesame 2S

albumin (Bhunia et al., 2014), corn zein (Joshi et al., 2015), and

bean arcelin (De Jaeger et al., 2002), and trichome tissue-specific

promoters in mint (Ahkami et al., 2015; Vining et al., 2017). A

developing xylem (DX) tissue-specific native promoter was cloned

from Pinus densiflora, which was used to enhance plant biomass

and produce biofuel precursors (Cho et al., 2019; Ko

et al., 2012).

The majority of synthetic tissue-specific promoters have been

designed for use in herbaceous plants. For instance, three

synthetic promoters were designed to have root-specific drought

inducible activity in transgenic Arabidopsis (Jameel et al., 2020).

These promoters were developed by combinations of 11 well-

known motifs identified from 63 promoters of soybean drought-

inducible genes. A minimal �46 to +1 CaMV 35S core promoter

was fused with combinations of CREs (Jameel et al., 2020).

Additionally, four bidirectional tissue-specific synthetic promoters

were shown to be active in green tissues of leaves, sheathes,

panicles, and stems of transgenic rice (Bai et al., 2020). Synthetic

DNA fragments containing different types of CREs in rice PD540
showed various patterns of suppression or activation on gene

expression in leaves, roots, young panicles and stems, depending

on the selection of CREs, indicating that tissue-specificity may be

tuned in rationally designed, tissue-specific promoters (Cai

et al., 2007). Recently, additional green-tissue- (Wang et al.,

2015), stem- (De Meester et al., 2018), bidirectional vascular- (Lv

et al., 2009), and root-specific (Mohan et al., 2017) synthetic

promoters have also been developed. In woody plants, native

tissue-specific promoters for induction of downstream gene

expression in different organs and tissues have also been reported

(Ko et al., 2012; Li et al., 2018). With recent advancements in

plant single cell biology and synthetic biology (Plant Cell Atlas

et al., 2021; Thibivilliers and Libault, 2021; Yang and Reyna-

Llorens, 2023), we can expect the development of robust

synthetic tissue and cell type-specific promoters in plants. Poplar

stress responsive synthetic promoters have previously been

designed from stress inducible promoters using open-source

RNA-seq results of whole poplar tissues (Yang et al., 2022b).

However, these promoters did not show tissue specificity under

water-deficit or high salinity treatment. By combining these

methods with cell type-specific RNA-seq techniques, it is possible

to generate advanced tissue specific and cell type-specific

promoters.

The goal of this study was to expand the toolbox of poplar

tissue-specific and water-deficit stress inducible synthetic pro-

moters by leveraging cell type-specific (leaf palisade mesophyll

and vascular bundle cells) RNA-seq data. Synthetic promoters

containing hexamerized conserved DNA sequences of 20 bases

were developed from promoters of differentially expressed genes

in two major leaf cell types (palisade-mesophyll and vascular cells)

under water-deficit stress conditions. Syn3 (20 bp core sequence)

and its two derivatives (10 bp 50 or 30 of Syn3) were screened for

tissue/organ-specificity in transgenic poplar under water-deficit

stress.

Experimental procedures

Plants growth and water-deficit and salt stress
treatment

Populus tremula 9 Populus alba INRA 717 1B4 clones (717-1B4)

were propagated in solidified rooting media (RM: 1/2 Murashige

and Skoog (MS) medium, 0.5 g/L MES, 30 g/L sucrose, 5 g/L

activated charcoal, 3 g/L Phytoagar, 1 g/L Gelzan, and 0.1 mg/L

IBA) in Magenta GA7 boxes (Bioworld, Dublin, OH, USA). The

clones were grown in a growth chamber (Percival, Perry, IA,

USA) under 16/8 h light/dark conditions at 25 °C with

150 lmol/m2s irradiance. Two-month-old root regenerated

plants were transferred to ProMix BK25 soil (Premier Tech,

Quakertown, PA, USA) in 1 L pots in the trays covered with lid.

After acclimation for 2 weeks, lids were opened in the same

chamber condition. Trees were watered every 2 days and

fertilized with a 14-14-14 nutrient (Seed World, Odessa, FL,

USA) solution once a month.

Nicotiana benthamiana seeds were stratified at 4 °C for 4 days

in sterile water without light. The seeds were germinated and

grown on ProMixBK25 potting mix in 8.9 cm square pots. N.

benthamiana was grown under 16/8 h light/dark at 25 °C with

150 lmol/m2s light intensity. Plants were watered at three-day

intervals.

To generate water-deficit conditions, 3-month established

poplar plants in pots or 4 week-old N. benthamiana were

withheld from watering until leaf-wilting was observed in growth

chamber conditions.

Salt treatments were applied via watering with 250 mM NaCl

every other day. Mock controls of plants were watered

normally.

For cell type-specific RNA-seq analysis, water deficit treatments

were applied 45 days after rooting, by withholding water until

visual stress symptoms (i.e., leaf wilting) appeared (30%–35%
relative soil water content) (early water deficit, EWD). Plants were

kept for 10 days at 35% soil water content (late water deficit,

LWD) and then re-watered with regular fertilization for 3 days
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after sampling for the recovery period (REC). Leaf samples from

each treatment were collected between 9 am and 10 am

(1.30–2.30 h after the lights were turned on).

Cryosectioning and laser capture microdissection (LCM)
for leaf cell types isolation

Leaf samples were harvested close to the midvein region

comprising both palisade and vascular cell types. The leaf samples

were directly embedded in cryomold filled with OCT� embedding

polymer (VWR, Radnor, PA, USA) and the blocks were frozen

using liquid nitrogen. These blocks were used for cryosection

process using CryoStarTM NX70 cryostat that generated 12 lm
cross sections of leaf tissue. The obtained cryosections were

placed on PEN membrane glass slides (Thermo Fisher Scientific,

Waltham, MA, USA) and washed using ice cold 70% ethanol for

2 min, 85% ethanol for 1 min, and 100% ethanol for 1 min. The

slides were dried and used for the LCM procedure described

previously (Balasubramanian et al., 2021). Approximately

500–1000 mesophyll palisade cells and about 1000–2000
vascular cells were collected for transcriptome analysis (Figure S1).

RNA-seq and data analysis

RNA isolation and full-length cDNA generation were performed

from LCM isolated cell clusters using SMART-Seq� v4 plus kit

according to the manufacturer’s protocol (Takara Bio USA,

Mountain View, CA). The cDNA quality was determined by 5200

Agilent Fragment analyzer (Agilent Technologies, Santa Clara,

CA). Single-read sequencing with a read length of 150 was

performed by NextSeq 500 sequencing system using NextSeq

500/550 high output reagent kit v2.5 (150 cycles) (Illumina, San

Diego, CA). With the generated RNA-seq reads, initial Quality

control was performed using FastQC (Andrews, 2010). Read

trimming was performed using BBduk script integrated in BBmap

(Bushnell, 2014). Reads were aligned to the Populus trichocarpa

v3.0 genome (https://phytozome-next.jgi.doe.gov/info/Ptrichocarpa_

v3_0), using Bowtie 2 (Langmead and Salzberg, 2012). Aligned

reads mapped to genome features were counted using htseq-count

function in HTSeq 2.0 (Putri et al., 2022). Differential expression

gene (DEG) analysis was performed using DESeq2 (Love

et al., 2014).

DNA motif analysis for selection of water-deficit
responsive and tissue-specific synthetic promoter
generation

Promoter sequences for DNA motif analysis were profiled from

BioMart integrated in Phytozome (v12.1.6; www.phytozome.org)

(Goodstein et al., 2012; Smedley et al., 2015). Two kilobase (kb)

upstream sequence from each promoter’s ATG initial codon was

curated from the P. trichocarpa v 4.0 genome annotation. The

sequences were submitted to the command line application of

MEME (v5.5.3) (Bailey et al., 2015) to find conserved DNA motifs

of 20 bases in length. We submitted conserved DNA motifs to the

PLACE database of plant cis-acting regulatory DNA elements

(PLACE, https://www.dna.affrc.go.jp/PLACE/) with default setting

by host web site (Higo et al., 1999).

Single stranded oligonucleotides composed of 6 repeats of a

conserved DNA motif were commercially synthesized for synthetic

promoter generation (Integrated DNA technologies, Coralville, IA;

Table S1). Double stranded DNA fragments were generated by

reannealing two complementary single-stranded oligonucleotides

as described in our previous study (Yang et al., 2021). These

double strand DNA fragments were fused with the �46 to +1

CaMV 35S core promoter (47 bp) together with TMV 50Ω - leader

sequence (63 bp; Table S2). Turbo green fluorescence protein

(GFP) or b-glucuronidase (GUS) coding sequences were placed

downstream of the synthetic promoter as a reporter coding gene.

Turbo red fluorescence protein (RFP) or luciferase (LUC) genes

driven by 2 9 CaMV 35S short promoter (Table S2) were

included in the T-DNA as a transformation control. Binary vectors

for transient and stable transgenic transformation were gener-

ated by Golden Gate cloning using MoClo parts (Engler

et al., 2014; Werner et al., 2012). Synthetic DNA motifs were

inserted into backbone plasmids by Bsa I (New England Biolabs,

Ipswich, MA) digestion followed by T7 ligase (New England

Biolabs) ligation.

Transient transformation for synthetic promoter
activity assay

Poplar mesophyll protoplast preparation, protoplast transforma-

tion, and image analysis were performed as described by Yang

et al. (2021, 2023). For transient protoplast transformation and

agroinfiltration assays in N. benthamiana leaves, the binary gene

constructs incorporating the synthetic promoters fused with GFP

were used (Figure 2c). Agrobacterium transformation, agroinfil-

tration of 1-month-old N. benthamiana leaves, water cessation,

and subsequent fluorescence measurements were performed as

previously described (Sparkes et al., 2006; Yang et al., 2021).

Fluorescent images of GFP and RFP expressed in poplar

mesophyll protoplast were taken by EVOS M7000 image analyzer

(Thermo Fisher Scientific). The fluorescence intensity of leaves was

measured using a Fluorolog�-3 (HORIBA, Kyoto, Japan) fluores-

cence spectrophotometer using direct scans on the abaxial side of

intact leaves.

Agrobacterium-mediated poplar leaf disk
transformation with binary plasmids containing a GUS
driven by various synthetic promoters

LUC coding sequence, in place of RFP, was driven by the CaMV

2 9 35S promoter, while the uidAGUS gene replaced GFP andwas

driven by one of the designed synthetic promoters (Yang

et al., 2022b). Synthetic DNA motif digestion and ligation was

performed as described above. See Figure 4 for plasmid illustrations.

The binary gene constructs were transfected into Agrobacter-

ium (EHA105) via the freeze–thaw method using liquid nitrogen

(Hofgen and Willmitzer, 1988). The protocol and reagent

chemical composition for Agrobacterium-mediated poplar trans-

formation were optimized with leaf disks from previously

published methods (Song et al., 2006). Leaf disks were cut from

2-month-old poplar plants that were grown in RM in Magenta

GA7 boxes. Leaf disks were pre-cultured for 2 days in the dark on

callus-induction media (CIM: 1 9 MS, 30 g/L sucrose, 0.25 g/L

MES, 0.1 g/L myo-inositol, 1 9 vitamin solution, 1 lM NAA,

3 g/L Phytoagar, 1 g/L Gelzan) plates without any antibiotics

before dipping in Agrobacterium solution that had been cultured

overnight in 5 mL of LB (pH 5.4; Fisher Scientific, Hampton, NH,

USA) containing 50 lg/mL of kanamycin (Sigma-Aldrich, St.

Louis, MO, USA), 25 lg/mL rifampin (Sigma-Aldrich), and 20 lM
acetosyringone (Sigma-Aldrich) at 28 °C with shaking

(200–250 rpm). Leaf segments were then incubated for 3 days in

the dark. Co-cultured leaf disks were washed three times in sterile

water and then shaken in 40 mL of sterile water including

300 mg/mL of cefotaxime (Sigma-Aldrich) and 300 mg/mL of

timentin (Plantmedia, Dublin, OH, USA) for 1 h. Excess liquid

surrounding leaf disks was removed on autoclaved WhatmanTM
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3MM paper (130 mm; Cytiva, MA) and then leaf disks were put on

onto a new CIM plate that included hygromycin, cefotaxime, and

timentin for selection. Callus induction, shoot regeneration, shoot

elongation, and rooting were performed by following the same

process as described in a published protocol (Song et al., 2006).

PCR assays used genomic DNA that was extracted from a leaf

of independently regenerated poplar using a DNeasy plant mini

kit (Qiagen, Germantown, MD, USA). PCR was performed using

DreamTaq DNA polymerase master mix (Thermo Fisher Scientific)

with the reaction sequence as follows: 1 cycle of 95 °C for 2 min,

30 cycles repeating 95 °C for 30 s, 57 °C for 30 s, and 72 °C for

30 s, and 1 cycle of 72 °C for 7 min. Two separate reactions

were performed using gene specific primers for LUC and GUS

(Table S3). PtaUBCc primers were used as an internal control for

genomic DNA qualification. Amplification fragments were

separated on 1.2% agarose gels running in 1 9 TAE.

GUS staining and fluorescent image analysis

The leaves at the 3rd to 5th position from the apical tip, as well as

stem and root tissues, were collected from wilted and well-

watered trees. Stem samples were collected from 10 to 15 cm

below the primary shoot apex, and then sliced for GUS staining.

Roots were collected directly below the potting mix surface.

Mock transgenic control or wild-type plants were collected in the

same manner from well-watered plants.

GUS staining in collected organs were performed by incubation

for 6 h at 37 °C in GUS staining buffer (50 mM Na2HPO4 (Sigma,

St. Louis, MO), 30 mM NaH2PO4 (Sigma), 0.4 mM K3[Fe(CN6)]

(Sigma), 0.4 mM K4[Fe(CN6)] (Sigma), 0.1% Triton X-100

(Sigma), and 1 lg/mL 5-bromo-4-chloro-3-indol-glucuronide

cyclohexylamine salt (X-Glu) (Gold Biotechnology, Olivette, MO).

The stained tissues were bleached by washing overnight with

70% ethanol. Stained tissue images were taken by Stereomaster

dissection microscope (Fisher Scientific).

Quantitative polymerase chain reaction (qPCR) analysis

Total RNA was extracted via Plant RNA extraction reagent

following the manufacturer’s protocol (Invitrogen, Carlsbad,

CA). RNA extracts were purified through RNA binding columns

using the Spectrum total plant RNA extraction kit (Sigma). Single-

stranded cDNA was synthesized from 1 lg of total RNA by

reverse transcription reaction with RevertAid first-strand cDNA

synthesis kit following manufacturer’s manual (Thermo Fisher

Scientific). Single stranded cDNAs were two times diluted with

nuclease-free water and subjected into 15 lL of total volume of

1 9 PowerUpTM SYBRTM green master mix (Applied Biosystems,

Waltham, MA) with gene-specific primers for each experiment.

Primer sequences are listed in Table S1. The qPCR profile was

50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C for

15 s and 60 °C for 30 s. The relative gene expression change was

determined by the 2�DDCt equation (Livak and Schmittgen, 2001).

Non-detected Ct values in qPCR such as GUS and LUC gene

detections in wild-type samples’ organs were replaced with a Ct

value of 36 for calculation of estimated relative fold change

compared to samples with detectable Ct values.

Results

Identification of leaf tissue specific water deficit stress-
induced genes from cell type-specific RNA-seq analysis

To develop tissue-specific and water-deficit stress-induced syn-

thetic promoters, it was necessary to identify the native promoter

sequences of cell type-specific and water-deficit stress upregu-

lated genes. For this process, stress-induced cell type-specific

genes (palisade mesophyll and vascular cell type) were identified

through low-input transcriptomic analysis of the cell clusters

collected by LCM from the leaves of 717-1B4 hybrid poplar under

water-deficit stress. Herein, a total of 117 genes were detected to

have higher relative expression (defined as a significant fold

change of gene expression compared to the same tissue of mock

control >4 and adjustive P value <0.05) either in leaf palisade or in

vascular cell types of water-deficit-stressed leaves of P. tremula 9

P. alba (717-1B4) hybrid poplar under EWD, LWD, and REC

conditions (Table S4). Ninety-eight of these genes were induced

significantly in leaf palisade cells, while 16 genes were

significantly induced in vascular cells (Data S1 and S2). To

establish coinciding gene expression in other organs and confirm

leaf-specificity, we selected three genes that were highly

expressed in leaf palisade cells (PtXaAlbH.02G059400,

PtXaAlbH.13G089600, and PtXaAlbH.03G050900) and another

three genes which were highly expressed in leaf vascular cells

(PtXaAlbH.01G318500, PtXaAlbH.05G059900, and

PtXaAlbH.09G114000). Gene identity (ID) of P. trichocarpa

homologues and their functional annotation are listed in

Figure 1a. 717-1B4 gene-specific primers were used for qPCR

analysis in leaf, stem, and root of water-deficit-stressed poplar

(Figure S2). PtXaAlbH.10G054500 (PtaExtensin) was used as a

marker gene to determine water-deficit conditions. When

expression of this gene was increased, a plant was assessed to

be sufficiently drought-stressed (Figure 1b) (Dash et al., 2018). In

the selected palisade-expressed genes, PtXaAlbH.02G059400

and PtXaAlbH.13G089600 had higher expression in treated

leaves and stems compared with those in mock plants

(Figure 1b). Interestingly, the expression neither of these genes

remained unchanged in roots under water cessation treatments.

Among the three selected genes displaying high expression in

leaf vascular cells, PtXaAlbH.01G318500 showed high expression

in both roots and stems. However, PtXaAlbH.05G059900

expression was increased during water deficit stress in leaves,

stems, and roots (Figure 1b). Most of all, the relative fold changes

(FCs) of the expression of both genes were increased by water-

deficit conditions compared to the selected genes expressed in

palisade cells.

Takentogether, fourof theselectedgenesofPtXaAlbH.02G059400,

PtXaAlbH.13G089600, PtXaAlbH.01G318500, and PtXaAlbH.05G

059900 were significantly expressed in either leaves or stems during

water-deficit stress. However, the gene expression of

PtXaAlbH.02G059400 and PtXaAlbH.13G089600 was not

affected in root tissue by water-deficit stress. These data

confirmed that most of the genes selected based on our

transcriptomic analysis were expressed in the green tissues under

water-deficit stress. Therefore, we hypothesized that the pro-

moters of these genes comprise CREs that were specific to green

tissues and were induced by water-deficit stress.

Predicting and screening basic DNA sequences to design
synthetic promoters by transient protoplast
transformation

We showed previously that the synthetic promoter format using

head-to-tail repeats of single CRE motifs is effective to induce

marker gene expressions in both transient assays and in stable

transgenic plants upon induction by stimuli such as high-salt or

water-deficit treatments (Yang et al., 2021, 2022b). To generate

rationally designed synthetic promoters with tissue/organ
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specificity together with water-stress induction, we utilized the

same process as our previous studies to identify DNA motifs of

interest as sequence to be repeated in synthetic promoters for

poplar. Two kilobase upstream sequences from the ATG initiation

codon of co-expressed genes in leaf palisade (98 genes) or vascular

tissues (16 genes) were submitted separately to predict well-

conserved DNA motifs (Table S4). A total of eight conserved

sequences of 20 bases in length were predicted with high

significance after removal of TATA boxes or single sequence

repeats from both analyses (E < 1 9 e�3; Figure 2a). The potential

CREs for each was predicted by PLACE and listed in Table 1.

Among eight conserved 20 base sequences, we selected the

four sequences with the highest E- values to generate synthetic

promoters by 6 repetitions of these sequences (total of 120 bp in

length) without any spacing or other factors inserted (Figure 2b).

When the plasmid constructs (Figure 2c) were transformed into

poplar mesophyll protoplasts in 0.5 M mannitol incubation

buffer, all transformed protoplasts displayed RFP fluorescence

expression, indicating that the protoplast transformation was

successful (Figure 2d). However, GFP expression in transformed

protoplasts was observed only with Syn2 and Syn3 promoters.

Since Syn3 induction was observed in relatively more protoplasts,

Syn3 was selected as a template sequence to build a series of

synthetic promoters for subsequent analyses.

Agroinfiltration assay with two different hexamerized
short sequences (60 bp) and a long sequence (120 bp)
on N. Benthamiana leaves

New shorter promoter versions were synthesized from the Syn3

sequence since it had the highest activity among the tested 120 bp

promoters. Six repeats of the 50 Syn3 sequence (6 9 10 bp; Syn3-

10b-1) as well as the Syn3 30 sequence (6 9 10 bp; Syn3-10b-2)

were used to replace the full-length sequences of Syn3 in the

binary vector used in protoplast transformation (Figure 3a,b).

Syn3-10b-1 had no functional CREs reported while Syn3-10b-2

had GGGCC, which has a predicted function for light-induction

(Table 1; Figure 3a red box). Since Syn3-10b-1 and � 2 were

derived from Syn3, the 120 bp of Syn3 was tested along with

the two short promoters to compare activities in agroinfiltrated

N. benthamiana leaves. All of the infiltrated leaves including a

vector without any synthetic promoter insertion had lower GFP

intensities in mock conditions (Figure 3d). RFP fluorescence was

detected in a similar range of fluorescence in all transient

transformed leaves, showing that agroinfiltration was success-

ful. The wilted infiltrated leaves resulting from 5-day water

cessation treatment, that begun 2 days after infiltration,

displayed 2- to 3-fold higher GFP fluorescence in Syn3-10b-1

and Syn3 than in mock conditions. However, Syn3-10b-2 had

Figure 1 Endogenous gene expression of selected genes based on leaf-specific expression in single-cell RNA-seq analysis. (a) List of potential leaf-specific

genes based on leaf single-cell RNA-seq analysis after water-deficit treatment. P. trichocarpa genome was used for their analysis. The homologue

gene names and predictive functions in P. tremula 9 P. alba genome of three P. trichocarpa genes are listed. (b) Relative fold change of gene expression of

717-1B4 homologues (PtXaAlbH.02G059400, PtXaAlbH.03G050900, PtXaAlbH.13G089600, PtXaAlbH.01G318500, PtXaAlbH.05G059900, and

PtXaAlbH.09G114000) in water-deficit stressed 717-1B4 root, leaf, and stem organs. Data display 2�DDCt value, determined relative to the Ct value of

each target gene in mock root sample, which was set to 1. PtaUBCc expression was used for normalization of input cDNA. PtaExtensin was used as a

marker gene to monitor water-deficit condition. Vertical bars represent means � standard deviation (SD: n = 3). Statistical significance gene expression

between mock and water-cessation condition was determined by t-tests (**P < 0.01).

ª 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 22, 1596–1609

Yongil Yang et al.1600



very low GFP intensity similar to vector transformed plants

under water-deficit stress (Figure 3d). Interestingly, salt-

treatments (250 mM NaCl) did not alter GFP expression

(Figure 3d). Thus, we concluded thatSyn3 and Syn3-10b-1

promoters were significantly and specifically induced in response

to water-deficit stress.

Although Syn3-10b-1 had only half the length of the entire

Syn3 sequence, GFP expression was similar between the two

promoter constructs (Figure 3d). Given that the 30 sequence

(Syn3-10b-2) did not appear to be water stress-induced, we

concluded that the critical CRE for water-stress induction was in

the Syn3-10b-1 sequence. Noteworthy, although Syn3-10b-2

contained the predicted CRE, GGGCC, for green tissue expression

(Table 1, Figure 3a red box), this promoter had apparently the

lowest expression in mock and water-deficit treated agroinfil-

trated leaves (Figure 3d).

GUS induction in the stable transgenic poplar containing
Syn3-10b-1 (Syn3-10b-1) in water-deficit conditions

Based on the transient transformation assays, we observed that

Syn3 and Syn-10b-1 have water- deficit-specific inducibility in

leaves (Figures 2d and 3d). To assess whether the synthetic

promoters respond to water-deficit conditions with tissue/organ

specificity in planta, we engineered poplar with synthetic

constructs in which GUS was the induced reporter gene and

LUC was the internal control reporter gene under the control of

the 35S promoter (Figure 4). PCR analyses showed that most

Figure 2 Basic sequence selection for repeats in synthetic promoter gene construct and subsequent screening using poplar mesophyll protoplast

transformation. (a) List of conserved DNA sequences. The conserved regions were determined by MEME from 114 co-expressed genes in leaf organs based

on single-cell RNA-seq analysis (Table S4). (b) List of synthetic promoters composed of six repeats of a 20-base sequence inserted into a GFP-fused

vector as shown in panel c. The plasmids including the synthetic promoter were transformed in poplar mesophyll protoplast and then screened for GFP and

RFP expression. (c) Plasmid construction including synthetic promoters. Synthetic promoter was flanked with 139 bases of minimal CaMV 35S core

promoter together with a TMV 50Ω � leader sequence to initiate GFP expression. RFP was constitutively induced by the CaMV35S promoter as a

transformation efficiency indicator. (d) GFP and RFP expression images in transformed mesophyll protoplast in 0.5 M mannitol induction solution. Syn2 and

Syn3 promotors induced GFP in higher osmotic conditions (bar = 100 lm).

Table 1 CRE prediction of conserved DNA motif by PLACE

Conserved DNA motif Predicted CRE in PLACE Sequence

GTCCGGGCCAGCTTGCGCGT Sequences over-represented

in light-induced promoters

GGGCC

CGCG box CGCG

GTCGAGGTGCGCGCAAGCTG CGCG box CGCG

GTTAACTTCAGGGCCTGTGG Sequences over-represented

in light-induced promoters

GGGCC

CCAGGCTCGAACCTGAGACC Sulphur-responsive element GAGAC

CCTCGACTAATCCCACGGGC Arabidopsis ARR1 response AGATT

GGTTTCAGGTTCGAGCCCTG No prediction No prediction

AACNCGGGTTGACCCGNGT No prediction No prediction
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Figure 3 Transient transformation assay of Syn3 and its two derivative synthetic promoters using agroinfiltration of N. benthamiana leaves under high

salt and water-deficit conditions. (a) Diagram of basic sequences of six-repeat DNA fragments for Syn3 and two derivatives from Syn3. The 50 10-base
sequence (Syn3-10b-1; blue line) and 30 10 (Syn3-10b-2; red line) from 20 initial bases of Syn3 were hexamerized in synthetic promoters. The synthetic

DNA fragments were cloned into the same vector diagrammed in Figure 2b. Red box displays a predicted CRE sequence region by PLACE. (b) The

sequence list of hexamerized DNA motifs. (c) Plasmid gene construct including Syn3, Syn3-10b-1, and Syn3-10b-2 for Agroinfiltration of N. benthamiana

leaves. (d) GFP and RFP intensity on agroinfiltrated leaves of N. benthamiana stressed by high salt treatment or water cessation. Note that all

transformations were performed successfully based on RFP expression, and GFP was induced only in water-deficit leaves of Syn3 and Syn3-10b-1. None

of the tested synthetic promoters responded to salt stress. Statistical significance of gene expression between mock and water-cessation conditions was

determined by t-tests (*P < 0.05).

Figure 4 Binary vector construct containing GUS gene driven by synthetic promoter introduced in transgenic poplar. Binary vectors contained a series

of synthetic DNA motifs (Syn3, Syn3-10b-1, and Syn3-10b-2), sequences of which were listed in Figure 3b. Synthetic DNA motifs fused with minimal

CaMV 35S core promoter and TMV 50Ω � leader sequence for assistance of GUS expression. Vectors also contained 2 9 short 35S driven LUC cassette as

an internal control for monitoring transformation efficiency in transgenic trees.
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transgenic events contained both GUS and LUC (Figure S3). These

events were used in subsequent experiments. No phenotypical

differences were seen in regenerated transgenic poplar plants

during the 3 months from transplanting into potting mix before

water deficit treatment (Figure S2).

We measured Syn3-10b-1’s inducibility to water-deficit stress

by GUS staining when leaves were wilted after water cessation

(~5 days without watering) using well-watered plants as controls.

GUS expression resulted in a faint blue colouring on the leaf

surface even in mock samples (Figure 5a). Stem slices had slightly

darker blue GUS staining at the primary phloem region including

the vascular cambium layer on the outside of stem sections.

However, GUS-stained cells were not visibly detected in any root

samples of all three different transgenic lines, indicating that GUS

expression driven by Syn3-10b-1 was slightly activated under

non-stress conditions in green tissues but not in root tissues. After

water cessation treatment, leaves and stems of wilted transgenic

poplars had stronger and more extensive blue staining than mock

(Figure 5a). Interestingly, the pith including primary xylem and

vascular phloem had the darkest staining as compared to other

organs. Based on these observations, the Syn3-10b-1 synthetic

promoter was deemed to be highly activated in leaf and stem

tissues under water-deficit conditions.

To validate Syn3-10b-1’s positive induction of GUS gene

expression as a response to water-deficit conditions, GUS

transcript abundances were compared in three organs of leaf-

wilted transgenic poplar versus mock controlled plants. As a

transformation control, LUC genes were detected in a range from

30- to 600-fold relative changes in all transgenic lines whereas

wild-type poplar did not show any LUC gene expression

(Figure 5b). Water-deficit stress did not induce more LUC

expression in any of the assessed tissues. Meanwhile, GUS

transcript abundance was increased in leaf and stem tissues under

water-deficit conditions. In leaf samples, GUS was expressed from

4- to 8-fold higher than mock in all transgenic poplar. The stems

of three water-deficit transgenic plants had about 3-fold higher

GUS transcript than mock controls. However, GUS gene

expressions were not increased in water deficit roots. GUS

gene expression was minimally detected in all organs of mock

samples, suggesting that Syn3-10b-1 may not solely respond in

leaf and stem tissues. However, GUS expression was more

significantly induced in green tissues/organs than roots under

Figure 5 GUS induction in leaf, stem, and root tissues of regenerated Syn3-10b-1 transgenic poplar growing in soil under water-deficit stress. (a) X-gluc

staining of leaf, stem, and root tissue of transgenic plants with or without water cessation. When the leaves wilted in water-deficit stress plants,

samples were collected from leaf, stem, and root tissues and incubated in X-gluc solution for 6 h. Chlorophyll was bleached overnight with 70% ethanol

(bar = 1 cm). (b) GUS gene abundance in water-deficit stressed Syn3-10b-1 transgenic poplars. Total RNA was extracted from root, leaf, and stem of

water-deficit or well-watered (mock) transgenic poplar growing in soil. PtaUBCc was used as internal control for normalization. The relative gene

expression was determined by comparison with the expression level of GUS, LUC, and PtaExtensin gene expression in root organs of wild type in mock

control. No detection in qPCR denoted as n.d. Bar displays means � SD (n = 3). Significant differences of fold change of gene expression between

mock and water-deficit stressed tissues were determined by t-test (*P < 0.05; **P < 0.01).
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water-deficit stress (Figure 5b). These observations were in

agreement with GUS staining results (Figure 5a).

GUS gene induction by Syn3-10b-2 in stable transgenic
poplar (Syn3-10b-2) under water-deficit conditions

Two lines containing the Syn3-10b-2 promoter sequence had no

visible GUS expression, but Syn3-10-b-2#3 showed weak GUS

staining. Nonetheless, there was no apparent water-stress

induction in any events (Figure 6a).

GUS gene transcripts were quantified in leaf, stem, and root

samples, but the levels were about 25-fold less than in Syn3-10b-

1 (Figure 6b). Additionally, water cessation did not affect GUS

gene expression in any tissues. The consistent LUC gene

expression showed that the transgenes were introduced and

functioning properly in transgenic poplar. However, the lack of

increase in GUS expression confirmed that the lack of water-

deficit stress inducibility of Syn3-10b-2.

GUS gene expression in stable transgenic poplar
containing Syn3 (Syn3) under water deficit conditions

The two short synthetic promoters, Syn3-10b-1 and Syn3-10b-2,

responded differently to water-deficit stress in transgenic poplar,

even though they were both derived from the basic Syn3

sequence. To further explore this phenomenon, we tested the

hexamerized 20-base Syn3 sequence in a synthetic promoter in

transgenic poplar. In the mock treatment, three randomly

selected transgenic poplar events had GUS expression in most

parts of the leaf unlike Syn3-10b-1 and Syn3-10b-2 (Figure 7a).

GUS staining was also observed in vascular cambium and

primary phloem regions as well as in primary xylem and pith of

Syn3 stems. Unlike Syn3-10b-1 and Syn3-10b-2, the root tips of

two transgenic lines also had GUS expression. However, GUS

stain detection in green tissues appeared to be less than in

mock. Consistent GUS staining in different organs was

confirmed by comparing GUS transcript abundance between

mock and water-deficit stress conditions (Figure 7b). The GUS

transcripts were detected in all Syn3 transgenic lines; however,

no significant of GUS gene increase was observed in water-

deficit stressed tissues compared to mock.

Thus, Syn3 appears to be a green-tissue active promoter with

approximately a 10-to-12 fold less activity in roots compared

with leaves of transgenic poplar. The Syn3 was not induced by

water-deficit stress treatment. It is a moderately strong promoter

in leaves compared to Syn3-10b-1.

Figure 6 GUS expression in leaf, stem, and root of regenerated Syn3-10b-2 transgenic poplar growing in soil under water-deficit conditions. (a) X-gluc

staining of leaf, stem, and root tissues of transgenic plants with or without water-deficit treatment. When leaves wilted under water cessation, leaf, stem, and

root tissues were collected from plants, and incubated in X-gluc solution for 6 h. Chlorophyll was bleached overnight with 70% ethanol (bar = 1 cm). (b)

GUS gene induction in water-deficit stressed Syn3-10b-2 transgenic poplars. Total RNA was extracted from root, leaf, and stem tissues of water-deficit

transgenic poplar growing in soil. PtaUBCc was used as internal control for normalization. Relative gene expression was determined by comparison of GUS,

LUC, and PtaExtensin gene expression in well-watered roots of wild type. No detection in qPCR denoted as n.d. Bar displays mean � SD (n = 3). Significant

differences of fold change of gene expression between mock and water-deficit stressed tissues were determined by t-test (*P < 0.05; **P < 0.01).
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Discussion

Synthetic promoters are useful to spatiotemporally tune trans-

gene expression in plants. In this study, we designed a synthetic

promoter that has green-tissue specific activity with water-deficit

stress inducibility as well as another quasi-constitutive synthetic

promoter. These synthetic promoters are apt additions to the

transgenic poplar toolbox. These promoters were constructed by

six repeats of a head-to-tail array of conserved sequences found

in the collection of 2 kb native promoters whose downstream

genes were highly induced in leaf tissues under water-deficit

treatment, based on LCM-based cell type-specific transcriptome

analysis (Figures 2 and 3). Two green-tissue-specific inducible

promoters, Syn3 and Syn3-10b-1, induced the downstream GUS

gene in stable transgenic hybrid poplars (Figures 5 and 7).

Interestingly, Syn3-10b-1 responded to water-deficit stress in

stable transgenic poplar while Syn3 did not, despite containing

the sequence of Syn3-10b-1 within its larger sequence. Further-

more, the Syn3-10b-2 synthetic promoter based on the 30

sequence of Syn3 did not induce reliable tissue-specificity or

stress responsiveness (Figure 6). Additionally, the sequence of

Syn3-10b-2 did not improve or repress Syn3-10b-1 positive

activity in Syn3 (Figure 7). To summarize, the 50 sequence in Syn3

seems to function predominantly for tissue-specificity and water-

deficit stress in transgenic poplar, whereas the 30 sequence has no
notable response and may even inhibit water deficit response

when included in the synthetic promoter sequence (Figures 3 and

5–7). It is evident that synthetic promoter design is still reliant on

empirical testing since CREs cannot be validated solely by in silico

analysis. However, more precise experiments with synthetic

promoter constructs containing mutant sequence of present

synthetic promoters should also be required to clarify tissue

specificity and water-deficit stress responsibility of present

synthetic promoters in future.

The traditional architecture of synthetic promoters is consisted

of the three parts: (1) the proximal sequence, which is recognized

by TFs, (2) a core promoter which binds RNA polymerase, and (3)

distal enhancer or repressor sequences to modify transcriptional

initiation (Dey et al., 2015). Among these components, the

proximal sequences-composed of CREs or a DNA fragment based

Figure 7 GUS expression in leaf, stem, and root of regenerated Syn3 transgenic poplar growing in soil under water-deficit conditions. (a) X-gluc staining

of leaf, stem, and root tissues of transgenic plants with or without water-deficit stress. When the leaf was wilted during water cessation, all samples

were collected from leaf, stem, and root tissues and stained in X-gluc solution for 6 h. Chlorophyll was bleached by overnight shaking in 70% ethanol

(bar = 1 cm). (b) GUS gene induction in water- deficit stressed Syn3-10b-1 transgenic poplars. Total RNA was extracted from root, leaf, and stem tissues of

water deficit transgenic poplar growing in soil. PtaUBCc was used as internal control for normalization. Relative gene expression was determined by

comparison of GUS, LUC, and PtaExtensin gene expression in well-watered root organ of wild-type poplar. No detection in qPCR denoted as n.d. Bar

displays mean � SD (n = 3). Significant differences of fold change of gene expression between mock and water-deficit stressed tissues were determined by

t-test (*P < 0.05; **P < 0.01).

ª 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 22, 1596–1609

Stress-inducible synthetic promoters 1605



on a reliable native promoter-can play a pivotal part in deciding

the synthetic promoter’s properties and activity. Recent reviews

have noted current achievements using well-known CREs in

traditional synthetic promoter constructs in various plant species

(Ali and Kim, 2019; Yasmeen et al., 2023). The synthetic

promoter structure utilizing repeats of a known CRE fused with

a minimal core promoter is a rational design that usually functions

as designed. To date, our colleagues have facilitated in tandem

repeats of well-known CREs fused with a short �46 CaMV 35S

core promoter to produce biotic and abiotic stress-responsible

phytosensors in Arabidopsis, soybean, potato, and poplar (Liu

et al., 2014; Persad-Russell et al., 2022; Sears et al., 2023; Sultana

et al., 2022;Yang et al., 2021, 2022b). Among these studies,

pathogen- and radiation-sensing synthetic promoters were

developed from copies of the well-known CREs of the S-box

pathogen sensing DNA motif and the DNA recognition motif in

the Arabidopsis RAD51 promoter, following the traditional

process for synthetic promoter generation (Persad-Russell

et al., 2022; Sears et al., 2023).

To identify new CREs, we and our colleagues have been

attempting to find unknown DNA motifs by computational

analysis for novel synthetic promoter construction. To do so, DNA

motifs are derived from conserved DNA sequences in native

promoters of co-expressed genes of interest in species of interest:

typically, non-model plants. Recently, several tandem repeats

with unknown DNA motifs have been successfully introduced in

transgenic soybean and poplar, and clearly induced downstream

genes relating to nematode infection in soybean (Liu et al., 2014;

Sultana et al., 2022) and abiotic stresses in poplar (Yang

et al., 2021, 2022b) from transcriptome analysis including na€ıve

microarray analysis. Although these synthetic promoters were

activated in transgenic plants by abiotic or biotic stimuli, the

responses were not specific to cell types or tissue. The present

study more precisely predicted novel DNA motifs from cell type-

specific RNA-seq data. Promoter responsiveness was dependent

on sequence selection and formation for water-stress response

together with tissue/organ specificity, which allows more specific

regulation via synthetic promoters than previous achievements.

Notably, Syn3-10b-2 had a CRE motif for light inducibility

(GGGCC) in its basic sequence, but it did not endow discernible

expression in transiently transformed N. benthamiana and stable

transformed poplar under water-deficit stress (Figures 2 and 6).

Since GGGCC is detected commonly in the most promoter of

genes, no response of Syn3-10b-2 in transgenic poplar should be

predicted. On the other hand, although no CREs were predicted

in the basic sequence of Syn3-10b-1, this synthetic promoter had

a water-deficit stress response with specificity for green tissues

(Figures 2 and 5). These results indicate that genome-wide

databases of CREs are still lacking complete CRE information, and

further studies will need to functionally test well-known CREs as

well as unknown DNA motifs to develop the most reliable

synthetic promoters for non-model plants. Elucidating conserved

DNA sequences based on longer promoter sequences may be a

good alternative to identify optimal CRE information, as

performed in this study. A number of recent successes in high-

throughput techniques have given critical information about CRE

sequences that bind TFs in diverse plant developmental stages

and environmental responses (Marand et al., 2023; Schmitz

et al., 2022; Yasmeen et al., 2023). Rapid identification of

genome-wide TF binding DNA motifs could be performed

generally by chromatin immunoprecipitation sequencing

(ChIP-seq) (Lihu and Holban, 2016). Recently, more high-

throughput techniques along with various TF capturing methods

such as high-throughput sequencing-fluorescent ligand interac-

tion profiling (HiTS-FLIP), ATAC-seq with nuclei sorting, DNA

affinity purification sequencing (DAP-seq), and crosslinking

immunoprecipitation sequencing (CLIP-seq) have been used to

get the information of genome-wide DNA binding motifs for

single TFs (Bartlett et al., 2017; Chen et al., 2008; Liu et al., 2002;

Lu et al., 2017; Nutiu et al., 2011). With increasing information of

CREs via high throughput techniques, more feasible and reliable

designs of synthetic promoters can be made possible.

The spacing between CRE copies and the proximity of CRE

copies relative to the core promoter are also known to be

important factors affecting synthetic promoter activity (Yasmeen

et al., 2023). In a previous study, 6 copies of 7-bp of ABRE were

spaced with a 23 bp flanking sequence, which affected synthetic

promoter activity (Wu et al., 2018). Additionally, stress-inducible

synthetic promoters in poplar, including SD9 (20 bp of a basic

sequence) and its shorter derivative (7–8 bp) repeats of SD9-1,

SD9-2, and SD9-3 showed different responsiveness in individual

transgenic poplar events against environmental stresses (Yang

et al., 2022b). In the current study, the Syn3 basic sequence

(20 bp) was used to construct 6 repeats of Syn3-10b-1 (10 bp)

and Syn3-10b-2 (10 bp), of which the former had positive activity

in transgenic poplar and the latter did not (Figures 5 and 6). That

is, Syn3 was constructed with 6 repeats of a positively active DNA

fragment (Syn3-10b-1) spaced by a non-functional fragment

(Syn3-10b-2) (Figure 4). Interestingly, Syn3 was highly active in

leaves and to a lesser degree in stems and roots under non-stress

conditions while Syn3-10b-1 was not (Figures 5 and 7). In

addition, the regulatory activity of Syn3 was not stimulated by

water-cessation. Meanwhile, Syn3-10b-1 was shown to highly

induce visible GUS expression and GUS gene transcription under

water-deficit conditions with tissue-specificity in leaf and stem,

but not root tissues (Figure 5). Therefore, it seems to be apparent

that the spacing between Syn3-10b-1 fragments by insertion of

Syn3-10b-2 led to higher constitutive activity, which is congruent

to the observation by Wu et al. (2018) with ABRE repeats.

However, in terms of water-deficit inducibility, Syn3-10b-1 had a

more precise activity than either Syn3 or Syn3-10b-2. Therefore,

spacing requirements of DNA motifs or CRE repeats may be

dependent on specific applications. Additionally, the distance

between DNA motif repeats with a minimal core promoter is also

an important factor for reliable synthetic promoter activity. The

studies investigating insertions between the core promoter

including the TATA box and CRE array showed that a distance

over 50 bp between two factors significantly reduced the

promoter activity (Cai et al., 2020). Our current synthetic

promoters have 4 bp distance between DNA motif repeats and

the core promoter, which may be too proximal, and could

potentially prevent optimal TF recruitment for transcription. The

present results have shown positive synthetic promoter activity,

but we may be able to further optimize the activity and specificity

via spacing and CRE repeat number as well optimizing proximity

between repeats and the core promoter. Furthermore, the

present study did not determine if these synthetic promoters

can be tuned accurately to different levels of water stress. In order

to create optimal designs for synthetic biology applications, it will

be necessary to experimentally quantify the exact correlation

between current synthetic promoters and their environmental

stress cues, including water deficit and salt stresses in future.

The GUS induction driven by Syn3-10b-1 and Syn3 was

enriched in leaf and stem tissues compared to roots (Figures 5
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and 7). In application, cell walls in the vascular cambium and

xylem are important for bioenergy and bioproduct synthesis. As a

practical example of synthetic promoter application for sustain-

able biomass increase, three copies of a secondary wall NAC

binding element (SNBE) of 103 bp in length induced cinnamoyl-

coenzyme A reductase 1 (CCR1) specifically in vessel tissue by

utilizing a 35S core promoter in transgenic Arabidopsis (De

Meester et al., 2018). The CCR1-specific induction in stem

vascular tissue driven by the SNBE synthetic promoter recovered

vascular collapse in a ccr1 mutant, resulting in a 59% increase of

stem biomass compared to wild type. These transgenic Arabi-

dopsis had a 4-fold increase in total sugar yield, which could be

useful for applications in biofuel feedstocks. Additionally, SNBE

regulated spatiotemporal expression of a CRISPR construct

showed reduced CCR1 function in secondary cell wall structures

(Yu et al., 2021). The reduction of CCR1 function in stem tissue

resulted in reduction of recalcitrance, which sequentially

increased saccharification in transgenic plants. The stem-tissue-

specific properties of Syn3-10b-1 and Syn3 in the present study

seem similar to the SNBE synthetic promoter. Therefore,

application of these synthetic promoters along with a poplar

secondary cell wall biosynthesis related genes could allow

manipulation of biomass-related metabolic pathways at the

transcriptional level.
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Supporting information

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Figure S1 Laser Capture Microdissection (LCM)-based cell

isolation from hybrid poplar leaf tissue. The left panels show leaf

cryosections before palisade and vascular cell isolation, and the

right panels show the cryosections after cell isolation. The scale

bar in palisade panels represents 150 lm, and the scale bar in

vascular panels represents 300 lm.

Figure S2 Representative images of stressed plants. Wild-type

and transgenic poplar of 3 months after root regeneration were

used for all stress treatments and mock controls. (a) Represen-

tative image of a wilted leaf wild type plant after water-cessation

(~5 days in growth chamber condition). (b) Representative image

of mock and wilted transgenic plants after water cessation.

Syn10b-1#2 is shown in this panel. We collected leaf, stem, and

root based on wilted leaf appearance after water cessation for X-

gluc histochemical staining. (c) The phenotype of transgenic

poplars containing Syn3, Syn3-10b-1, and Syn3-10b-2 in non-

stressed conditions. The bar displays 10 cm.

Figure S3 Genotype of transgenic poplars containing Syn3-10b-

1, Syn3-10b-2, Syn3, and vector without a synthetic promoter.

GUS- and LUC-specific primers were used to detect transgene

construct transformation in the transgenic plant genome.

PtaUBCc was used as an internal control to monitor genomic

DNA quality. Asterisks indicate lines selected for X-gluc histo-

chemical staining and GUS gene expression analysis.

Table S1 Oligonucleotide list used in synthetic promoter generation.

Table S2 Nucleotide sequences of accessary components

including 2 9 35S short promoter, minimal 35S core promoter,

and TMV 50Ω � leader sequence in synthetic promoter gene

constructs.

Table S3 Primer sequences used for qPCR analysis in this study.

Table S4 Selected upregulated genes in 717-1B4 leaf palisade

and vascular tissue-specific expressed genes, collected using a

single-cell laser capture following water-deficit stress treatment.

Two kilobase (kb) upstream sequences from the ATG initial codon

of co-expressed genes in leaf palisade (98 genes) or vascular

tissues (16 genes) were collected from BioMart and submitted

separately to predict well-conserved DNA motifs.

Data S1 Differentially expressed genes in leaf palisade cells from

water stress-treated plants vs controls. Significantly Upregulated

(Log2 FC >4) and downregulated (Log2 FC < �4) genes were

highlighted with green and red colour, respectively (adjusted P

(Padj) < 0.05, shown in yellow) in each treatment. Padj value was

determined by DESeq2 analysis. EWD: Early water deficit; LWD:

Late water deficit; REC: Recovery.

Data S2 Differentially expressed genes in leaf vascular cells from

water stress-treated plants vs controls. Significantly upregulated

(Log2 FC > 4) and downregulated (Log2 FC < �4) genes were

highlighted with green and red colour, respectively (adjusted P

(Padj) < 0.05, shown in yellow) in each treatment. Padj value was

determined by DESeq2 analysis. EWD: Early water deficit; LWD:

Late water deficit; REC: Recovery.
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