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ABSTRACT 

 

 

Volatile terpenes are well known for their role in plant defenses. Glandular 

trichomes of tomato produce an array of such terpenes for some of which their 

involvement in plant-herbivore interactions has been established and the respective 

terpene synthases have been identified. In order to unravel the transcriptional 

regulation of the Solanum lycopersicum Monoterpene Synthase 1 (SlMTS1) gene in 

glandular tomato trichomes we functionally dissected its promoter. The JA-

responsive region of the promoter was identified and a 207bp promoter fragment 

appeared to be sufficient for trichome-specific expression. With this fragment a 

yeast-one-hybrid screen was performed. The most abundant interactor is a nuclear-

localized putative transcription we named Emission of Terpenes (SlEOT1).  

 

 

 

INTRODUCTION 

 

 

In tomato, the first monoterpene synthase identified (SlMTS1; van Schie et al., 

2007) was shown to be expressed specifically in trichomes and trichome-

containing tissues. Spider mite feeding, artificial wounding and jasmonic acid (JA) 

application induced expression of SlMTS1. Recombinant protein could produce 

(R)-linalool with GPP and (E)-nerolidol with FPP as substrate. Furthermore, 

linalool and nerolidol were shown to predominantly accumulate in trichomes but 

wounded or JA-treated plants emitted higher amounts only of linalool, which 

correlated with SlMTS1 transcript abundance. Plants overexpressing SlMTS1 under 

control of the CaMV 35S promoter emitted hundred-fold more linalool, whereas 
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emission of other terpenes, including nerolidol, was not affected, indicating that 

SlMTS1 functions in planta as a true linalool synthase (van Schie et al, 2007). 

However nothing is known about the regulation of the tissue-specific and hormone-

regulated expression of this gene. As in all eukaryotes such regulatory mechanisms 

involve sequences that flank the gene in question containing cis-regulatory 

elements (promoters) and proteins that recognize and can interact with these 

elements (trans-acting factors; Kristiansson et al., 2009).  

In general, a eukaryotic promoter consists of two parts. A basal part (core 

promoter) that contains the TATA box and the transcription start site (TSS) where 

the transcription machinery (RNA polymerase II holoenzyme complex) is 

assembled and a part that contains various protein binding sites that confer 

specificity of transcription (Lee and Young, 2000). Such motifs are usually short 

(typically ranging from four to eight nucleotides) and therefore abundant, as they 

can be found in the genomic sequence in a randomized fashion (Stone and Wray, 

2001). Most of these motifs do not act as true binding sites for a variety of reasons, 

like absence of an active transcription factor or chromatin condensation (Wray et 

al., 2003), therefore validation of sites that can bind proteins requires 

experimentation.  

Such in vitro validation methods commonly involve footprinting, missing 

nucleoside or electrophoretic mobility shift assays. Footprinting assays entail the 

radioactive labeling of a DNA fragment followed by its DNase I degradation in the 

presence or absence of a binding protein. Electrophoresis of the complex and 

autoradiography in combination with Maxam-Gilbert sequencing then allows the 

identification of the protective “footprint” of the protein on the DNA sequence 

(Galas and Schmitz, 1978). In a similar manner, missing nucleoside experiments 

treat radioactively labeled DNA molecules with the hydroxyl radical thus randomly 

removing nucleosides, which affects the ability of a protein to bind to the gapped 

DNA (Hayes and Tullius, 1989). Although such techniques have been useful in 

identifying promoter motifs (e.g. Boter et al., 2008), electrophoretic mobility shift 

assay (EMSA) has emerged as the method of choice to detect protein-nucleic acid 
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interactions as, although not without its limitations, it is a relatively simple, 

sensitive and fast technique (Hellman and Fried, 2007). It involves separating a 

radioactively labeled DNA fragment from DNA-protein complexes through 

electrophoresis on a non-denaturing polyacrylamide gel (Garner and Revzin, 

1981). Validation of the DNA binding site can further be achieved by mutating the 

motif in question. However, in vitro assays fail to take into account the influence of 

chromatin structure on protein binding or transcription (Wray et al., 2003), nor 

does transcription factor-DNA interaction in vitro necessarily imply transcriptional 

activation in vivo. For example, Antirrhinum Myb305 transcription factor was 

shown by EMSA to bind to the promoter of the chalcone synthase gene involved in 

anthocyanin biosynthesis, however Myb305 failed to activate the same promoter in 

a yeast-one-hybrid assay (Moyano et al., 1996).  

In vivo assays provide a more relevant image of transcription factor (TF)- DNA 

interactions. Such validation methods commonly involve yeast-one-hybrid (Y1H) 

assays or fusion of the DNA fragment to a reporter gene and transiently or stably 

assaying its transcription in the presence of a TF of interest. One-hybrid screening 

in yeast entails the detection of an interaction between a transcription factor (prey) 

fused to an activation domain (AD) and a bait DNA fragment driving expression of 

a reporter gene. Y1H minimizes limitations of in vitro assays, like lack of post-

transcriptional modifications or incorrect protein folding (Luo et al., 1996) and 

since the DNA-binding proteins are expressed as a fusion to an AD, transcriptional 

repressors as well as activators can be identified (Vidal and Legrain, 1999). 

Transient assays for transactivation of a promoter fragment by a transcription 

factor in planta or the more laborious reporter gene assays in stable transformants, 

provide the opportunity to test the effect of nucleotide substitutions in the binding 

site, swapping or altering orientation of binding sites and are therefore quite 

informative about binding site function in vivo (Wray et al., 2003). 

Finally, it is worth mentioning that advances in technology have enabled genome-

wide identification of DNA-binding sites of a particular protein of interest in vivo, 

although such techniques can generate also a large number of false positives (Qin 
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et al., 2011) and therefore identified binding sites would have to be validated as 

true targets of the TF with a method like those mentioned above. These techniques 

involve chromatin immunoprecipitation (ChIP): cross-linking of the protein of 

interest (TF) to the DNA in vivo and purifying the DNA-protein complexes using a 

specific antibody against the protein, followed by micro-array hybridization (ChIP-

CHIP) or deep sequencing (ChIP-Seq; Kaufmann et al., 2010). Developed 

methodologies for characterizing TF DNA-binding specificities play a crucial role 

in deciphering the complexity of transcriptional regulation.  

Here, we isolated a part of the 5’ genomic sequence flanking the SlMTS1 gene in 

order to unravel its regulation at the transcriptional level. By creating 5’ sequential 

promoter deletion constructs driving expression of reporter genes in transgenic 

tomato plants we were able to identify the trichome-specific and JA-responsive 

regions of this promoter. Yeast-one-hybrid screens with the trichome-specific 

207bp SlMTS1 promoter fragment identified a putative transcription factor.  

 

 

 

MATERIALS AND METHODS 

 

 

Constructs and Stable Plant Transformations 

 

1254bp of the genomic sequence upstream from the start codon of SlMTS1 

(AY840091) were cloned between restriction sites SacI (at the 5’ end of the 

sequence) and XbaI (at the 3’ end of the sequence just prior to the ATG) replacing 

the 35S promoter in vector pJVII, a pMON999 vector (Monsanto, St. Louis, MO) 

with a modified multiple cloning site, upstream of the ATG start codon of uidA 

(GUS) fused to yellow fluorescent protein (sYFP1) and followed by the Nos 

terminator (tNos). Five 5’ deletion constructs were generated by designing forward 
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primers at positions -1046, -806, -612, -408 and -207 distal to the ATG and a 

reverse primer at position -18. These five PCR products were cloned in vector 

pJVII using the same restriction sites as for the full-length promoter and after 

verifying by sequencing, the expression cassettes were transferred to the binary 

vector pBINplus (van Engelen et al., 1995) by digesting with restriction enzymes 

SacI and SmaI and ligating at the same restriction sites in the multiple cloning site 

(MCS) of pBINplus. These six constructs and an empty pBINplus vector were 

introduced to Agrobacterium tumefaciens strain EHA105 and used to create 

transgenic plants using explants derived from cotyledons of sterile seedlings of 

Solanum lycopersicum cultivar Moneymaker, as previously reported (Cortina and 

Culianez-Macia, 2004).  

 

 

Analysis of Transgenic Plants 

 

One transgenic line was obtained with the empty pBINplus vector, four 

independent transgenic lines with the full-length (1254bp) SlMTS1 promoter 

construct, three with the 1046bp SlMTS1 promoter construct, five with the 806bp 

and 612bp SlMTS1 promoter constructs, eight with the 408bp SlMTS1 promoter 

construct and nine with the 207bp SlMTS1 promoter construct. Presence of the 

transgene was verified by PCR (target gene GUS) on genomic DNA isolated from 

leaves of the different T0 lines. YFP expression was checked under a fluorescence 

stereomicroscope. Trichomes were collected at the bottom of a 50ml tube by 

vortexing stem pieces frozen in liquid nitrogen. Crude extracts were prepared 

according to Jefferson et al. (1987) and the enzymatic GUS activity was 

determined spectrophotometrically using 4-methylumbelliferyl β-D-glucuronide 

(MUG) as a substrate. Values were corrected for protein content, measured using 

Bradford reagent.  
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Hormone Treatment, RNA Isolation and cDNA synthesis 

 

Tomato plants were grown in soil in a greenhouse with day/night temperatures of 

23oC/18oC and a 16/8 h light/dark regime for 4 weeks. Jasmonic acid (JA; Duchefa, 

NL) was applied to plants by spraying 1mM solution made with tap water 

containing 0.05% SilwetL-77 (GE Silicones, VA, USA). Control plants were 

sprayed with tap water containing 0.05% SilwetL-77. Trichomes were collected 

24h later at the bottom of a 50ml tube by vortexing stem pieces frozen in liquid 

nitrogen. The material was ground and total RNA was isolated using Trizol 

(Invitrogen, Paisley, UK). DNA was removed with DNAse (Ambion, Huntingdon, 

UK) according to the manufacturer and cDNA was synthesized from 1.5μg RNA 

using M-MuLV H- Reverse Transcriptase (Fermentas, St. Leon-Rot, Germany). 

 

 

Quantitative Real Time PCR 

 

For Q-RT-PCR cDNA equivalent to 100ng total RNA was used as template in 20μl 

volume and reactions were performed in the ABI 7500 Real-Time PCR System 

(Applied Biosystems) using the Platinum SYBR Green qPCR SuperMix-UDG kit 

(Invitrogen, Paisley, UK) with the following cycling program: 2min 50oC, 7min 

95oC, 45 cycles of 15sec at 95oC and 1min at 60oC, followed by a melting curve 

analysis. Primer pairs were tested for amplification kinetics and linearity with a 

standard cDNA dilution curve and new primers were designed if necessary. 

Expression levels were normalized using ACTIN (SGN-U579547) mRNA levels. 

Effect of JA in gene expression was analyzed in three biological replicates by T-

test using PASW Statistics 17.0 (http://www.spss.com). The homogeneity of 

variance was tested by Levene’s test and values were log transformed before the 

analysis if necessary. 
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Yeast-One-Hybrid Screens 

 

In order to be used as target binding sequence in yeast-one-hybrid screens, the 

207bp SlMTS1 promoter fragment was cloned between restriction sites EcoRI (at 

the 5’ end of the sequence) and XbaI (at the 3’ end of the sequence just prior to the 

ATG) in the MCS of vector pHISi (Clontech, Mountain View, CA, USA) upstream 

of the minimal promoter of the HIS3 locus driving HIS3. The HIS3 gene of pHISi 

was used as selectable marker for integration into the nonfunctional his3 locus of 

yeast strain PJ69-4A. The vector was linearized at the XhoI restriction site before 

integration. Leaky HIS3 expression enabled enough colony growth, making it 

possible to use as a selectable marker. Background growth was controlled during 

library screening by the addition of 5mM 3-amino-1,2,4-triazole (3-AT) in the 

selective medium (synthetic dextrose, SD). For the construction of the cDNA 

library used, trichomes were shaken off frozen stem pieces of tomato 

S.lycopersicum cv Moneymaker, RNA was isolated using the RNeasy Plant kit 

from Qiagen (Valencia, CA, USA) and the following steps were executed 

according to the instructions of the HybriZAP−2.1 XR library construction kit and 

HybriZAP− 2.1 XR cDNA synthesis kit from Stratagene (Cedar Creek, Texas, 

USA). The size of the primary cDNA library was 3.0 × 106 pfu. The primary 

library was subsequently amplified and mass excised as described by the 

manufacturer. Screening of the library was performed using 20μg library plasmid 

according to the Clontech Matchmaker One-Hybrid System user manual. 

Transformation efficiency was on average 105 colony forming units (cfu) per μg 

DNA. Positive colonies were transferred on medium containing higher 3-AT 

concentration (10mM and 15mM) and plasmid was isolated and sequenced from 

colonies that could grow on the stringent selection medium.  
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Gateway Cloning and Confocal Microscopy    

 

Gateway technology (Invitrogen, Paisley, UK) was used for the construction of the 

CaMV 35S-driven SlEOT1 - fluorescent protein fusion. The SlEOT1 ORF 

excluding the stop codon was PCR-amplified introducing the AttB recombination 

sites and subsequently recombined in pDONR207 (BP reaction; Invitrogen, 

Paisley, UK) creating SlEOT1-pENTR, which was verified by sequencing. For the 

C-terminal fusion of mVenus (Nagai et al., 2002), SlEOT1-pENTR was 

recombined in a destination vector (LR reaction; Invitrogen, Paisley, UK) along 

with pGEM Box1 CaMV 35S and pGEM Box3 mVenus-tNos. The construct was 

transformed to Agrobacterium tumefaciens GV3101 (pMP90). Agroinfiltration of 

5-week-old N.benthamiana leaves was performed as described by Verweij et al. 

(2008). A separate A.tumefaciens GV3101 (pMP90) culture harboring mCherry 

with a N-terminal nuclear localization signal (NLS) followed by tNos (Galvan-

Ampudia, Xu and Testerink; unpublished) was co-infiltrated in a 1:1 (v/v) ratio. 

Cells were observed 48h later with a Zeiss LSM 510 inverted microscope. mVenus 

fluorescence was monitored with a 520-555nm band pass emission filter (514nm 

excitation) and the mCherry fluorescence was monitored with a 585-615nm band 

pass emission filter (561nm excitation). Images were taken with an open pinhole 

and processed by ImageJ (http://rsb.info.nih.gov/ij/).  

 

 

List of primers used  

 

Primer name Sequence 5' -> 3'
SlMTS1_QF GTATCTGCATAGCGATGTTAAAAGTAG
SlMTS1_QR TTCTAAATTCGACTTTATGGAGATACG
GUS_QF TTACAGGCGATTAAAGAGCTGATAG
GUS_QR TTCGTTGGCAATACTCCACATC
SlACT_QF TCAGCACATTCCAGCAGATGT
SlACT_QR AACAGACAGGACACTCGCACT
SlEOT_attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTatgGCTAATTTCTTTTCATTAG
SlEOT_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTAaggagatcttgaaggtggaaa
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RESULTS 

 

 

Identification of the SlMTS1 promoter trichome-specific fragment 

 

The Monoterpene Synthase 1 from Solanum lycopersicum (SlMTS1) has been 

previously described as a linalool synthase, expressed in tissues containing 

trichomes (van Schie et al., 2007). Genomic sequence of 1254 base pairs upstream 

of the start codon ATG, designated here as the full-length promoter, were cloned in 

front of β-glucuronidase (GUS) fused to yellow fluorescent protein (sYFP1). Five 

5’ deletion constructs were generated by designing primers at positions -1046,        

-806, -612, -408 and -207 distal to the ATG (Fig.1). These six constructs plus an 

empty vector were stably transformed in tomato Moneymaker plants.  

YFP expression for the full-length SlMTS1 promoter was evaluated in T0 stem and 

leaf pieces and T1 seedlings under a fluorescence stereomicroscope and was 

specific for the four “head” cells of the type VI glandular trichomes (Fig.2). For 

quantification of GUS expression five plants of each independent T1 line were 

grown in soil for four weeks. Expression of the transgene was verified by YFP 

observation, one plant was chosen from each line and the enzymatic activity of 

GUS was determined in isolated stem trichomes spectrophotometrically using 4-

methylumbelliferyl β-D-glucuronide (MUG) as a substrate and corrected for 

protein concentration (Fig.3). Trichome-specific expression was low in plants with 

the 408bp promoter:GUS fusion fragment, but was then partially restored at the 

207bp fragment, indicating the existence of a repressor element. Expression 

directed by the 207bp fragment remained specific for the type VI glandular 

trichome “heads”, albeit less strong than that of the full-length promoter.  
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-1254 GTTTCATTCAAAGTAGTGGTGTCCAATACCAATTATGTATTGCTAATGAA 
-1204 TGTAACACGTTGATGAATAGTATCCAATATATTGGAAAGTCATAGTTTGA 
-1154 GTTCCAACATCTAAAAGATATATTAGTTTAAAACATTATAAAAGGTGTGA 
-1104ATCAACAACACAGGAATGGTGAGGGTGTGTGTCTCTCAACTGCTGCCAAA 
-1054 ATTAAATTAGCTGAACCAAATCCCAATACTACCCGACGTTCAGGGAATTA 
-1004 AAAACCTACTACCTGCAATTTTCAATATTTTCACTCCATCGATAATAATT 
-954  ACGTGGTATATATATATATAATGGTTGAGATTTAAAATCTGTTTGGATCT 
-904  AGTTGTTTTAGGCATTTTTATTTAAATAACATTTAAATATTTTTATAATA 
-854  TCAATTAAATATTTTTAAAGTTAAAATAAATTAACTAGATTGCAAATTGT 
-804  CCTATTTTTTCCATATTGAAATAATGGTTGCGCAAGGAAGCGTTGAAATA 
-754  TTTATGAGTTCACCTGTATTCAGTGTTGAAATCGTTGTAGAAAGCAAGTA 
-704  GGACTCTATAGCATTGTGACTTTTTTTACCAAAACTAGGTTCATTAATTT 
-654  CTACTCTAACATCGAATTTGAGTCATGGAGTTACTTGAATCAATCAACAG 
-604  TATTAAATGTGCTTCATCAATATTACTAATAAATACTATCACCTATAGAG 
-554  GCATTATCAAACATGTATGTATATATGAGAAGCTTTCTAGTACAACAATT 
-505  TTCTTCGTAAAATTTATTCGCATCGGGTATTTATACTAAGTCAATACATG 
-454  CATATCATTTGTTTGAATTTATAATTTATTTTACTTCATTAAATCTAGTA 
-404  ATAATGAAAATCGCATCGAATTGGTATAAACATCCGATACGAGTAAGTGT 
-354  AAACACATATACACATGCAAAAACAGTGGTGGAGCTATAATTTGGTCCAA 
-304  GGGGTGTATAAATATAAAGAAATAAAATCGTGTAGAAGTCAAAGACTGTC 
-254  AGTACACCCTTCACTGTGGCTCCGCCACCGTGCACAAATATTTTAGCACA 
-204  TGTGCTATTTTTATGCTACACATAGTATATGTGCTATTTTTATGCTATAT 
-154  TTATACTACACATACTAGGTAGGTACATAGTTGATTTATTTACCATTCTA 
-104  TCCCTAGGAAGTTTCTCTTGTATTACTGATATACAATACAAAAAATTTTC 
-54    TTTATATTCTTTCATGTTTAACATCTTAAAAAGTAATTGAGCAGAACAAA 
-4      TAAAATG 

 
Figure 1. Sequence of the 1254bp SlMTS1 promoter fragment. The A of the start codon 
ATG (marked in bold) is designated as +1; 5’UTR is highlighted. Potential CAAT and 
TATA boxes are italicized. Primer sequences for the full-length and 5’ promoter deletion 
constructs are underlined. Selected regulatory motifs in the sequence analyzed by PLACE 
(http://www.dna.affrc.go.jp/PLACE/) are shown in the table.  
 
 
 

Cis-element Name Position (Strand) Putative Function
AACGTG T/G-box -1199 (-) MYC recognition site
TACGTG T/G-box-like -955 (+)
CACATG E-box -343 (+) MYC recognition site

(G-box-like) -208 (+)
TGAC(C/T) W-box -1166 (-) WRKY recognition site

-688 (+)
-633 (-)
-465 (-)
-267 (-)

(T/C)CCGCC GCC-box-like -234 (+) ethylene response
CCGAC C/DRE -1022 (+) cold, drought, ethylene

response
TGTCTC ARF -1075 (+) auxine response
GATAA IBOX -964 (+) light regulation

-551 (-)
ATTAAT BOX 4 -662 (+) light responsiveness

CNGTT(A/G) MYBCORE -1068 (-) MYB recognition site
-610 (-)

ATTTTCTTC TC-rich repeat -507 (+) defense/ stress response
ACTCTA(C/A) YUC element -652 (+) auxin response
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Figure 2. The SlMTS1 promoter drives specific expression in the “head” of type VI tomato 
glandular trichomes. (a) trichomes of tomato Moneymaker plant and (b) trichomes of 
tomato Moneymaker plant transformed with the full-length SlMTS1 promoter as seen under 
a microscope. (i) Normal light (brightfield), (ii) YFP filter (emission 525-545nm) and     
(iii) Merged image. 
 
 
 

 
Figure 3. Quantification of GUS activity from isolated stem trichomes of transgenic 5’ 
SlMTS1 promoter deletion lines and control plants. Average relative GUS expression for 
each promoter construct (full-length (FL), 1046bp, 806bp, 612bp, 408bp, 207bp), empty 
vector control (EV) and untransformed Moneymaker plant (MM).   
 

 

Identification of the SlMTS1 promoter JA responsive fragment 

 

Since SlMTS1 is induced by jasmonic acid (JA) (van Schie et al., 2007) it was 

investigated which of the promoter:GUS constructs were responsive to JA 
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treatment. To this end three plants from one independent line for each promoter 

deletion construct were grown in soil for four weeks. At this point equal number 

and size of stem pieces were removed from each plant and frozen in liquid nitrogen 

(control samples). The plants were left to recover for three days and were 

subsequently sprayed with 1mM JA in tap water containing 0.05% Silwet. Twenty-

four hours later the rest of the stems from each plant were collected and frozen in 

liquid nitrogen (JA samples). Trichome RNA was isolated, cDNA was synthesized 

and expression of GUS was evaluated by Q-RT-PCR (Fig.4). All tested plants 

showed induction of SlMTS1 by JA (data not shown). Induction of GUS was 

observed with the 612bp SlMTS1 promoter fragment and fragments larger than 

that, indicating that a JA-responsive box was located between position -409 and -

612 upstream of the ATG. The experiment was repeated with plants from different 

independent lines with similar results (data not shown). 

 

 

 
Figure 4. Identification of a JA responsive fragment in the SlMTS1 promoter. Q-RT-PCR 
results for the induction of GUS in control and JA-induced stem trichomes from transgenic 
SlMTS1p:GUSsYFP1 Moneymaker plants carrying the full-length (FL) promoter, promoter 
fragments of 1046bp, 806bp, 612bp, 408bp or 207bp, or an empty vector (EV). Asterisks 
denote significant difference (* p < 0.05) according to T-test, ns; not significant. 
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Screening a stem trichome cDNA library for interaction with specific SlMTS1 
promoter fragments 
 

The 207bp trichome-specific SlMTS1 fragment was used to screen a Y1H cDNA 

library prepared from isolated stem trichomes of tomato Moneymaker plants in 

order to identify transcription factors that interact with the trichome-specific 

SlMTS1 promoter fragment. The screen was repeated three times yielding 71 clones 

(Table 1). One putative transcription factor appeared 34 times and this gene was 

designated as Emission of Terpenes 1 (SlEOT1). The binding was confirmed by 

using the library plasmid pAD-GAL4-2.1 containing the EOT1 clone in 

independent yeast-one-hybrid screens with the same 207bp trichome-specific 

SlMTS1 promoter fragment and the 326bp minimal promoter fragment of Petunia 

hybrida cv W115 (Mitchell) ODORANT1 (ODO1; Van Moerkercke et al., 2011) as 

negative control (Fig.5).  

 
 

 
Figure 5. Specific interaction of SlEOT1 with the SlMTS1 promoter and not with PhODO1 
promoter. Yeast cells with (a) the 207bp SlMTS1 promoter fragment or (b) the 326bp 
minimal PhODO1 promoter integrated into their genome were transformed with pAD-
GAL4-2.1_SlEOT1 and grown on SD medium with 0, 5 or 10mM 3-AT. 
 

 

The nucleotide and protein sequence of SlEOT1 is provided in Figure S1. 

 

Two more putative transcription factors were identified through these screens 

(clone 9, Screen1 and clone 62, Screen 3; Table 1), however as they appeared only 

once each, they were not further investigated. 
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Table 1. List of clones obtained from three Y1H screens of the 207bp trichome-specific 
SlMTS1 promoter fragment with a tomato stem trichome cDNA library. The same putative 
TF appeared 34 times (SlEOT1) and is marked by an asterisk.  
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Table 1 continues from previous page. 

 
 

 

Screening with the full-length SlMTS1 promoter (1254bp) gave an elevated number 

of background colonies even when higher concentrations of 3-AT, the competitive 

inhibitor of the yeast HIS3 protein, (up until 30mM) were used. However, several 

colonies of two screens were sequenced and one was identified as SlEOT1 (Table 

2).  

 

In order to identify transcription factor(s) that interact with the JA responsive 

fragment of the SlMTS1 promoter (Fig.4), base pairs -409 to -612 of the promoter 

were cloned in the pHISi vector as described for the 207bp fragment. The stem 

trichome cDNA library was screened in two yeast-one-hybrid assays but yielded a 

very limited number of colonies, none of which were transcription factors. 



Chapter 3 85 

Fragment -613 to -806 of the SlMTS1 promoter was then used in two more screens, 

as the JA induction of GUS in these plants is slightly stronger (Fig.4) and finally a 

combination of the two fragments (base pairs -409 to -806) was screened once but 

the number of colonies obtained remained low (Table 3).  

 

 
Table 2. List of clones obtained from two Y1H screens of the full-length SlMTS1 promoter 
with a tomato stem trichome cDNA library. Putative TF SlEOT1 is marked by an asterisk. 
 

 



Chapter 3 86 

Table 3. List of clones obtained from five Y1H screens of the JA responsive SlMTS1 
promoter fragments with a tomato stem trichome cDNA library. 
 

 
 

 

 

SlEOT1 is localized to the nucleus  

 

In order to determine the subcellular localization of SlEOT1, the mVenus (Nagai et 

al., 2002) reporter gene was fused in frame with the ORF of SlEOT1 under the 

control of a double CaMV 35S promoter. The translational fusion was transiently 

expressed in N.benthamiana leaves using agro-infiltration (Verweij et al., 2008). 

As illustrated in Figure 6, confocal imaging showed co-localization of this fusion 

protein with the nuclear marker (nuclear localization signal (NLS)-mCherry; 

Galvan-Ampudia, Xu and Testerink; unpublished) in epidermal cells. Co-

localization was observed several times in independent experiments also in 

mesophyll cells (data not shown).  
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Figure 6. Subcellular localization of SlEOT1. Transient expression of 35S:mVenus-
SlEOT1 in N.benthamiana leaves showing nuclear localization. (a) epidermal cell bright 
field image, (b) NLS-mCherry image, (c) mVenus-SlEOT1 image and (d) merged image. 
Images were obtained with a Zeiss LSM 510 confocal laser scanning microscope.  
 

 

 

DISCUSSION 

 

 

Transcription factors (TF) are proteins that can interact with cis-regulatory 

sequences in promoters of genes and thus influence transcription (Grotewold, 

2008). Increased emission of volatile terpenoids is known to be part of a plant’s 

induced defense mechanism upon herbivory, that is under control of phytohormone 

signaling (Alba et al., 2012). However, not much is known about the regulation of 

terpene biosynthesis on the transcriptional level. To identify TFs that are involved 

in this process, the promoter (1254bp) of a trichome-specific, jasmonic acid (JA)-

inducible monoterpene synthase from tomato (SlMTS1; van Schie et al., 2007) was 

isolated in order to be screened for interacting proteins found in a trichome cDNA 

library (yeast-one-hybrid). Screening of a promoter fragment with a cDNA library 

in yeast is based on the fact that genes with a DNA-binding domain can be 
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expressed as fusion proteins carrying a C-terminal activation domain and are 

therefore able to activate reporter gene expression, allowing growth of yeast cells 

on a selective medium (MATCHMAKER One-Hybrid System user manual; 

Clontech, CA, USA). Yeast-one-hybrid screens have successfully been used before 

for the identification of transcription factors (Liu et al., 1998; Menke et al., 1999; 

Lopato et al., 2006; Gaudinier et al., 2011). However, there are restrictions in the 

size of the DNA fragment that can be efficiently used as bait, since the majority of 

yeast promoters range from approximately 150bp to 400bp and their upstream 

activation sequences are positioned within a few hundred base pairs upstream of 

the TATA box (Dobi and Winston, 2007). Consequently there is an effect of 

distance on the activation in yeast in vivo and usually only specific cis-acting 

regulatory elements or other short DNA fragments are used in yeast-one-hybrid 

screens. Therefore, the SlMTS1 promoter was dissected by creating five 5’ deletion 

constructs driving a GUS-sYFP1 fusion, in order to identify the minimal promoter 

fragment and the fragment that confers JA inducibility. As expected (van Schie et 

al., 2007), expression of the full-length 1254bp SlMTS1 promoter was specific for 

the secreting cells of type VI trichomes (Fig.2). The 1046bp fragment showed 

equal level of GUS activity and the next two deletion constructs showed 

diminished, but still trichome-specific activity. Interestingly, the 408bp promoter 

fragment abolished expression in all tissues, indicating the presence of a repressor 

element (between -408 and -208 bases) and/or a transcriptional enhancer in the       

-409 to -612bp fragment. However, the 207bp fragment proximal to the coding 

region contained all cis-elements required for trichome-specific expression (Fig.3). 

Co-existence of both activating and repressing cis-elements in a promoter has been 

reported before (Ennajdaoui et al., 2010) and in fact, studies from various plant 

species reveal that the regulation of promoter-driven expression of genes can be 

variable and not always straightforward: for example, the promoter of the tomato 

sucrose transporter SlSUT1 is insufficient for proper SUT1 expression, which 

requires regulatory cis-elements found in the introns (Weise et al., 2008) and the 

organ-specificity of the Arabidopsis and tomato gene Lateral Suppressor (LAS) is 
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conferred by an enhancer in the 3’UTR, which also has suppressor functions, 

overwriting promoter activity (Raatz et al., 2010). In the case of SlMTS1 

nevertheless, we were able to identify the minimal promoter (207bp) as well as a 

potential JA-responsive fragment (-612 to -409bp; Fig.4) with 5’ sequential 

deletions. For a more detailed analysis of the cis-acting elements of the promoter, 

internal and/or 3’ sequential deletions would have to be made.  

The cDNA library used for screening with the promoter fragments was constructed 

from tomato stem trichomes. Unfortunately this library failed to produce candidate 

transcription factors interacting with the JA-responsive fragment (Table 3) either 

because these genes are not (highly) expressed in uninduced tissue, which would 

require the construction of a cDNA library from plants treated with JA, or because 

it is not a one-to-one interaction taking place and the presence of a co-factor is 

required, in which case the potential interacting TF(s) can not be identified by 

yeast-one-hybrid. Screening of the stem trichome cDNA library with the trichome-

specific SlMTS1 fragment however yielded one putative transcription factor (Table 

1; Fig.5) that localizes in the nucleus (Fig.6).  

This trichome-specific 207bp fragment proximal to the coding region of SlMTS1 

includes the 5’ untranslated region (UTR; Fig.1). The 98bp 5’UTR was isolated by 

5’RACE, however there is a possibility that low abundant, longer mRNAs exist. 

Alternative 5’-ends of transcripts have been reported before and in Arabidopsis 40-

50% of genes have frequently more than one start sites (Alexandrov et al., 2006).  

5’UTRs can contain translation control elements and/or binding sites for regulatory 

proteins. Similarly, 3’UTRs can also contain a multitude of translational regulatory 

elements (Wilkie et al., 2003). Common roles of UTRs in the post-transcriptional 

regulation of gene expression involve mRNA translation efficiency, subcellular 

localization and stability (Mignone et al., 2002), with the latter being one of the 

foremost forms of post-transcriptional regulation in eukaryotic cells (Abler and 

Green, 1996). For example, already decades ago it was demonstrated in rice 

protoplasts that the wheat Em leader sequence contains, apart from an ABA 

response element in its promoter, an element in the 5’UTR that quantitatively 
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increases the ABA response and it was postulated that it plays a role in stabilizing 

or increasing the efficiency of translation of the mRNA (Marcotte et al., 1989). An 

example of a protein found to interact with such an element is the tobacco E2F 

factor that is involved in the cell cycle progression and was shown to bind the 

respective motif in the 5’UTR of the Ribonucleotide reductase 1b (RNR1b) gene 

and thus repress expression in differentiated tissues, whereas confering S phase-

specific expression in meristems (Chaboute et al., 2002).  

Since the 207bp fragment contained the (canonical) 5’UTR, it was not clear 

whether SlEOT1 binds to the 109bp promoter region or the 98bp 5’UTR. To this 

end electrophoretic mobility shift assays (EMSAs) using purified recombinant 

GST-tagged SlEOT1 were performed with the 207bp or deletion fragments. 

However, no binding was observed with any of the tested DNA fragments in vitro. 

This could be due to the lack of a co-factor or additional TF necessary to facilitate 

the interaction (present in yeast) or because the protein fusion was not functional. 

The assay was not repeated with purified protein after the GST-tag had been 

cleaved off. Furthermore, in silico searches for consensus sequences in promoters 

of tomato trichome-specific genes failed to reveal a conserved motif, therefore at 

the moment the exact binding site of SlEOT1 remains unknown. The 98bp 5’UTR 

of SlMTS1 and the 109bp promoter fragment have been cloned behind the minimal 

promoter of the HIS3 locus in yeast in order to investigate the binding specificity of 

SlEOT1. 

SlEOT1 could either be involved in the post-transcriptional (in case it binds to the 

5’UTR) or transcriptional (in case it binds to the promoter sequence) regulation of 

SlMTS1, which remains to be further investigated. However, based on homology 

with other proteins and further experimental data (Chapter 4) SlEOT1 is in all 

likelihood a transcription factor, in which case its binding site is most likely in the 

promoter sequence.  
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SUPPLEMENTAL DATA 

 

 
Figure S1. Nucleotide and protein sequence of SlEOT1. Coding sequence shown in capital 
letters, non-coding sequence in small letter type. N-terminal and C-terminal conserved 
domains identified by blasting in NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/ 
wrpsb.cgi; discussed in Chapter 4) are underlined. 
 
ATGGCTAATTTCTTTTCATTAGGTGGGAATCAAGAACAACAACATCAAGAAATTAGCAGCAGCCAAG
CATTAGTACCCACAGAGAGTAATAATTGGTTTTTGTACAGAAATGAACATCATCATCATCATCATAA
TCAAGAAATACCCAACACTTACAAAGGTTTTGAGTTATGGCAAAGTGGTAACACTCCACAACACCAA
CACCAACACCACCAACAACAACAACAGTTTCGTCATCCGATTTATCCTTTGCAAGATCTTTATTCCAC
TGATGTTGGATTAGGGGTTGGGCCAAGCAGAAGTGGCTTTGATATATCtgcaggtgatcatcagaaacagatttag
aatttaaactttatctattcagtactttctaaagtacttatagatctataatttaagtttgataaatttaatatttatgttctaaacaattcacaacattttgcaatta
gggatttcgaaacgtatttactgaagcatgttagaattcccagcctcgaaaaggcatgggaatttggtctatggacttgggaaattctccattcatgag
ctaacttttgaggttaaattaggttcatatgtcatatctttacatgatatcagagtaagattcatctcaattctttgttcaccaatattggccccccatattattg
tgtccacaatctagttaacctacgctggcccctccatattacagtgtccacgttctagttaacgagatctgggcttgcagaagagtgtaaagaattcag
aaaaaggatgagtatttggtctccttgtataaacttgagcaatccttccttcatgagctagctagttttggaattaagttagactagatgtcatatcttttaat
atttatgttctcactgtagaaccatatagcaacgaaactatagtactatttgttgcaccgctctctctatatatatcgtgcatattaagttcaattgaatctgtt
gctaaaaggcgggatggggattattattgTGCAGGTGATCATGAGGCGTCGAGGTCGGGATTCGTGATGATGAGGA
GTGGTGGAGGAGGAATAAGTTGCCAAGATTGTGGGAACCAAGCTAAGAAAGATTGTCAACATATGA
GGTGTAGGACTTGTTGTAAGAGTAGAGGGTTTCAGTGTCAAACTCATGTGAAAAGTACTTGGGTTCC
AGCAGCTAAAAGGAGAGAAAGGCAACAACAACTTGCTGCTTTGCAACAACAACAACAAGGACATAA
TAATAATAATAATAATCATAAGAATAAAAGGCAAAGGGAGGATCCAAGTGCTTCTTCTCTTGTGTCT
ACTCGTTTGCCTTCAAACACTAATGgtaaagtacttcatgtttttcttaccttttcattgctacgtctgttttaatttaaaggtcttagtttga
ctgaacatgaatataagatgttgaaattgaaaaacgtagataaatatttaaattgaaacgagggaataatattaattttttttgtatcacacaaagacatag
agtcttgagatccatcatgtaaagaagattaatttgatcattgcctaaatgaattctatataaagtaagtctatagagaaaagagaccctatagtaaattc
gtcagctttttctttttctatttgtcattctcttcttccatcatcactcttcttttttattactctacaaaagattgacaaaaattcgtaatgagatatattcaaattttt
gagttaattatgaatttttaattctagttaatagaaagtgtgaataaattatttatatgtattactaacaaaatagcaaaactaaaactttacttgtacccttgc
gcgtgtgtatgcacaatttctttctcttagacctacacatgatatttatctcgaccctaaaaagatcaccattattcttaatttcaattttcgtcaatttttttttaa
gataataactattatttgagtaataatatatgtgacttacccaaaaaactgttagtggagtgagtatttgagaaaccaactctctaattcatgtataataatt
ggtgttatcatatattgtcattagtattggaattaacttatatatctattagtaaatgtacttttgaaataataactattatttgagtaataatatatgttgcttacc
aaaaaaataactattagttgagtggctattaactctccaaatatgtataataattggtgttatcattttcattagtattggaattaacttatatatatagtaaatg
cacttgcatttcaaatttttttacctgcttttccttttagttcgattaaaataaattgactatttttcaagcaagtgtttattctaaacttttcagatgaaatgtttaa
aaaaaccacaagattaaatagtgttttgatacatttgacatatttttagttttagaccataaaattcaaattgctttactaaatttcgtgtcaagtgatactagg
taaaaaaaaatatttatttgcaatacattagtccaaataaacctaattttgtattatggaatttcatgtgttatttttagGGTTAGAAGTGGGAAAA
TTTCCATCAAAAGTACGTACAAGTGCTGTATTTCAGTGTATTCAAATGAGTTCAATTGAGGATGATGA
AGATCAATTAGCATATCAAGCTGCTGTGAGCATTGGTGGACATGTTTTCAAAGGAATTTTATATGATC
AAGGTCATGAAAGTCAGTACAATAACATGGTTGCAGCCGGAGGCGATACGTCTTCCGGTGGTAGTGC
TGGCGGAGTTCAGCACCACCACCATAATTCCGCTGCAGTAGCTACCGCCACCACTACAAGTGGTGGC
GATGCTACTGCAGCGGGTCCATCGAATTTTCTAGATCCTTCTTTATTTCCAGCTCCCCTTAGCACTTTT
ATGGTAGCTGGTACGCAATTTTTTCCACCTTCAAGATCTCCTTGA 
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