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Promoters of AaGL2 and AaMIXTA-Like1 genes
of Artemisia annua direct reporter gene

expression in glandular and non-glandular
trichomes
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Abbreviations: ABRE, Abscisic acid responsive element; GARE, gibberellin-responsive element; GFP, Green fluorescent protein;
GUS, b-Glucuronidase; MeJa, Methyl jasmonate; MS, Murashige and Skoog medium.

Herein, we report cloning and analysis of promoters of GLABRA2 (AaGL2) homolog and a MIXTA-Like (AaMIXTA-Like1)
gene from Artemisia annua. The upstream regulatory regions of AaGL2 and AaMIXTA-Like1 showed the presence of
several crucial cis-acting elements. Arabidopsis and A. annua seedlings were transiently transfected with the promoter-
GUS constructs using a robust agro-infiltration method. Both AaGL2 and AaMIXTA-Like1 promoters showed GUS
expression preferentially in Arabidopsis single-celled trichomes and glandular as well as T-shaped trichomes of
A. annua. Transgenic Arabidopsis harboring constructs in which AaGL2 or AaMIXTA-Like1 promoters would control GFP
expression, showed fluorescence emanating specifically from trichome cells. Our study provides a fast and efficient
method to study trichome-specific expression, and 2 promoters that have potential for targeted metabolic engineering
in plants.

Trichomes are specialized unicellular or multicellular struc-
tures derived from epidermal cells which play prominent physio-
logical roles in plants for interacting with the environment for
adaptation. Two types of trichomes i.e. glandular and non-glan-
dular prevail in higher plants. Apart from providing protection
against herbivores and combating various stresses, glandular tri-
chomes present in the aerial parts of plants have capacity to pro-
duce, secrete or store secondary metabolic compounds which
have industrial importance such as aromas, flavours and pharma-
ceuticals.1-3 Artemisia annua L. (Family: Asteraceae) is an impor-
tant medicinal plant that synthesizes artemisinin, a sesquiterpene
lactone, which has a great demand as an anti-malarial agent. A.
annua is covered with T-shaped filamentous trichomes and 10-
celled artemisinin producing biseriate peltate glandular tri-
chomes.4,5 The key genes such as amorpha-4,11-diene synthase
(ADS), amorpha-4,11-diene monooxygenase (CYP71AV1), alde-
hyde dehydrogenase 1 (ALDH1) and artemisinic aldehyde D11
(13) reductase (DBR2) which are responsible for the biosynthesis
of artemisinin are preferentially expressed in the trichomes.6-8

Most secondary metabolites sequestered in the trichome cells in
medicinal and aromatic plants involve crucial pathway genes

which are either exclusively or abundantly expressed in the spe-
cialized cells of glandular trichomes. Hence, next generation
high-throughput sequencing technologies are being exploited to
analyze the transcriptome(s) of trichomes for better exploration
of secondary metabolic activities at the genetic level.9,10 Much
progress has been made to understand the trichome development
in Arabidopsis and a number of genes involved in trichome cell
fate determination have been identified. Interactions of a WD40
protein (TRANSPARENT TESTA GLABRA1), a MYB-related
factor (GLABRA1) and basic helix-loop-helix (bHLH) transcrip-
tion factors (GLABRA3/ENHANCER OF GLABRA3) form a
transcriptional-activation complex for promoting trichome initi-
ation. This complex activates GLABRA2 (GL2) gene which enco-
des a homeodomain leucine-zipper protein which further triggers
downstream trichome differentiation events.11,12 The MIXTA-
Like genes of R2R3-MYB family (subgroup 9) normally control
the development of conical cells in flower petals.13,14 Other simi-
lar transcriptional regulators such as NOECK (MIXTA-Like
MYB transcription factor) regulate trichome formation and func-
tion as a repressor of cell outgrowth.15,16 In contrast to the Arabi-
dopsis trichome development, the regulatory mechanisms and

*Correspondence to: Vikrant Gupta; Email: vikrant.gupta@gmail.com
Submitted: 07/10/2015; Revised: 08/21/2015; Accepted: 08/22/2015
http://dx.doi.org/10.1080/15592324.2015.1087629

www.tandfonline.com e1087629-1Plant Signaling & Behavior

Plant Signaling & Behavior 10:12, e1087629; December 2015; © 2015 Taylor and Francis Group, LLC
SHORT COMMUNICATION



genetic complements that control the formation of specialized
glandular trichomes are poorly characterized. However, studies
on the development of glandular trichomes have been carried
out in relation to the secondary metabolites biosynthesis
and phytohormonal regulation.17,18 For improving the
in planta artemisinin yield in A. annua, metabolic engineering of
the pathway in glandular trichome-specific fashion is the most
promising approach. For restricting the gene expression to spe-
cific cell type, tissue-specific promoters and understanding of
associated cis-acting DNA elements are essential components. In
the past few years, great progress has been done on the identifica-
tion and evaluation of plant-derived tissue-specific and stress-
inducible promoters.19-21 But very few promoters conferring tri-
chome-specific or preferential expression which include pro-
moters of Arabidopsis OASA1 and AtTSG1,22,23 lipid transfer
protein genes of cotton and tobacco,24-26 and tobacco
CYP71D16,27 have been isolated and characterized in plants.
Promoter of A. annua ADS gene was found to drive expression in
the anthers and trichomes of Arabidopsis juvenile leaves,28 while
exclusively in stalk and secretory cells of A. annua glandular tri-
chomes.29 A. annua CYP71AV1 gene promoter targets the
reporter gene exclusively in glandular secretory trichomes of leaf
primordia and top expanded leaves,30 while on the other hand,
linalool synthase (LIS) promoter was specifically active in
T-shaped trichomes.31 The availability of sequence and informa-
tion of such genes and especially promoters provides material for
in-depth studies of trichome-specific processes, and would facili-
tate precise genetic engineering of trichome-specific traits and
secondary metabolism in plants. So far, a limited number of tri-
chome-preferential promoters are known especially from A.
annua, hence, the availability of information regarding diverse
trichome-related promoters would be useful in making a choice
of appropriate promoter as a biotechnological tool. In the present
study, an attempt was made to identify A. annua sequences in the
NCBI database which encode proteins similar to trichome devel-
opment-related candidates, promoters of which are expected to
exhibit a continued activity till trichome maturity. We cloned
cDNAs and promoters of GLABRA2 homolog and a MIXTA-
Like gene from A. annua. Their promoter-reporter gene (GUS or
GFP) constructs were prepared and tissue-specificity was studied.
We further demonstrate that agro-infiltration method can be
used as an efficient tool for analyzing gene expression in trichome
cells.

The partial sequences of homologs of GL2 (AaGL2) and
MIXTA-Like (AaMIXTA-Like1), in silico identified in the EST/
TSA dataset of A. annua in NCBI, were amplified and cloned.
The cDNAs of AaGL2 and AaMIXTA-Like1 were completed to
full-length by 50 and 30 RACE. In order to identify their upstream
genomic region (promoter), A. annua genomic libraries were con-
structed by using Genome WalkerTM Universal Kit (Clontech,
USA) as per instruction manual. Adapter-specific nested forward
primers (AP1 and AP2) and 2 gene-specific nested reverse primers
for AaGL2 (RP1: TGGAAGGATGAGTGTTATCGTTAGAAG
/RP2: GATTAGTTTATGGTGATCGATAGATGC) and
AaMIXTA-Like1 (RP1: CCATGACCATGTTCTTCAATG
TAAGCTA /RP2: CAATCCTACCTTATCGCAACAT GGA

GAT) designed from the 50 region of the cDNAs were used for
primary and secondary PCR amplifications of genomic regions
using Genome Walker libraries as per the conditions described in
the instruction manual. Genomic fragments of 1613 bp and
1772 bp length could be amplified for AaGL2 and AaMIXTA-
Like1, respectively, in secondary PCR which were initially cloned
in pGEM-T Easy vector (Promega, USA). The fragments were
completely sequenced and their sequences were submitted in the
GenBank (Accessions: KM892865 and KM892866). These cloned
fragments are expected to contain most of the cis-acting elements
and those needed for driving expression in trichome cells. The
genomic sequences upstream to translation initiation site (ATG) of
AaGL2 and AaMIXTA-Like1 were analyzed by using PlantCARE
and PLACE databases, and the cis-regulatory elements that were
identified are shown in Figure 1. In the AaGL2 and AaMIXTA-
Like1 promoters (PAaGL2 and PAaMIX1), a putative TATA box is
identified at ¡31 and ¡30 positions, respectively. Several MYB
transcription factor binding sites at positions ¡132 to ¡126,
¡499 to ¡494, ¡621 to ¡611, ¡892 to ¡887, ¡1304 to
¡1299 and ¡1312 to ¡1307 are detected in AaGL2 promoter
(Fig. 1A). The MYBs represent one of the largest transcription fac-
tor families regulating various cell fate determinations including tri-
chome development.12,32 MYB recognition sites were also observed
in trichome-specific promoters of AtTSG1,23 LTP3 and LTP6
genes from cotton,24,25 and tobacco CYP71D16.27 Two cis-regula-
tory elements responsible for light responsiveness (G-boxes) are
recognized at positions ¡1187 to ¡1182 and ¡433 to ¡424 in
AaGL2 promoter. An E-box (CANNTG) could be detected at
¡1028 to ¡1023 position which is a binding site for most
bHLH transcription factors and is also recognized by MYB and
bZIP proteins. Other cis-acting elements present in AaGL2 pro-
moter include S-box (CACCTCCA at ¡50 to ¡57), heat stress
responsive element (HSE at ¡786 to ¡777), proximal portion of
B-box (CAAACACC at ¡420 to ¡413) and W-box (TGACT at
¡304 to ¡300 and ¡238 to ¡234). The S-box is conserved in
many rbcS promoters and is responsive to sugar,33 B-box is
involved in abscisic acid-induced transcription,34 and W-box is the
consensus element required for the binding of WRKY transcrip-
tion factors.35 Since expression of GL2 is controlled by TRANS-
PARENT TESTA GLABRA2 (TTG2, a WRKY transcription
factor) during trichome and root hair formation in Arabidopsis,36

therefore, presence of W-box in AaGL2 promoter is expected. A
cell cycle-related MSA-like element (M phase-specific activity;
TCTAACGGTCA) which resembles binding site of MYB factors
(c-myb and v-myb) is also present in AaGL2 promoter at position
¡87 to ¡77 and agrees with the consensus sequence (T/C)C(T/
C)AACGG(T/C)(T/C)A reported earlier by Ito et al.37 in Cathar-
anthus roseus B-type cyclin gene CYM. Trichome size and branch-
ing is associated with cell cycle and endoreduplication events in
the nucleus,11 hence interaction of certain cell cycle proteins with
the MSA-like element of AaGL2 promoter cannot be ruled out.
On the other hand, various cis-acting regulatory elements could
also be identified in the AaMIXTA-Like1 promoter (Fig. 1B).
Apart from TATA box, other elements include regulatory element
essential for the anaerobic induction (ARE at ¡1526 to ¡1521,
¡1190 to ¡1185, ¡1038 to ¡1033 and ¡939 to ¡934
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Figure 1. A schematic representation of the sequence of (A) AaGL2 (PAaGL2) and (B) AaMIXTA-Like1 (PAaMIX1) genomic fragments containing promoter region. The
1613 bp and 1740 bp (out of 1772 bp) genomic sequence upstream to ATG of AaGL2 and AaMIXTA-Like1, respectively, were in silico analyzed by PLACE and
PlantCARE. The positions of putative TSS, TATA box and various cis-acting elements identified are shown andmarked in the sequence.
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positions), gibberellin-responsive element (GARE motif at ¡1447
to ¡1441), skn-1 motifs for endosperm expression (GTCAT at
¡1371 to ¡1366 and ¡868 to ¡864), MYB binding site
(TAACTG at ¡860 to ¡855) involved in drought-inducibility,
light responsive elements such as I-box (GATAAGGGT at ¡1234

to ¡1226) and GT-1 motif (GGTTAAT at ¡1084 to ¡1078),
abscisic acid responsive element ABRE (CACGTG at ¡898 to
¡893), HD-ZIP binding consensus sequence (GTAATGATTA at
¡603 to ¡594), meristem-specific activation element (CCGTCC
at ¡459 to ¡454) and a MeJa-responsive element (CGTCA at
¡1370 to ¡1365) overlapping with one of the skn-1 motif. Gib-
berellin and jasmonic acid showed a synergistic effect on the tri-
chome induction in Arabidopsis and led to significant increase in
trichome number on leaf surface.38 Presence of gibberellin- and
MeJa-responsive elements in AaMIXTA-Like1 promoter indicates
toward its participation in gene regulatory roles in the trichomes.

We further analyzed tissue-specific activity of the 2 promoters
(KM892865 and KM892866) cloned by us by transforming pro-
moter-GUS construct (Fig. 2A) in Arabidopsis and A. annua.
For directional cloning in pBI101 binary vector, forward and
reverse primers harboring HindIII and BamHI restriction sites,
respectively, were synthesized for AaGL2 (Forward:
CGTAAGCTTCTCGAGCATAAAATTGTGTAT /Reverse:
ACTGGATCCTAGAGTCGATGACACATAGTC) and
AaMIXTA-Like1 (Forward: GCGAAGCTTCCTAGATGCAC-
TACATGTAAGAC /Reverse: ATAGGATCCCGGGATA-
CAAAGTGTGAGCTCT). After PCR amplification using
respective pGEM-T Easy clones as templates, finally 1583 bp
and 1648 bp genomic fragment containing the promoter region
of AaGL2 and AaMIXTA-Like1, respectively, were inserted direc-
tionally which would drive GUS reporter gene in pBI101. The
binary constructs (PAaGL2::GUS or PAaMIX1::GUS) were intro-
duced into Agrobacterium tumefaciens strain AGL1 by freeze thaw
method. The strains harboring PAaGL2::GUS or PAaMIX1::GUS
were used for transient transformation of A. thaliana (Col-0) and
A. annua seedling (2 to 3-week-old) with trichomes at the stage
of initiation and development. Agro-infiltration method
described by Ma et al.39 with modifications was used for tran-
sient transformation. Agrobacterium culture was raised in 50 ml
YEM medium containing 50 mg/l kanamycin, 100 mg/l rifam-
picin, 10 mM MES and 20 mM acetosyringone at 28�C/
200 rpm until OD600 D 0.5. The cells were harvested by centri-
fugation at 3500 £ g for 5 min and washed with re-suspension

Figure 2. Tissue-specific expression analysis of AaGL2 (PAaGL2) and
AaMIXTA-Like1 (PAaMIX1) promoters. (A) Scheme of the constructs of
PAaGL2::GUS and PAaMIX1::GUS in pBI101 binary vector used for transient
transformation of Arabidopsis and A. annua. (B) Localization of GUS in
the single-celled trichomes of Arabidopsis (i, iv), and glandular as well as
non-glandular trichomes of A. annua (ii, iii, v, vi). No GUS staining was
observed in the trichomes of Arabidopsis (vii) and A. annua (viii) tran-
siently transformed with mock vector (pBI101) control. S, Single-celled
trichome; G, Glandular trichome; T, T-shaped non-glandular trichome.
Scale bar; 500 mm (i, iv, vii), 100 mm (ii, iii, vi, viii), 300 mm (v). (C) Sche-
matic diagram of the PAaGL2::GFP and PAaMIX1::GFP constructs in pBIGFP
(modified pBI121) binary vector used for stable transformation of Arabi-
dopsis. (D) Gel image showing the amplification of GFP-specific fragment
(101 bp) by PCR in representative Arabidopsis transgenic lines harboring
PAaGL2::GFP or PAaMIX1::GFP constructs (E) GFP fluorescence in the leaf tri-
chomes of T3 lines of transgenic Arabidopsis harboring PAaGL2::GFP (ii, v)
and PAaMIX1::GFP (iii, vi) constructs. Leaf of un-transformed control plants
(i, iv) did not show any green fluorescence. Magnified fluorescent images
of trichomes (iv, v, vi) were taken under 10X objective.
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buffer (MS salts, 10 mM MES, 2% sucrose and 200 mM aceto-
syringone). Pellet was finally re-suspended in re-suspension
buffer (50 ml) containing 0.005% Silwet L-77. The seedlings
were dipped in the Agrobacterium suspension in a beaker placed
in a desiccator, and a vacuum was applied at inHg strictly for
1.0 min. Subsequently, air was slowly released into the desiccator
to avoid any tissue damage. Following agro-infiltration, the
medium was removed and the seedlings were placed on a blotting
paper in petridishes followed by co-cultivation in dark at 25�C
for 48 h. The leaf, stem/hypocotyl and root of the seedlings were
subjected to GUS histochemical staining for overnight (12 to
14 h), followed by gentle washing with 70% ethanol to leach out
chlorophyll from green tissues for clear visualization of GUS
stain. Each experiment was performed for at least 3 times using
different batches of seedlings. Finally, the processed tissues were
visualized under a light microscope (DMI3000 B, Leica, Ger-
many). Both the gene promoters showed GUS expression exclu-
sively in the trichome cells of Arabidopsis. GUS expression was
also observed in the glandular secretory cells and T-shaped tri-
chomes of A. annua (Fig. 2B). No significant staining was
observed in the stem/hypocotyl and root of the seedlings. Our
results suggest that these 2 promoter fragments carry cis-acting
regulatory elements which are necessary for trichome expression.
For further validation, promoter activity was also studied in the
stable transgenic Arabidopsis expressing an alternative reporter
gene, green fluorescent protein (GFP), driven by these promoters
(PAaGL2 and PAaMIX1). For preparing the promoter-GFP con-
structs, pBI121 binary vector was modified in which GUS cas-
sette (PCaMV35S:GUS:Ternos between HindIII and EcoRI
restriction sites) was replaced with a GFP cassette
(PCaMV35SComega:GFP:Ternos) taken from psGFPcs_1/pUC18
vector,40 at the same site to finally obtain pBIGFP binary vector.
The initially cloned genomic fragments of AaGL2 and
AaMIXTA-Like1 genes (i.e., PAaGL2 and PAaMIX1 in pGEM-T
Easy vector) were inserted directionally at HindIII/BamHI sites
replacing the CaMV35SComega promoter. PAaGL2::GFP and PAa-
MIX1::GFP binary constructs were obtained (Fig. 2C) which were
stably transformed in Arabidopsis by using floral dip method,41

and transgenics were obtained. A total of 13 and 11 kanamycin
resistant lines were generated for PAaGL2::GFP and PAaMIX1::GFP,
respectively, which were further confirmed by PCR using GFP-
specific primers (Forward: GGGCACAAGCTGGAGTA-
CAACT /Reverse: ATGTTGTGGCGGATCTTGAAG). PCR
amplification in 5 and 6 representative transgenic lines of
PAaGL2::GFP and PAaMIX1::GFP, respectively, is shown in
Figure 2D. The T3 lines of transgenic plants were analyzed for

GFP expression in the tissues by illumination with UV torch
(365 nm). Leaf surface was further visualized under a fluores-
cence microscope (DMI3000 B, Leica, Germany) at 365 nm
excitation and photographed. The fluorescence of GFP was
clearly and specifically observed in the trichomes of transgenic
plants harboring either of the 2 constructs while un-transformed
control plants did not show any GFP expression (Fig. 2E). Root,
stem/hypocotyl and flower bud of the transgenic lines did not
show GFP fluorescence above the background. The trichome-
specific expression of reporter gene in stable transgenic lines of
Arabidopsis further confirms the tissue-specific activity of these 2
promoters and existence of crucial cis-elements in their sequence.
The ATP fragment of OASA1 gene also conferred similar tri-
chome-specific activity in non-glandular and glandular trichome
of Arabidopsis and tobacco, respectively.22 A cis-acting element
to direct trichome-specific expression was also recognized in the
promoter of AtTSG1.23

In this investigation, we could identify 2 promoters which
have the capability to target gene of interest in glandular as well
as non-glandular trichomes, and may have immense biotechno-
logical applications especially for the improvement of A. annua.
The use of agro-infiltration method to study gene expression in
trichomes was demonstrated for the first time. Since the expres-
sion of foreign gene using constitutive promoters may have
adverse effect on plant development and physiology, therefore,
the availability of such trichome-specific promoters may help in
genetic engineering of trichome-related traits and metabolic engi-
neering of secondary metabolic pathways.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Director, CSIR-CIMAP for providing necessary
facilities, and National Gene Bank for MAPs maintained at
CSIR-CIMAP for providing A. annua (CIM-Arogya) seeds.

Funding

The research work was financially supported by the Depart-
ment of Biotechnology (DBT), Govt. of India, under GAP268
project (No. BT/PR6024/GBD/27/375/2012). Research fellow-
ships from CSIR and UGC, Govt. of India, are duly
acknowledged.

References

1. Ro DK, Paradise EM, Ouellet M, Fisher KJ, Newman
KL, Ndungu JM, Ho KA, Eachus RA, Ham TS, Kirby
J, et al. Production of the antimalarial drug precursor
artemisinic acid in engineered yeast. Nature 2006;
440:940-3; PMID:16612385; http://dx.doi.org/
10.1038/nature04640

2. Rios-Estepa R, Turner GW, Lee JM, Croteau RB,
Lange BM. A systems biology approach identifies
the biochemical mechanisms regulating
monoterpenoid essential oil composition in pepper-
mint. Proc Natl Acad Sci U S A 2008; 105:2818-

23; PMID:18287058; http://dx.doi.org/10.1073/
pnas.0712314105

3. Schilmiller AL, Last RL, Pichersky E. Harnessing plant tri-
chome biochemistry for the production of useful com-
pounds. Plant J 2008; 54:702-11; PMID:18476873; http://
dx.doi.org/10.1111/j.1365-313X.2008.03432.x

4. Ferreira JFS, Janick J. Floral morphology of Artemisia annua
with special reference to trichomes. Int J Plant Sci 1995;
156:807-15; http://dx.doi.org/10.1086/297304

5. Duke MV, Paul RN, Elsohly HN, Sturtz G, Duke SO.
Localization of artemisinin and artemisitene in foliar
tissues of glanded and glandless biotypes of Artemisia

annua L. Int J Plant Sci 1994; 155:365-72; http://dx.
doi.org/10.1086/297173

6. Teoh KH, Polichuk DR, Reed DW, Nowak G,
Covello PS. Artemisia annua L. (Asteraceae) tri-
chome-specific cDNAs reveal CYP71AV1, a
cytochrome P450 with a key role in the biosynthe-
sis of the antimalarial sesquiterpene lactone
artemisinin. FEBS Lett 2006; 580:1411-16;
PMID:16458889; http://dx.doi.org/10.1016/j.
febslet.2006.01.065

7. Teoh KH, Polichuk DR, Reed DW, Covello PS.
Molecular cloning of an aldehyde dehydrogenase

www.tandfonline.com e1087629-5Plant Signaling & Behavior



implicated in artemisinin biosynthesis in Artemisia
annua. Botany 2009; 87:635-42; http://dx.doi.org/
10.1139/B09-032

8. Zhang Y, Teoh KH, Reed DW, Maes L, Goossens A,
Olson DJ, Ross AR, Covello PS. The molecular cloning
of artemisinic aldehyde Delta11(13) reductase and its
role in glandular trichome-dependent biosynthesis of
artemisinin in Artemisia annua. J Biol Chem 2008;
283:21501-8; PMID:18495659; http://dx.doi.org/
10.1074/jbc.M803090200

9. Soetaert SS, Van Neste CM, Vandewoestyne ML,
Head SR, Goossens A, Van Nieuwerburgh FC, Deforce
DL. Differential transcriptome analysis of glandular
and filamentous trichomes in Artemisia annua. BMC
Plant Biol 2013; 13:220; PMID:24359620; http://dx.
doi.org/10.1186/1471-2229-13-220

10. McDowell ET, Kapteyn J, Schmidt A, Li C, Kang JH,
Descour A, Shi F, Larson M, Schilmiller A, An L, et al.
Comparative functional genomic analysis of Solanum
glandular trichome types. Plant Physiol 2011;
155:524-39; PMID:21098679; http://dx.doi.org/
10.1104/pp.110.167114

11. Ishida T, Kurata T, Okada K, Wada T. A genetic regu-
latory network in the development of trichomes and
root hairs. Annu Rev Plant Biol 2008; 59:365-86;
PMID:18257710; http://dx.doi.org/10.1146/annurev.
arplant.59.032607.092949

12. Serna L, Martin C. Trichomes: different regulatory net-
works lead to convergent structures. Trends Plant Sci
2006; 11:274-80; PMID:16697247; http://dx.doi.org/
10.1016/j.tplants.2006.04.008

13. Glover BJ, Perez-Rodriguez M, Martin C. Develop-
ment of several epidermal cell types can be specified by
the same MYB-related plant transcription factor.
Development 1998; 125:3497-508; PMID:9693152

14. Di Stilio VS, Martin C, Schulfer AF, Connelly CF. An
ortholog of MIXTA-like2controls epidermal cell shape
in flowers of Thalictrum. New Phytol 2009; 183:718-
28; PMID:19659588; http://dx.doi.org/10.1111/
j.1469-8137.2009.02945.x

15. Jakoby MJ, Falkenhan D, Mader MT, Brininstool G,
Wischnitzki E, Platz N, Hudson A, H€ulskamp M, Lar-
kin J, Schnittger A. Transcriptional profiling of mature
Arabidopsis trichomes reveals that NOECK encodes the
MIXTA-like transcriptional regulator MYB106. Plant
Physiol 2008; 148:1583-602; PMID:18805951;
http://dx.doi.org/10.1104/pp.108.126979

16. Gilding EK, Marks MD. Analysis of purified glabra3-
shapeshifter trichomes reveals a role for NOECK in reg-
ulating early trichome morphogenic events. Plant J
2010; 64:304-17; PMID:21070410; http://dx.doi.org/
10.1111/j.1365-313X.2010.04329.x

17. Turner GW, Gershenzon J, Croteau RB. Development
of peltate glandular trichomes of peppermint. Plant
Physiol 2000; 124:665-80; PMID:11027716; http://
dx.doi.org/10.1104/pp.124.2.665

18. Maes L, Van Nieuwerburgh FC, Zhang Y, Reed DW,
Pollier J, Vande Casteele SR, Inz�e D, Covello PS,
Deforce DL, Goossens A. Dissection of the phytohor-
monal regulation of trichome formation and biosynthe-
sis of the antimalarial compound artemisinin in
Artemisia annua plants. New Phytol 2011; 189:176-89;
PMID:20874804; http://dx.doi.org/10.1111/j.1469-
8137.2010.03466.x

19. Dutt M, Dhekney SA, Soriano L, Kandel R, Grosser
JW. Temporal and spatial control of gene expression in

horticultural crops. Horticulture Res 2014; 1:14047;
http://dx.doi.org/10.1038/hortres.2014.47

20. Tajrishi MM, Tuteja N. Isolation and in silico analysis
of promoter of a high salinity stress-regulated pea DNA
helicase 45. Plant Signal Behav 2011; 6:1447-50;
PMID:21897121; http://dx.doi.org/10.4161/
psb.6.10.17106

21. Srivastava VK, Raikwar S, Tuteja N. Cloning and func-
tional characterization of the promoter of PsSEOF1-
gene from Pisum sativum under different stress
conditions using Agrobacterium -mediated transient
assay. Plant Signal Behav 2014; 9:e29626;
PMID:25763698; http://dx.doi.org/10.4161/
psb.29626

22. Guti�errez-Alcal�a G, Calo L, Gros F, Caissard JC, Gotor
C, Romero LC. A versatile promoter for the expression
of proteins in glandular and non-glandular trichomes
from a variety of plants. J Exp Bot 2005; 56:2487-94;
PMID:16014363; http://dx.doi.org/10.1093/jxb/
eri241

23. Ni S, Meng L, Zhao J, Wang X, Chen J. Isolation and
characterization of the trichome-specific AtTSG1pro-
moter from Arabidopsis thaliana. Plant Mol Biol Rep
2008; 26:263-76; http://dx.doi.org/10.1007/s11105-
008-0036-5

24. Liu HC, Creech RG, Jenkins JN, Ma DP. Cloning and
promoter analysis of the cotton lipid transfer protein
gene Ltp31. Biochim Biophys Acta 2000; 1487:106-11;
PMID:11004611; http://dx.doi.org/10.1016/S1388-
1981(00)00072-X

25. Hsu C-Y, Creech RG, Jenkins JN, Ma D-P. Analysis of
promoter activity of cotton lipid transfer protein gene
LTP6in transgenic tobacco plants. Plant Sci 1999;
143:63-70; http://dx.doi.org/10.1016/S0168-9452(99)
00026-6

26. Choi YE, Lim S, Kim HJ, Han JY, Lee MH, Yang Y,
Kim JA, Kim YS. Tobacco NtLTP1, a glandular-spe-
cific lipid transfer protein, is required for lipid secretion
from glandular trichomes. Plant J 2012; 70:480-91;
PMID:22171964; http://dx.doi.org/10.1111/j.1365-
313X.2011.04886.x

27. Wang E, Gan S, Wagner GJ. Isolation and characteri-
zation of the CYP71D16trichome-specific promoter
from Nicotiana tabacum L. J Exp Bot 2002; 53:1891-7;
PMID:12177128; http://dx.doi.org/10.1093/jxb/
erf054

28. Kim S-H, Chang Y-J, Kim S-U. Tissue specificity
and developmental pattern of amorpha-4,11-diene
synthase (ADS) proved by ADS promoter-driven
GUS expression in the heterologous plant, Arabi-
dopsis thaliana. Planta Med 2008; 74:188-93;
PMID:18203058; http://dx.doi.org/10.1055/s-
2008-1034276

29. Wang H, Olofsson L, Lundgren A, Brodelius PE. Tri-
chome-specific expression of amorpha-4,11-diene syn-
thase, a key enzyme of artemisinin biosynthesis in
Artemisia annua L., as reported by a promoter-GUS
fusion. Am J Plant Sci 2011; 2:619-28; http://dx.doi.
org/10.4236/ajps.2011.24073

30. Wang H, Han J, Kanagarajan S, Lundgren A, Brodelius
PE. Trichome-specific expression of the amorpha-4,11-
diene 12-hydroxylase ( cyp71av1) gene, encoding a key
enzyme of artemisinin biosynthesis in Artemisia annua,
as reported by a promoter-GUS fusion. Plant Mol Biol
2013; 81:119-38; PMID:23161198; http://dx.doi.org/
10.1007/s11103-012-9986-y

31. Wang H, Kanagarajan S, Han J, Hao M, Yang Y,
Lundgren A, Brodelius PE. Studies on the expres-
sion of linalool synthase using a promoter-b-glucu-
ronidase fusion in transgenic Artemisia annua. J
Plant Physiol 2014; 171:85-96; PMID:24331423;
http://dx.doi.org/10.1016/j.jplph.2013.09.019

32. Stracke R, Werber M, Weisshaar B. The R2R3-MYB
gene family in Arabidopsis thaliana. Curr Opin Plant
Biol 2001; 4:447-56; PMID:11597504; http://dx.doi.
org/10.1016/S1369-5266(00)00199-0

33. Acevedo-Hern�andez GJ, Le�on P, Herrera-Estrella
LR. Sugar and ABA responsiveness of a minimal
RBCS light-responsive unit is mediated by direct
binding of ABI4. Plant J 2005; 43:506-19;
PMID:16098105; http://dx.doi.org/10.1111/j.1365-
313X.2005.02468.x

34. Ezcurra I, Ellerstr€om M, Wycliffe P, Sta
�
lberg K, Rask

L. Interaction between composite elements in the napA
promoter: both the B-box ABA-responsive complex
and the RY/G complex are necessary for seed-specific
expression. Plant Mol Biol 1999; 40:699-709;
PMID:10480393; http://dx.doi.org/10.1023/A:1006
206124512

35. Rushton PJ, Somssich IE, Ringler P, Shen QJ. WRKY
transcription factors. Trends Plant Sci 2010; 15:247-
58; PMID:20304701; http://dx.doi.org/10.1016/j.
tplants.2010.02.006

36. Ishida T, Hattori S, Sano R, Inoue K, Shirano Y, Haya-
shi H, Shibata D, Sato S, Kato T, Tabata S, et al. Ara-
bidopsis TRANSPARENT TESTA GLABRA2is directly
regulated by R2R3 MYB transcription factors and is
involved in regulation of GLABRA2 transcription in
epidermal differentiation. Plant Cell 2007; 19:2531-
43; PMID:17766401; http://dx.doi.org/10.1105/
tpc.107.052274

37. Ito M, Iwase M, Kodama H, Lavisse P, Komamine A,
Nishihama R, Machida Y, Watanabe A. A novel cis
-acting element in promoters of plant B-type cyclin
genes activates M phase-specific transcription. Plant
Cell 1998; 10:331-41; PMID:9501108

38. Traw MB, Bergelson J. Interactive effects of jasmonic
acid, salicylic acid, and gibberellin on induction of tri-
chomes in Arabidopsis. Plant Physiol 2003; 133:1367-
75; PMID:14551332; http://dx.doi.org/10.1104/
pp.103.027086

39. Ma D, Pu G, Lei C, Ma L, Wang H, Guo Y, Chen
J, Du Z, Wang H, Li G, et al. Isolation and char-
acterization of AaWRKY1, an Artemisia annua tran-
scription factor that regulates the amorpha-4,11-
diene synthase gene, a key gene of artemisinin
biosynthesis. Plant Cell Physiol 2009; 50:2146-61;
PMID:19880398; http://dx.doi.org/10.1093/pcp/
pcp149

40. Jiang CJ, Shoji K, Matsuki R, Baba A, Inagaki N, Ban
H, Iwasaki T, Imamoto N, Yoneda Y, Deng XW, et al.
Molecular cloning of a novel importin a homologue
from rice, by which constitutive photomorphogenic 1
(COP1) nuclear localization signal (NLS)-protein is
preferentially nuclear imported. J Biol Chem 2001;
276:9322-9; PMID:11124253; http://dx.doi.org/
10.1074/jbc.M006430200

41. Clough SJ, Bent AF. Floral dip: a simplified
method for Agrobacterium -mediated transformation
of Arabidopsis thaliana. Plant J 1998; 16:735-43;
PMID:10069079; http://dx.doi.org/10.1046/j.1365-
313x.1998.00343.x

e1087629-6 Volume 10 Issue 12Plant Signaling & Behavior


