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                     Abstract 
 Trichomes are specialized structures derived from epidermal cells. Apart from providing protection to plants, trichomes 

are source of medicinally important compounds. Although genes involved in initiation and patterning of trichomes have 

been characterized in some plants like  Arabidopsis thaliana , but our knowledge about the development of these trichomes 

is still limited. Recent studies confi rm the role of diff erent transcription factors in trichome development of plants. In model 

plant  Arabidopsis  diff erent transcription factor families have been studied in detail. It has been found that transcription fac-

tors like bHLH, R2R3 MYB form an activation complex with TTG1 which initiate trichome formation while as R3 MYB 

type transcription factors inhibit the formation of activation complex. The activation complex acts as a major trigger in the 

regulation of trichome development. It would be interesting to know whether such activation complex occurs in other plants 

like  Nicotiana tobaccum ,  Lycopersicum esculentum ,  Artemisia annua  etc. In this review, we focus on recent updates on tran-

scriptional regulation of trichome development and conservation of these regulators in various species of pharmacologically 

and economically important plants. We have briefl y discussed the cross talk of transcription factors with diff erent hormones 

during trichome development. Further we have elaborated fundamental research ideologies on trichome development and 

translation of this research from model plant to plants of industrial interest. 
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      Introduction 

 Trichomes are the epidermal structures which protect plants 

from adverse environmental conditions, hazardous chemi-

cals and herbivore insects (Mauricio  1998 ). Trichomes are 

mainly confi ned to the aerial parts of plant and vary in shape, 

size and function (Wagner et al.  2004 ). Depending upon 

morphology and secretory ability trichomes are broadly 

classifi ed into two main classes: glandular and non-glandular 

trichomes (Werker  2000 ). Non glandular trichomes are uni-

cellular or multicellular, branched or unbranched and are 

mostly involved in protecting plants against biotic (herbi-

vores) and abiotic (high UV) stresses (Karabourniotis et al. 

 2019 ). On the other hand glandular trichomes have the pecu-

liar ability to synthesize, store or secrete enormous amount 

of secondary metabolites which help plant to cope up with 

the changing environmental conditions. Glandular trichomes 

are mostly multicellular comprising of three diff erent types 

of cells which are diff erentiated into basal, stalk and api-

cal cells. On the basis of size of head and length of stalk, 

glandular trichomes are further classifi ed into two diff er-

ent types, peltate and capitate. Peltate trichomes are either 

unicellular or bicellular with a peculiar short stalk and large 

secretory head comprising of around four to eighteen cells 

arranged in circular form whereas capitates trichomes have 

a long stalk with length more than the half of head height 

(Glas et al.  2012 ). A key feature of glandular trichomes is 

to store and secrete large number of secondary metabolites 

including terpeniods (Gershenzon and Dudareva  2007 ), 
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phenylpropanoids (Xie et al.  2008 ), acyl sugars (Weinhold 

and Baldwin  2011 ) and fl avonoids (Tattini et al.  2000 ). It has 

been found that diff erent types of trichomes may be present 

in the various parts of single plant for example in  Solanum 
lypersicum  (Tomato) hypocotyls, leaves, stem, immature 

fruit and fl oral organs bear diff erent types of trichomes 

which diff er with respect to morphology and chemistry 

(Kang et al.  2010 ). On the basis of morphology trichomes 

of  Solanum spp.  are classifi ed into eight diff erent types as 

described by Luckwill  1943  and Channarayappa et al.  1992 . 

These eight glandular trichomes are further distinguished 

into glandular (type I, IV, VI, VII) and non glandular (type 

II, III, V and VIII). The glandular trichomes are categorized 

on the bases of number of stalk and secretory cells and also 

on their secondary metabolites which they synthesize. For 

example type I and IV glandular trichomes synthesized 

mainly acyl sugars, type VII trichome synthesized alka-

loids (McDowell et al.  2011 ). All these trichome types of 

 Solanum  species are briefl y described in Fig.  1 . In addition 

of providing defence to plants, these secondary metabolites 

are utilized by pharmaceutical industries in the treatment 

of various human diseases. For example Tetrahydrocan-

nabinol produced in glandular trichomes of  cannabis sativa  
act as a strong analgesic (Robson  2001 ). In addition to this 

Plants secondary metabolites are used as a food additives, 

for example lamiaceae species such as ( Mentha piperita , 

  Fig. 1       Types of Trichomes as described by Channarayappa et al. ( 1992 )  
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 Ocimum basilicum ,  Lavandula Spica ,  Thymus vulgaris)  are 

cultivated for their secondary metabolites which are synthe-

sised in their glandular trichomes (Schilmiller et al.  2008 ). 

Antifungal compounds like gossypol and related compounds 

are synthesised in glandular trichome of cotton ( Gossypium 
hirsutum ) (Mellon et al.  2012 ).         

 Knowing the importance of secondary metabolites in 

human health care system and their limited production in 

plants, various approaches have been applied by molecular 

biologists to enhance the production of secondary metab-

olites in trichomes. One of the key strategies is the over-

expression or silencing of metabolic pathway genes of the 

secondary metabolites by various in-vitro techniques. As 

most of the secondary metabolites are synthesized within tri-

chomes, so increasing trichome density or manuplating tri-

chome developmental genes will also play an important role 

in enhancing metabolite biosynthesis within planta. Much 

progress has been made to understand the development of 

non-glandular trichomes, but little is known about the mech-

anisms underlying the development of glandular trichomes 

(Tissier  2012 ). Diff erent transcription factors have been 

found to control trichome development in diff erent plants. 

These include basic-helix-loop-helix (bHLH) type transcrip-

tion factors, a second largest transcription factor family in 

plants. The bHLH transcription factors are involved in con-

trolling various developmental processes including stomata 

development, root hair formation (Pires and Dolan  2010 ) 

and metabolic regulation of various hormones (Friedrich-

sen et al.  2002 ). Another transcription factor family having 

vital role in trichome development is MYB transcription 

factors. Depending on number of conserved R domain, these 

transcription factors can be either R2R3 type or R3 type. 

R2R3MYB type transcription factors control various devel-

opmental processes including secondary metabolism, dis-

ease resistance, organ development etc. (Dubos et al.  2010 ). 

In addition to above transcription factor families, class IV 

homeodomain leucine zipper (HD-Zip) family also control 

various developmental processes including diff erentiation of 

epidermis during pre and post embryonic development and 

are characterized by homeodomain containing N terminal 

Leu zipper having internal loop (Yang et al. 2002). As far 

as role of these transcription factors in trichome develop-

ment is concerned, three transcription factors including GL1 

(R2R3 MYB), GL3 (bHLH) and TTG1 (WD 40 repeat) form 

an activator complex which in turn activates expression of 

genes involved in trichome development (Rerie et al.  1994 ). 

While as R3 MYBs like CPC inhibits this activator com-

plex. In addition to these several other transcription factors 

have been characterized in model plants including  Arabidop-
sis thaliana ,  lycopersicum esculata ,  Artemisia annua  etc. 

which positively regulate trichome development in these 

plants  ( Table  1 ). This review provides an update about the 

regulatory role of various transcription factors in trichome 

development in diff erent model plants. In addition to this we 

have also discussed conservation among the transcription 

factors in the regulation of trichome development. Further 

we have briefl y discussed about various future strategies 

which can be adopted to increase the density of glandular 

trichomes.  

    Trichomes as a source of pharmacological 
important secondary metabolites 

 Plant glandular trichomes act as chemical factories for 

storage and biosynthesis of secondary metabolites which 

according to chemical structure can be classifi ed as terpe-

noids, phenylpropanoids/polyketides, acyl sugars, and fatty 

acid derivatives. Among these terpenes represent largest and 

most diverse group of secondary metabolites (Maimone and 

Baran  2007 ) and are involved in defence against pests, for 

example beta-farnesene a sesquiterpene repels aphid ( Myzus 
persicae ) in wild potato (Gibson and Pickett  1983 ). In addi-

tion to this many terpiniod compounds have medicinal prop-

erties and for this various medicinal plants have been inves-

tigated to fi nd the source of these medicinally important 

terpenes. Among these plants  cannabis  is a common source 

and has anti-cancer, anti-infl ammatory analgesic properties 

(Lötsch et al.  2018 ). Tetrahydrocannabinol is a monoter-

pene from  cannabis  that has been found to reduce depres-

sion and anxiety related disorders in humanns (Ranieri et al. 

 2015 ). Averol is sesquiterpene that has been utilised against 

AIDS virus in humans (Ranieri et al.  2015 ). Similarly in 

 Artemisia annua , trichomes are the source of artemisinin 

a sesquiterpene lactone that is used to treat malaria (Chad-

wick et al.  2013 ). Another plant namely  Salvia divinorum  
(Lamiaceae) produces salvinorin A diterpenes in glandular 

trichomes that has hallucinogenic properties (Siebert 2004).

In addition to terpenes diff erent Phenylpropanoids, polyke-

tides are also produced by trichomes. For example, eugenol, 

methylchavicol and methyleugenol are some phenylpropeni-

ods produced by  basil  plant (Gang et al.  2001 ). Trichomes 

in plant  Phyllyrea latifolia  belonging to Oleaceae are the 

source of fl avonoid glycosides (Tattini and Gucci 1999), 

and those of Orobanche ramose trichomes accumulate both 

phenylpropanoids and monoterpenes (Sacchetti et al.  2003 ). 

Trichomes of  Humulus lupulus  accumulate C5-prenylated 

polyketides xanthohumol and humulone and it is due to the 

presence of this humulone which makes  Humulus lupulus  
as a potential candidate in providing fl avour to beer (Bottger 

et al.  2018 ). Fatty acids also act as a precursors of many 

secondary metabolites. For example hexanoic acid (fatty 

acid) is a precursor of olivetolic acid which intern is a pre-

cursor for tetrahydrocannabinol. Similarly in plant  Solanum 
habrochaites  several methylketones which have insecticidal 

properties are synthsized in a process in which hydrolysis of 
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the b-ketoacyl ACP intermediates of fatty acid is followed by 

decarboxylation (Fridman et al. 2005). Type 1V glandular 

trichomes in  Solanum pennellii ,  Datura and petunia are the  
source of acyl sugars which intern act strong deterrent to 

insects (Kroumova and Wagner  2003 ). Although the focus 

on understanding trichome development is mainly due to 

the presence of secondary metabolites but recently certain 

proteins that donot function in secondary metabolite bio-

synthesis but contribute to overall trichome function have 

been characterized. One such protein is protease inhibitor 

which inhibits digestive protease in herbivores and there-

fore provide fi rst line of defence against herbivory (Liu et al. 

 2006 ). Guti errez-Alcala et al. ( 2000 ) reported the accumu-

lation of glutathione in trichomes which may be involved 

in detoxifi cation of xenobiotics and as an antioxidant. Tri-

chomes of  tobacco  secrete water soluble low molecular 

weight glycoproteins known as phylloplanins. Since these 

glycoproteins inhibit spore formation and therefore prevent 

the onset of blue-mould disease caused by  Peronospora 
tabacina  (Kroumova et al.  2007 ) .  

 Knowing the importance of glandular trichomes and lim-

ited biosynthesis of metabolites in these trichomes, it has 

become important to understand the regulatory aspects of 

trichome development as well as regulation of key enzymes 

involved in biosynthesis of secondary metabolites, so that 

these trichomes can be engineered for increased biosynthe-

sis of metabolites. For this trichomes off er two advantages. 

Firstly trichome defi cient plants do not die and live normally 

  Table 1       Key transcription factors in trichome development of  Arabidopsis ,  Lycopersicum , and  Artemisia    

  Plant    TFs    Type    Role    References  

   Arabidopsis     Gl1    R2R3MYB    Positive and negative in initiation    Larkin et al. ( 1994 )  

    Gl2    HD-ZIP IV    Positive in initiation    Johnson et al. ( 2002 )  

    Gl3    bHLH    Positive in initiation and branching    Payne et al. ( 2000 )  

    EGL3    bHLH    Positive in initiation    Zhang et al. (2003)  

    TTG1    WD-40 repeat    Positive in initiation    Payne et al. ( 2000 )  

    TTG2    WRKY    Positive in initiation    Johnson et al. ( 2002 )  

    TRY     R3 MYB    Negative in initiation    Schellmann et al. ( 2002 ) and Kirik et al. ( 2004 )  

    CPC    R3MYB    Negative in initiation    Schellmann et al. ( 2002 ) and Kirik et al. ( 2004 )  

    GIS    C2H2    Positive in initiation,negative in branching    Gan et al. ( 2006 )  

    GIS2    C2H2    Positive in initiation    Gan et al. ( 2007 )  

    GIS3    C2H2    Positive in initiation    Sun et al. ( 2015 )  

    TCL1    R3 MYB    Negative in initiation    Wang et al. ( 2007 )  

    TCL2    R3MYB    Negative in initiation    Gan et al. ( 2011 )  

    ZFP8    C2H2    Positive in initiation    Gan et al. ( 2007 )  

    TEM1    AP2/B3    Negative in initiation    Matías-Hernández et al. ( 2016)   

    TEM2    AP2/B3    Negative in initiation    Matías-Hernández et al. ( 2016)   

    TCP4    CLASS II TCP    Negative in initiation    Vadde et al. ( 2018 )  

    TCP14    CLASS I TCP    Positive    Wang et al. ( 2013 )  

    JAZ1    ZIM DOMAIN    Negative in initiation    Qi et al. ( 2014 )  

    GA1    DELLA    Negative in initiation    Jacobsen et al. ( 1996 )  

    MYB82    R2R3MYB    Positive    Liang et al. ( 2014 )  

    MYC1    bHLH    Positive    Pesch et al. ( 2013 )  

    ATMYB61    R2R3MYB    Positive in initiation and branching    Matias-Hernandez et al. ( 2017 )  

   Lycopersicum     SLXM1    R2R3MYB    Positive in initiation    Shi et al. ( 2018 )  

    SLCD2    C2H2    Positive in initiation    Nadakuduti et al. ( 2012 )  

    WOOLY    HD –ZIP    Positive in initiation    Vendemiatti et al. ( 2017 )  

    SIH    C2H2    Positive in initiation    Xu et al. ( 2018 )  

    SITRY     R3MYB    Negative    Tominaga-Wada et al. ( 2013 )  

   Artemisia           

    AaHD1    HD-ZIP    Positive    Yan et al. ( 2017 )  

    AaHD8    HDZIP    Positive    Yan et al. ( 2018 )  

    AaMIXTA1    R2R3 MYB    Positive    Shi et al. ( 2018 )  

    AaTAR1    AP2/ERF    Positive    Hexin et al. (2015)  

    AaMYB1    R2R3MYB    Positive role in initiation and branching    Matias-Hernandez et al. ( 2017 )  
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under favourable environmental conditions. Second com-

pounds secreted by trichomes are not reabsorbed by any part 

of plant. 

    Transcriptional regulation of trichome 
development in plants 

  Arabidopsis thaliana  has become the model for studying 

trichome development due to the availability of large number 

of trichome specifi c mutants (Hulskamp et al.  1994 ). More 

than 70 genes having role in initiation and diff erentiation 

of trichomes have been characterised in  Arabidopsis thali-
ana . Among these TRANSPARENT TESTA GLABRA 1 

(TTG1) a WD40 Repeat protein and GLABRA1 (GL1) an 

R2R3 MYB transcription factors are key genes which ini-

tiate trichome development because  gl1  and  ttg1  mutants 

exhibit almost hairless phenotype (Larkin et al.  1994 ). But 

overexpression of GL1 inhibits trichome development in 

 Arabidopsis  by unknown leaf epidermal inhibition pro-

gramme (LEIP), indicating homeostasis of GL1 is vital for 

trichome development (Larkin et al.  1994 ; Szymanski et al. 

 1999 ). It has been validated that two basic helix loop helix 

transcription factors GLABRA3 (GL3) and ENHANCER 

OF GLABRA3 (EGL3) have redundant role in trichome 

development. By analyzing phenotype of various mutants 

in  Arabidopsis , it has been found that  gl3  exhibit less branch-

ing in trichomes and  egl3  has moderate eff ect in trichome 

number, but double mutant  gl3 ,  egl3  were having glabrous 

phenotype which verifi es the redundant role of these two 

transcription factors in trichome development. However 

it has been found that GL3 and EGL3 mediate interaction 

between MYB and TTG1 (Payne et al.  2000 ; Zhang et al. 

2003). TTG1 can move freely between epidermal cells and 

accumulate in cells having high levels of GL3 and cells with 

high GL3/TTG1 complex develop in to trichomes (Bouyer 

et al.  2008 ; Balkunde et al.  2011 ). In other words GL3 traps 

TTG1 in incipient trichome cells thereby depleting it from 

neighbouring cells. In addition to this GL3 physically inter-

acts with TTG1 and GL1 in yeast two hybrid assays (Payne 

et al.  2000 ). Together these results suggest that a trimeric 

activation complex is formed between TTG1, GL1 and GL3/

EGL3 to activate the expression of downstream target genes 

involved in trichome development. GL2 is one of the targets 

of activator trimeric complex which is involved in regulating 

the diff erentiation of trichome precursor cells (Rerie et al. 

 1994 ). 

 GL2 belongs to class IV HD-ZIP transcription factors 

expressed in mature trichomes. Mutants of GL2 ( gl2 ) pro-

duce abnormal trichomes characterized by single branch and 

most of the trichomes do not expand (Rerie et al.  1994 ). No 

glabrous phenotype was seen in  gl2  mutants indicating inde-

pendent mechanism of GL2 in trichome development. TTG2 

a WRKY type transcription factor is also the downstream 

target of trimeric activator complex that is mostly expressed 

in leaf blade, trichomes and developing seeds. Mutations in 

TTG2 cause defects in trichome patterning and diff erentia-

tion (Johnson et al.  2002 ). TTG2 was not expressed in  ttg1  
mutants, which intern means expression of TTG2 depends 

on TTG1. Further double mutants  ttg2 ,  gl2  show synergism 

in phenotypes indicating that GL2 and TTG2 both work 

together in regulating trichome cell diff erentiation (Ishida 

et al.  2007 ). In addition of activating positive regulators of 

trichome development, trimeric complex also activates the 

expression of several genes which negatively regulate the 

trichome development. These include R3 single repeat MYB 

genes like TRIPTYCHON (TRY) (Schellmann et al.  2002 ), 

CAPRICE (CPC) (Schnittger et al. 1999), ENHANCER OF 

TRY (Esch et al.  2004 ) AND CPC1 (ETC1), ETC2, ETC3 

(Kirik et al.  2004 ), TRICHOMELESS (TCL1) and TCL2 

(Wang et al.  2007 ). Increase in density of trichomes were 

found in  cpc ,  etc1  and etc3 mutants whereas in try mutants 

trichomes are arranged in clusters (Kirik et al.  2004 ; Schell-

mann et al.  2002 ) suggesting that TRY mediates lateral inhi-

bition during trichome patterning. No change was found in 

the trichome density of  tcl1  and  tcl2  mutants. Overexpres-

sion of all these single R3 MYB genes lead glabrous phe-

notype, while as single R3 mutant leads to diff erent pheno-

type indicating that these genes do not have fully redundant 

activity (Yang and Ye  2013 ). It has been found that these 

R3 MYB repressors after induction move to neighbouring 

cells were they compete with GL1 for binding GL3, There-

fore inhibiting the formation of activator complex in non 

trichome cells (Payne et al.  2000 ; Bernhardt et al.  2003 ). 

Since the expression of both positive regulators and negative 

regulators are induced by trimeric complex, which in turn 

means a feedback system operates between activators and 

inhibitors in which activators turn on inhibitors and them-

selves down regulated by inhibitors. In addition to this some 

R3 MYBS like TCL1 and TCL2 directly supress the expres-

sion of GL1 (Wang et al.  2007 ; Gan et al.  2011 ). 

 HDG11, a member of HD-ZIP transcription factor also 

controls trichome development in  Arabidopsis . HDG11 was 

initially found to have negative role in trichome branching 

as increased branching in trichomes was seen in  hdg11  
mutants (Nakamura et al.  2006 ). But later on intensive tri-

chome diff erentiation defects were seen in double mutants 

of  gl2 ,  hdg11 . In addition to this ProGL2: EYFP: HDG 11 

was able to rescue phenotype of double mutant  gl2 ,  hdg11  
and partially in  gl2  mutant (Khosla et al.  2014 ), which pos-

tulates HDG11 may positively regulate trichome initiation in 

absence of GL2. It has also been shown that there is not any 

direct interaction between GL2 and HDG11 depicting that 

HDG11 regulates trichome development by GL2 independ-

ent mechanism. One of the important R2R3 MYB transcrip-

tion factor having positive role in trichome development of 
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Arabidopsis is ATMYB23. It has been found that ATMYB 

23 is functionally redundant to GL1 with respect to trichome 

initiation and overexpression of ATMYB 23 is able to par-

tially rescue defects in trichome development in  Arabidopsis 
gl2  mutant (Kirik et al.  2005 ). It has been recently observed 

that GL2 binds to the L-box element in the promoter of 

ATMYB 23 and the expression of ATMYB 23 is highly 

reduced in the  gl2  mutants, predicting GL2 as an impor-

tant candidate for the expression of ATMYB 23. Also it has 

been found that ATMYB 23 binds its own promoter (Khosla 

et al.  2014 ). All these observation indicate that once GL2 

is expressed, it activates the expression of MYB23 by bind-

ing to promoter of MYB23. Since MYB 23 is functionally 

redundant to GL1, therefore incorporation of MYB 23 in 

to trimeric activation complex is obvious. In other words 

for the maintenance of trichome cell fate GL2 and MYB 23 

work together. 

 Another R2R3 transcription factor, MYB82 also posi-

tively regulates trichome development in Arabidopsis. It has 

a high sequence similarity with GL1 and like GL1 its over-

expression leads to reduced trichome number. It has been 

depicted that cDNA of MYB82 driven by GL1 promoter 

partially rescues phenotype of  gl1  mutant by complementa-

tion assay, whereas genomic DNA of MYB82 driven by the 

same promoter fully restores the phenotype of  gl1  mutants. 

Later on it has been proved that perfect MYB binding box 

resides in the third exon of MYB82. Since MYB82 inter-

acts with GL3, indicating its integration in trimeric com-

plex. But being paralogue to GL1, MYB82 has evolved as 

a distinct cis regulatory element which directly eff ects its 

function (Liang et al.  2014 ). A bHLH transcription fac-

tor ATMYC1 positively regulates trichome development 

as  atmyc1  mutants exhibited decreased trichome density. 

Both GL3 andEGL3 recover the phenotypes of  atmyc1 , but 

ATMYC1 was not able to substitute GL3 and EGL3 indicat-

ing that ATMYC1 may work in diff erent way in controlling 

trichome development. In addition to this transcript levels 

of GL2,TRY CPC does not change in  atmyc1  mutants and 

in co-expression results of ATMYC1 with CPC and TRY, 

both CPC and TRY were localized in nucleus in spite of 

absence of nuclear localization signal (Pesch et al.  2013 ). 

All these results indicate that ATMYC1 may inhibit the role 

of CPC and TRY. Some transcription factors control specifi c 

stage of trichome development. In Arabidopsis GLASSY 

HAIR is involved in arrangement of surface of papillae in 

an advanced phase of trichome diff erentiation (Suo et al. 

 2013 ). Some genes like TOO MANY MOUTH (Yan et al. 

 2014 ) cause reduction in trichome number particularly in 

organs of reproductive phase, indicating its role in trichome 

development during advanced stages of plant development. 

 Genetic factors that regulate trichome development 

have been studied in detail, but upstream regulators which 

link early morphogenesis of leaf with diff erentiation are 

less studied. Among these TCP transcription factor fam-

ily is choice of discussion. TCP transcription factors are 

named after three transcription factors; TEOSINTINE 

BRANCHED 1, CYCLEOIDEA and PROLEFERATING 

CELL FACTORS. These proteins are characterized by TCP 

domain containing basic helix loop helix motif and on the 

basis of sequence variation, these are classifi ed into two 

types namely class I (TCP-P) and class II (TCP-C). TCPII 

control various developmental processes in plants includ-

ing morphogenesis of stem, leaf, and fl ower symmetry and 

hormone biosynthesis (Nicolas and Cubas  2016 ). Due to less 

study on TCPI, their function is not well known. However 

various studies have found their role in seed germination 

(ATTCP14) and pollen development (ATTCP16). So far the 

role of TCP in trichome development is concerned; there are 

reports that both CLASSI and CLASSII TCP are involved in 

trichome development. Among class 1 TCP proteins TCP 14 

and TCP15 are involved in trichome development in  Arabi-
dopsis  and cotton (Steiner et al.  2012 ; Wang et al.  2013 ). 

In addition to this recombinant, repressor form of TCP 15 

enhances trichome branching by promoting endoreduplica-

tion. Among the class II TCP Proteins TCP4 causes decrease 

in trichome branching by transcriptional activation of GIS in 

 Arabidopsis . On comparing branching of trichomes in class 

II TCP mutant ( jaw-D ) with  col-0 , the proportion of three 

branched trichomes increased by 90% in  jaw-D  mutant. In 

addition to this no change in endoreduplication was found 

in  jaw-D  mutants (Batthula et al. 2017) indicating that class 

II TCP transcription factors control branching of trichomes 

in endoreduplication independent manner. Expression levels 

of TCL1 and TCL2 were enhanced while as GL1 expression 

was down regulated soon after induction of TCP4 (Challa 

et al.  2016 ). The putative TCP4 binding sites were found 

in the regulatory regions of TCL1 and TCL2 (Vadde et al. 

 2019 ). Further binding of TCP4 to the regulatory regions of 

TCL1 and TCL2 were confi rmed by both in vivo luciferase 

assay as well as in planta GUS assay (Vadde et al.  2019 ). All 

these results confi rm that TCP4 inhibit trichome morpho-

genesis either by activating transcription of  GIS  gene or by 

enhancing the expression of negative regulators like TCL1 

and TCL2. A simplifi ed updated model showing the role of 

diff erent transcription factors in trichome development of 

 Arabidopsis  is shown in Fig.  2 .         

 Compared to  Arabidopsis  having non-glandular T-shaped 

trichomes, plants like  Nicotiana tobaccum Solanum lyco-
persicum  and  Artemisia annua  have glandular secretory 

trichomes. Even though  Artemisia annua  contain T shaped 

(non-glandular) trichomes (Duke and Paul  1993 ). The pro-

duction of anti-malarial drug Artemisinin was fi rst reported 

in glandular trichomes which makes them an active area of 

research (Chen et al.  2018 ). Later on (Rika Judd et al.  2019 ) 

showed that T Shaped non glandular trichomes of Artemisia 

also produce artemisinin. 
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SLMX1 to control trichome development in tomato, but this 

interaction is yet to be elucidated. A bHLH transcription 

(SLMYC1) and C2H2 zinc fi nger transcription factor (SIH) 

also control the initiation of type VI glandular trichomes 

in Tomato (Xu et al.  2018 ). In  Nicotiana tobacum  over 

expression of  A.majus  AmMYBL1 (MIXTA type) and cot-

ton cotMYBA (MIXTA type) promotes glandular trichomes 

(Perez-Rodriguez et al.  2005 ). But neither over expression 

of Arabidopsis GL1 show any change on trichome develop-

ment in  Nicotiana tobacum , nor does ectopic expression of 

MIXTA reverse the phenotype of  gl1  mutant in Arabidopsis 

(Payne et al.  2000 ). All these results indicate that glandular 

trichomes in  Artemisia annua ,  Lycopersicum esculentum  
and  Nicotiana tobaccum  may follow the same pattern of 

development. 

    Conservation among regulators of trichome 
development in plants 

 How much conservation is among the regulators of trichome 

development in plants? Unfortunately less data is availa-

ble for the discussion of this conservation and mostly data 

currently available is about the regulators of  Arabidopsis 
thaliana.  As already discussed that MIXTA type transcrip-

tion factors positively regulate trichome development in 

 Arabidopsis thaliana ,  Artemisia annua ,  Nicotiana tobac-
cum  and  Lycopersicum esculentum  indicating conservation 

of MIXTA type transcription factors in the development of 

trichomes. Further SICD2, a C2H2 zinc fi nger protein is a 

homolog of AaHD8 and both positively regulate glandu-

lar trichome development in tomato and  Artemisia annua  
respectively. Loss of function mutation of SICD2 in tomato 

results in sticky peel mutant in which reduction in type IV 

glandular trichomes was seen (Nadakuduti et al.  2012 ), 

indicating conservation in the function of AaHD8/SICD2 

transcription factors in  Artemisia annua  and tomato. In 2016 

Liu et al. found that ATGIS (C2H2 ZINC FINGER PRO-

TEIN) regulates trichome development in tobacco. Recently 

in  Nicotiana benthamiana  C2HC zinc fi nger protein NbGIS 

was found to regulate initiation of glandular trichome devel-

opment (Liu et al.  2018 ). SITRY which inhibits trichome 

development in  Arabidopsis  was reported in tomato (Tomi-

naga-Wada et al.  2013 ). SITRY belongs to R3 MYB subfam-

ily and is close orthologue of ATTRY gene. Even in  Artemi-
sia annua  promoters of  AaGL2  and  AaMIXTA LIKE  drive 

the expression of reporter gene in non-glandular trichomes 

of  Arabidopsis , as well as in both glandular and T shaped tri-

chomes of  Artemisia annua  (Sunita Jindal et al.  2015 ). Since 

the expression of ATGL2 is controlled by WRKY transcrip-

tion factor TTG2 by binding to W box (TGACT) found in 

the promoter of  ATGL2  (Ishida et al.  2007 ), and the pres-

ence of W box has been reported in the promoter of  AaGL2 ) 

Jindal et al.  2015 ). In addition to this overexpression of  WD 
40  repeat from  Artemisia annua  rescued the trichomeless 

phenotype of  ttg1  mutant in  Arabidopsis  (Wang et al.  2016 ). 

Recently overexpression of AaMYB1, an orthologue of 

ATMYB61 initiates trichome development in  Arabidopsis  
(Matias-Hernandez et al.  2017 ). In addition to transcription 

factors which initiate trichome development, repressors of 

trichome development response also seems to be conserved 

in diff erent plants. For example in tomato SICYCB2 encodes 

B type cyclins which intern promotes G2/M transition and 

also induces fi rst cell division during the development of 

typeI glandular trichomes by promoting shift from endore-

duplication to mitosis in epidermal cells. Further reduction 

in number of typeI trichomes of SICYCB2-RNAI lines was 

found (Gao et al.  2017 ). Expression of  WOLLY  and  SICYCB2  
is downregulated in overexpression SIJAZ2 lines, Indicating 

SIJAZ2 as a negative regulator in trichome developmental 

response in tomato (Yu et al. 2018). Similarly in  Artemisia 
annua  expression of AaHDA1 was downregulated in over-

expression AaJAZ8 lines (Yan et al.  2018 ). In  Arabidopsis  
these JAZ proteins intereact with WD-repeat/Bhlh/MYB 

complexes to inhibit the trichome initiation (Qi et al. 2011) 

indicating that repression of trichome development response 

is conserved in many model plants and mostly involves JAZ 

proteins. All these results confi rm that development of glan-

dular trichome seems conserved among  Lycopersicum escu-
lentum ,  Artemisia annua and Nicotiana  and also share some 

homology with respect to regulatory factors of  Arabidopsis  
having non glandular trichomes. 

    Hormonal crosstalk in the transcriptional 
regulation of trichome development 

 Phytohormones does not only control plant growth and 

development but also help plants to interact with their envi-

ronment. In this case transcription factors may act alone 

or in combination to control single hormone pathway or 

integrate signals from multi hormones (hormonal cross-

talk). Phytohormones like gibberellic acid and jasmonic 

acid act synergistically to control trichome development in 

 Arabidopsis.  As compared to wild type, trichome density 

and number was increased when treated with combination 

of jasmonic acid and gibberllic acid in  Arabidopsis  (Traw 

and Bergelson  2003 ). In addition to this GL2 expression 

was also enhanced in combination of gibberllic acid and 

jasmonic acid treatments. Jasmonic acid induced trichome 

development and expression of GL2 was repressed by gib-

berllic acid biosynthesis inhibitor palcobutrazol (Qi et al. 

 2014 ). Further JAZ and RGA (DELLA protein) repressors 

of jasmonic acid and gibberllic acid respectively bind to tri-

chome developmental regulators like  GL3, EGL3  and  GL1  
(Pattanaik et al.  2014 ). All these observation indicate that 
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repressors of jasmonic acid (JAZ) and gibberllic acid (RGA) 

are degraded by 26S proteasome in presence of jasmonic and 

gibberllic acid respectively. Cross talk between gibberllic 

acid and cytokinin is mediated by C2H2 zinc fi nger proteins 

GLABROUSINFLORESCENCESTEMS (GIS), GIS2, and 

ZINC FINGERPROTEIN 8(ZFP8). Among them except GIS 

(GLABROUS INFLORESCENCE STEMS), which medi-

ates gibberllic acid response in trichome development, GIS2 

and ZFP8 initiate trichome development in gibberllic acid 

as well as cytokinin dependent manner (Gan et al.  2007 ). 

Another C2H2 zinc fi nger protein ZFP6 mediates cross-

talk between GA and CK induced trichome developmental 

pathways in  Arabidopsis . Later on it was found that ZPF6 

induces the expression of ZPF5 which intern activates the 

expression of ZPF8, GIS, GIS2 (Gan et al.  2007 ).In addi-

tion to this in  Arabidopsis  reduction in the transcript levels 

of RPN1a a subunit of ubiquitin-mediated 26 S proteasome 

has been found upon GA and CK treatments. Further in 

 rpn1a  mutants, increase in the transcript levels of  GL1,GL
2,GL3,GIS,GIS1,ZPF5,ZPF6,MYB23  and  FRC4  was found 

which positively regulate development of trichomes in GA 

and CK dependent manner TEM and TEM2 (AP2/B3 FAM-

ILY) play negative role in trichome development in GA and 

CK dependent pathway. However  tim2-2  mutants produce 

more number of trichomes than  tim1-1  indicating TIM2 may 

supress key genes in trichome initiation (Matías-Hernández 

et al.  2016 ). In comparison to JA, GA and CK salicylic acid 

play negative role in trichome development. In  Arabidop-
sis  mutation in CPR5 causes dwarfi ng as well as reduction 

in number of trichomes. Later on it was found that  cpr5 
 mutants have higher content of SA and sugar conjugated to 

SA as compared to wild type. In case of  Artemisia annua  
induction of glandular trichome development is triggered 

by jasmonic acid mediated degradation of jaz repressors. In 

this case HD-ZIP 1V transcription factor AaHD1 acts a posi-

tive regulator of trichome development and jaz8 represses 

AaHD1 activity (Yan et al.  2017 ). Brassinosteroids (BR) 

are also involved in trichome development. In  Arabidop-
sis , reduction in trichome density was seen in  bsl1  mutant 

which are impaired in brassinosteroid response (Pattanaik 

et al.  2014 ). As far as role of ethylene is concerned, Plett 

et al.  2009  have shown that ethylene controls trichome devel-

opment in GL2 and GL3 independent pathway. In the same 

article ethylene was shown to control trichome branching by 

the involvement of CHROMATIN ASSEMBLY FACTOR 

1 (CAF1) and TRY. Plants which are treated with combina-

tion of salicylic acid and jasmonic acid show decrease in 

trichome number than the plants treated with jasmonic acid 

alone. (Traw and Bergelson  2003 ). All these studies confi rm 

that Phytohormones play an important role in the develop-

ment of trichomes and interact with the transcription factors 

for the proper regulatory mechanism involved in trichome 

development. 

    Conclusion and future perspectives 

 Trichome development is regulated by diff erent transcrip-

tion factors. Among these three types including bHLH, 

R2R3 MYB, ZINC FINGER PROTEINS have been found 

to positively regulate trichome development, while as 

R3 MYB proteins negatively regulate trichome develop-

ment. Research ideologies like genome mining and gene 

knockout are two promising methods of understanding and 

modifying trichome metabolism. With the help of Genome 

mining several genes having direct or indirect role in tri-

chome development have been found from  basil  trichome 

EST libraries (Lange et al. 2000; Gang et al.  2001 ). Simi-

larly in  Artemisia annua  several genes involved in iso-

prenoid biosynthesis pathway have been elucidated from 

EST library of glandular trichomes. This EST library can 

provide target genes for knockdown or overexpression 

purposes which intern may help in modifying chemical 

composition in trichomes. Further some trichome meta-

bolic pathway produce less amount of useful compounds. 

In this case gene knockdown particularly by RNAi is use-

ful in enhancing the content of metabolites. For example 

a 50% reduction in methofuran an undesirable component 

in peppermint oil was achieved by antisense knockdown of 

Methofuran Synthase (Alam et al.  2011 ). Many achieve-

ments have been made in characterizing positive regula-

tors of trichome development, but the knowledge about 

negative regulators is limited. With the help of gene edit-

ing techniques like CRISPER-CAS9, we can knock down 

these negative regulators so that positive and favourable 

phenotypes in plants can be confi rmed. Since most tran-

scription factors which have been characterized belong 

to few plant species and it would be interesting to know 

that whether we can translate this research to other plants 

which produce pharmaceutically important compounds 

in trichomes. For this targeted induced local lesions in 

genomes (TILLING) could be used to know conserva-

tion in regulatory mechanisms in diff erent plant species. 

The basis of TILLING technique lies on cleavage of het-

eroduplex DNA by mismatch specifi c nuclease (CEL1) 

and therefore is a useful method in identifying variations 

in gene of interest (Tadele et al.  2010 ).In addition to all 

these, trichOME data base (  http:// www. plant trich ome. 

org/    .) which hosts a large data of expressed sequence tag/

unigene sequences, microarray hybridizations from tri-

chome, metabolite profi les, and trichome-related genes 

can be used to understand both development as well as 

metabolism in trichomes (Dai et al.  2010 ). 
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