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INVITED REVIEW: 

TARGETI G TRA rsGE E EXPRESSIO IN RESEARCH , AGRICULTURAL, AND ENVIRONMENTAL 

APPLICATIONS: PROMOTERS USED TN PLANT TRANSFORMATIO 

CA HOL POTENZA*, LORE ZO ALEMAN. ~'rn CHAMPA SE GUYl'A-GOPALAN 

Department of Agronomy and Horticulture. College of Agriculture. New Mexico State Unirersity, Las Cruces, NM 88003, USA 

(Heccivecl 24 March 2003: accepted :30 June 200.1; edilor K. Walanabe) 

SU~IM.AR\ 

Plant geneti c enginee ring has contributed substantially lo the understanding of gcnr regulation and plant development, 

in the generation of transgen ic organisms for widespread usage in agriculture. and has increased the potential uses of crops 

fo r industrial and pharmaceutical purposes. As the application of genetically engineered plants has widened, so has the 

need to develop methods lo fine-tune control of lransgene expression. The availability of a broad spectrum of promoters 

that differ in their ability to regulate the temporal and tipalial exp re8sion patterns of the transgene can dramatically 

increase the successful applica tion of transgenic technology. Indeed. a variety of promolPrs is necessary al all levf'b of 

genetic engineering in plants, from basic research discoveries, concepts and questions. to development of economically 

viable crops and plant commodi ties, to addressing legi timate concerns raised about the safety and containment of 

transgenic plants in the environment. Thi . review covers the characterization and usagf' of a broad range of promoters 

employed in plant geneti c engineering, including tlw widespread use of plant promotrrs with vira l and plant origin that 

d1ivc constitutive expression. Also covert>d are sclt>cted tissue-specific promoters from fruit, seed and grain, Luber- , 

flowers, pistils, anther and pollen, roots and root nodules. and leaves and green tissut' . Topics also include organellar 

promoters. and those found in specific cell types, as well as thr dt>velopmenl and evaluation of inducible (endogenous and 

exogenous origin) and synthrtic plant promoter systems. Discussions on the relevancr and potential piLfalls within specific 

applications arr included. 

Key words: transgenic plants: tissue-specific promoters; genetic engineering: constituti ve promoters; inrluciblc promoters. 

i "ITROOLCTLO.\ 

Plant genetic t.ransformation is an incredibly powe1fol appli­

cation used to s tudy gene expression in plants . It has contributed tu 

the understanding of j!;ene regu lation and plant development. LL has 

allowed for the manipu la tion and analysis of biochemical processes, 

and permi tted integration and study of genes that cannot be 

manipu lated by classical breed in g. It. has led lo an explosion of 

value-added crops that have the potential to increase food security 

in deve loping countries and create pharmaceu tical and nutriceu­

tical products for the improvement of human health worldwide. 

Despite the prospec tive socioeconomic and environnwnlal benefits 

from this lechnolngy, plant genetic engineering has also become une 

of the most divisive topics in agricu ltu re. Scientific peers and a 

concerned public have raised legitimate questions and chal lenges 

about the safety of genetically engi neered plants to both the 

consumer anrl the environment (Eaglesharn ct al. , 2001; elson. 

2001) . It has also become increasingly clear that to minimize 

potential adverse Fffecls of transgenicall y engineered plants on 

* Author lo whom correspondence should he addrPssed al: Department of 

Agronomy and Horticulture, Box MSC 3Q, New Mexiro Stale Universit y, 

Las Cruces, :'-IM 88003: Email: q,ot .. 1tza@1u11su.edu 

beneficial or nontargctcd organism,;;, the appropriate level of gene 

expression must be es tablished in the appropriate parts of the plant, 

both spatial ly and tempora.lly. The promotf'rS that rlrivc lransgene 

expression can be a part of the answer toque ·Lions about the safety 

of transgenic organisms. Tht> bt>nefits of directing gene expression 

in a temporal. spatial , and even in a deliberately controlled manner 

has been understood by researchers studying regulation and 

devt>lopmcnt in transgenic organisms for a number of years, as 

confirmed by the divers ity of promoters devt>loped. This review 

spec-ilica.lly foruses on targeting plant transgenc expression u ·ing a.n 

array of gene- promoters, from viral anrl plant constitutive promoters, 

to tissue- and cell-spec ific promoters, to inducible and synthetic 

promoters. Whether they are used in a primary research setting, or 

in the dcvc-lopment of plant prorluc-ts for an agricultural or industrial 

setting, promoter sl" leclion has become inC'reasingly important for 

suecessful gene transfer and express ion of transgenes in plants 

(Dale et al.. 2002). 
Regulation c-an occur at many different s tages of gene expre ·sion . 

and can be particularly impmtanl dming transcription . The 

promoters that drivt' Lransgene expression cnsme thi s control. 

Promoters are region. of the D A upstream of a gene's coding 

region that contain specific se(1uences recognized by proteins 

involvf'd in the initiation of transcription (Buchanan et al.. 2000). 



2 C. POTENZ-\ ET .\I.. 

F'or most genes enC'oding proteins, initi ation of transcription 
includes tlw binding and arlirntion of RNA polymerase JI. 
\ariahi lit) in gene expression on·urs wlwn other diverse. 
,,.,miconscrved ,-eque ncc e lements are present 1~ithin rcgulalo1) 
region~ of the gen!', generally upstream or S' of the Rl\A polymerase 
binding ~ite. These c lements bind protein factors that are im·oh ed 
in <"ontrolling the level and pattern of a gene's Pxpression. The 
a,·ailahilit) of a hroad spec-t rum of promoters that differ in tlieir 
ability to rf'gulatc thf' tempora l and spatial Pxpression patterns of 
the l ransge1w ('an dramatically inrrease the sucrc,,sful application 
of t ransgenic tP<-hnology. 

Over thP years. numerous promoters have h,·,·n isolated from a 
widt> uuiety of organi,,ms and applied to plant genetic engineering 
systems. Becaus!' promoters affect transcription hnth quantitatively 
a11d qualitatively. the >,Uccess of !!:erw transfer technologies, varying 
from basic rest>arch to crop improvement lo biopharming. depends 
on their efficacious selection a nd use. Transgene expression and 
patterns c·an be bellf•fieially adjusted by using a promoter sui table 
for tire plant's background and for the typt' of transgenc. For 
example. the prPsencP of multiplt> transgcne:< dri ven hy lite sam<' 
c·ons titutivt> promoter in a single plant (Beyer Pt al., 2002: Gali li 
and llofgen, 2002: Lc;.;.ard e t al.. 2002) mav result in homology­
dependent gene silencing, espt>cially when the promotf'r is a lso 
highly active (Elmayan and \'auc he rel. 1996). Variation in tltt> 
promoters selPcted to drivP these Lr:m sg .. ncs might rPduc·<· gent' 
~ilen('i ng c·oncPrns. Localizrd and targeted gent> exprc•ssion may 
also be necessary lo satisfy regulations regarding fooJ safety. such 
a~ potential allergenicity efft>cts resulting in increased hea lth risk to 
corb11rners (Kaisn. 2000: Taylor and I Idle. 2002). Promoters that 
ta rget tram,gene cxpre~sion c-an be used to avoid pol.-ntial transgPne 
genetic· drift through pollen (Scott and ,, ill-.inson. 1999; Danie ll . 
2002), or address the hypothetical risk of viral rt·c·omhinalion e1ents 
hetwei•n ho~t specie~· I)_',\ and , iral promote~ hem·i ly utilized in 
plant grnetil' .-nginccring (Vade n and Me lc her, 1990: l-l o ct a l.. 
1999: Kohli et al.. 1999: ~ orel and Tepfer, 2000). Tlwse problems 
are all oft-stated conrems of opponents of genetically enhanced 
crops. Similarly, triggered induc·tion of trans!!:encs at times whf'n 
exprt>ssion is needed (induction hy pathogens or insecb - !:>t"t' Cao 
et al., 1998) or desired (study of transgene toxic ity) is useful both in 
research and commercial ~ettings. Therefore. the i,olation and 
cha ruc-terization of promoters suitable for plant genetic engineering 
is highly de,irable. 

Ct:-.EH \I , DF.scn rP 110:-. OF Pno~1m ERS 

Thcrr have been inten~ive effo1is to characterize the molecular 
s truc ture of genomic e lements i111 olved in transcriptional regulation 
of gene expression bt't·ause of thr ir importance during initiation of 
transcription. Initiation of transcri ptio11 involve~ the initial 
interaction of HI\A polymerase II with var ious sequence e le ments 
witl1in the genomic I) A. R ·A polymerase II binding ultimate ly 
allows for the further rt'crui tment of numerous proteins (transcrip­
tion factors) that facilitate tran.,cription of the protein-coding region 
of the gerw. The binding regions for transcription factors are localed 
primarily upstrl'am or S' of the coding region of a gene. and tlw 
D ' A sequence that includes these bind ing regions i,, generally 
referred to as the promoter. Promote rs are a set of transcription 
control modules clus tered around the initiation si te of R A 
polymnase II (Russt>ll. 1996). They arc important in the control of 

thr overall expression profile of a gene, either thiving or prt>venting 
transcription a l appropria te timrs and places. Generally, the basal 
or f"ore promotc-r is located about 40 base pairs upslre<1111 of the s tart 
of transcription, and the upstream promoter region may extend as 
many as 200 base pa irs fa11her ups tream. Although initiation of 
transcription is dependen t on sequences found i11 the core and 
up5lream promoter region, many other D~ <\ seque nce motif~. which 
occur ,1 itltin the surrounding Dl\A, are al~o involved in tlw 
regu lation of gene expression. 

Indeed, much of the fine-tuning of gene expression is controlled 
by sequence-targeted transcription fac-tors or enhancer-binding 
prote ins (Alht>rls ct al.. 2002). Enhancn-binding proteins bind to 
sequence motifs or cis-elemenls within the promotl'r of a gene. 
These cis-elt>menls are also callPd regulatory e lements. cnhanC'n 
t>lements or enhanl"l'rs. Enhanf"Pr eleme nts can be grnerally defined 
as impe rfectly conscrvt>cl DNA sequence modu les. varyi ng i11 s ize 
and sho,1 ing sequence degeneracy that can make it difficul t Lu 
recognize thl'm in comparatil'e analy;.c,,, A large assortme nt of 
enhancers has been di sl'overed using promoter deletion s tudies. 
I) \J A foot-pri nling. and s ite-specific sequence mutation. The 
acti vi ties of sornt' well-studied plant enhanl'ers a1·e assoc iated 
"ith ti,,sue-specific- expression, stress or pathogen-related 
expression. rl'gulation hy light. or by the prc;;p11c·e of spec ific 
cellular substrates (Table I). 

l::nha nt"ers can be loeatcd hundrt>ds or thousand~ of bast' pairs 
m,ay from the gene !hey control. They c;in be found upstream of tlw 
coding region. d,m nstream of the cod in!!: region, within coding or 
intronic sequencr ,,, and e ve n in regions of the chromosome 
s tructura l!) adja('cnt to the promoter. Enhancer Pl,·me11ts are abo 
orientation-inde1wndent. While many of the well-s tudied enhancer 
e lement,-, are required for maximal transcriptional activation of a 
gene, a few cis-elements. referred to as si ll'ncers. ha1 ,. the abili ty to 
rt>press gene expression. Otlwrwisc. thrsP silencer eleme nts have 
very s imilar proper1ies lo thosf' of enhancer e le111cnts. Onr accepted 
model for the mechanism of enhanc-n-111<·diated activat ion is that 
activation occurs after binding of their speC'ihc regulatory proteins. 
DNA loops form aftn protein binding such that regulatory proteins 
interact wi th transcription factors bound to promoter e lements 
(Fig. l ). Through the interaction of all the proleins. gene 
transcription is either activated or repressed (Alberts et al., 2002). 

The complexity of specific gene regulation at the level of 
transcription is therefore dependent on al least two di stinct facto rs. 
Thr first is the type . numbe r. position. and combinat ion of 
enhancers and sile ncers present in and around the cod ing srquen('C 
of a particular gene. The ;.econd is the at·livation of the e nha ncer 
sequences. which i~ dependent 11n the presrnce. absence. or al't ivity 
within tlw cell of thPir associated bi11ding proteins. 

PHO\IOTFRS L ~ ED " P Ll"\"T TRA '\"STOIUL\'110:'i 

The choice of the promoter used within a transgenc construct is 
fundamentally dependent on the objectives of lht> engineering 
project. There are a large number of '>ell-eharacterized promoters 
in the literature and a selt>c·t numbn are presen ted in this 
re, icw (rig. 2). While different cla~ses of promote rs can confer 
lissue-spceifir or temporal expression. plaut promoters that dri,·e 
high, con,titutive expression havf' become a val uable tool in plant 
genetic cnginee1ing. 
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TISSUE-SPECIFIC PLA.'ff PROMOTERS 3 

Pno~JOTERS TIUT DRI\'E Co'isl riTTJ\'E E. XPREss10:--: \'1R.~L Onrcr:--

The hackbone of proof-of-concept plan! grnrtic engmrering 
research has been the creation of transgenic planls that are 
generated simply to overexµress lhe gene and ultimalely lhe prolein 
of intrrest within the system. The most common promoters used for 
constitutivc ovcrexpression are derived from plan! virus sources. 
such as the cauliflower mosaic (CaMV) 35S promoter (Odell el al., 
1985). This promoter. like similar virally r!Privcd promoters used in 

plant systems. is harvested from double-~lranded DNA viral 
genomes. whieh use host nuclear KNA polymerase and do nol 
appear to depend on any trans-acting viral genC' products. In 
pa1ticular. the CaMV 35S promoter is valuable not only because it 
delivers high expression in virtually all regions of 1he lran~gen ic 
plan!. bul also becausr ii is readily obtainable in rrscarrh and 
aC'adrmic settings. and available in plant transfonnation vee lor 
cassettes that allow for easy subdoning of 1lw lransgt>nf' of interest. 

The CaM V 35S promoler ran drive high levels of transgpnf' 
expression in both dieots and monocots (Battraw and Hall , 1990: 
Berifey et al., 1990a). The original full-sized 3.5S promoler (- 941 to 
+9 bp) (Odell el al., J 985) has no significant difference in activity 
when compared to a - 343 bp fragment. Dissection of cis-acling 
elements within 343 bp upslrt:am of lhe promoter SU!:(gests 1ha1 
interaclion belween elernrnts rrsults in the high conslitutivP 
expression scrn in plants (Fang et al .. 1989). However. individual 
clements have been found thal are involved in lissue-specifil' 
expression (Benft>y and Chua, 1989). Two particular regions 
dPsignatrcl ·Domain A' and 'Domain B' arc impo1iant for c·ontrol of 
gene expression in specific tissues. ln Domain A (-90 lo +Slip). 
an activaling sequence re peal motif at - 82 lo - 64 hp hinrls a 
toharco lranscription factor, ASF-l , and is involved in root 
rxpression (Poulsen and Chua, 1988; Lam el al.. 1989). Domain I:\ 
(-343 lo - 90bp) conlains a ronsPrved GATA motif located at 
-85 to -105 bp. This 35S GATA motif is similar to cis-elemcnts 
found to be light responsive in plant lighl-inducible promolers, and 
interaets wilh u lranseriplion faclor from tobacco leaf tissue. ASF-2 
(Lam and Chua. 1989). lnlf'rrstingly. a duplication of the - 343 to 
- 90 bp fragmrnl enhances transcriplional activity of 1he promoter 
by 10-fold (Kay el al., 1987). Limitations have hren found, 
including results lhat show the CaMV 35S promoter is strongly 
down-regulated in plant parasitic nematode feeding si tes (Goddijn 
el al. , 1993; Urwin el al., 1997). Hnwevrr. ii will continue to be one 
of the most common nonplanl-derivcd promoters in use. 

Because of the success of the CaM V 35S promoler, olher viral 
promoters have betn devrloped or are being dt>veloped for use. 
Many of thesP new virally derivt'd promoters perfonn similarly vr 
better than the CaM V 35S promoler, and drive high expression in 
both dicots und monocots. They include lhe eassava vt>in mosaic 
virus (CsVMV) promotrr (Verdagucr ct al., L996, 1998; Li et al.. 
2001), Australian hanana streak virus (BSV) promolcrs (Schenk 
ct al.. 2001), mirabilis mosaic virus (MMV) promoln (Dey and 
Maiti, 1999). and figwort mosaic virus (FM V) promoter (Sanger et al., 
1990; Maiti et al .. 1997). 

There are a number of limilalion~ in tl,e usf' of virally derivtrl 
promolers. Although there is little scientific data to support it, one is 
the perception of risk to human health wilh the use of transgenes 
made wilh gent:s of iiifective (albeil plan!) viruses (Ho Pl al., 1999: 
Hodgson, 2000; Hull et al., 2000; Morel and Tepfer, 2000). Another 
appears lo be the ability of a cell to rccognizt: these sequences as 
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'DNA Loop' 
DNA 

Enhancer D A binding protein 

RNA Polymerase 11 

Initiation 
Transcription Factors 

Fie, . I . Transcription inilialion; enhancer m<'chanism model. Ouring transcrip1ional initiation, lr,1nsc11pl1on factors and HNA 
polymerase Il bind to the cort: promoter DNA elements lo initiate lrnnscriplion (initiation complex). Enhancer DNA binding protei ns, 
bound lo enhancer elt'nlt'nts "i1hi11 or near the initiation comple, are llt'lie,•ed lo inleracl because of DNA ·looping' lo hring the enhancer 
complex "ilhin close proximity of ihe inilialion comp.lex. 

foreign and inactivate them (Elmayan and Vaucherel, 1996). 
Falling under the broad heading of 'Lra11scriplio11al gene sill'neing' 

(TGS), mechanisms includt' mt'lhylation-d1>pendent and methyl­
alion-indepe ndent inacti vation of the lransgene a nd promoter 
(Scheid et al., 2002). d1romalit1 remodeling and excision of foreign 

U A (reviewed in Kumpatla el al., 1998). and homologous or 
ectopic pairing when multiple copies of the transgene integrate into 
the genome (Meyer a11d Saedler. 1996). Trnnsgene si lt>ncing is 

unpredictable, but when il occurs, it can lead lo the s table shutdown 

of gene activity throughout the plant or affect the spec iJ1riLy of a 
promoter (Kloti e l al., 2002). Silencing, however, may be less 
common when constitutive promolt>rs of plant origin a re used. 

P Rm10TERs THAT Dttl\ 1•. Co'1sT1T1. TIVE EXPRE~s10 , : Pt.A'IT 01ncr, 

Endogenous plant promoters are used regularly to drivt> high 

constituti ve levels of transgene expression (Gupta Pl al.. :2001: 
Dhankhe r el al., 2002). A number of these strong consti tuti ve 
promoters arc derived from actin and ubiquit in genes. Aetin is a 
fundamental cyloskeletal componen t that is Pxpressed in nt>arly 
every pla nt c-ell. The Act2 promoter was developed from the aclin 

gt>ne famil y in Arabidopsis (An ct al., 1996). When LransfonneJ 
back into Arabidopsis, the ] .5 kb 51 upstream region of Lhe Act2 gene 

dri ves strong expression of a reporter gene in virtually all regions of 

the plant throughout development with the exception of the seed 
coat, the hypocotyls, the ovary. a nd the pollen sac. The ri ce aC'tin l 
gene promoter has a lso hPen developed for use in cereal systems 

(McElroy et al., 1991; Zhang cl al.. 1991) and drives expression of 
13-glucuronidasc (GUS) in virtually all ti ssues except xylPm when 

transfom1eJ back into rice. In an applied use, Xu et al. (1996) 
rPpo11ed I hat the 5' region of the 1ice actin gene (including the 1s t 
inlron) dri ves high levels of HVA J expression in both leaf and root 
tissue of rice. HVA I e ncodes for a late Pmbryogent>sis abunda nt 
(LEA) protein from barley. and confers salt and water deficit stress 

tolerance when ovcrexpressed in ri ce. 
Ubiquitin is one of the most highly conserved proteins known. It 

has been linked to many vital cellular proc·cssess including prote in 

turnover. chromatin strncturc. and DNA repair. lt is highly 
abundant in the cytoplasm of most Pvery cell in the plant. Some arP 

constitutively expressed (Kawall rck Pl al.. 199:3) while others also 
respond lo s tress (Chris lf'nsen el al.. 199:2; Cornejo el al. 1993). 
One of the most popular ubiquitin promoters used fo r transformation 

is the maize ubiquit in l promoter (p Uhi). Initial studies showed that 
pLbi-1 :CAT (<'hlorampht>nicol aretyltransfcrasc) cxpress io11 was 
l 0-fold higher in maize protoplasts than that of 35S:CAT. but was 

JO-fo ld lower in tobacco proloplasls than 35S:CAT, limiting its 

potential utilit y to C'ereal monocols (Christensen e l al., 1992: Weeks 
et al. , 199:1; Gupta el al.. 2001). The ma ize /Jl,il promoler:GUS 
fusion was used in rice lo characterize expression and activity in the 

whole pla nt (Cornejo el al., l 993). In stably transformed rice pla nts, 

U/,i / promoter activity was highest in young routs. strong in latera l 
roots, and was also observed in root ha irs. Activil-y dPcrcased in 

olcln roots. In leaves, the s tomata and the vascular system exhibi ted 

activity but again, activity decreased with aging. Decrease in 
activity was associated wi th lack of cellular divi sion. 

The Ubi. U4 gene promote r ( - 263 bp 5' nan ki ng) from Nicotiana 
s_yfoeslris contains two putative cis-elements that a ppear lo be 

critical for gene expression. Mutation in e ithe r s ignifican tl y 

decreased transgene express ion (Plesse et al.. :2001 ). Lt was also 
shown prPViou~ly tha t the presence of both the leader inlron and 
ubiquitin gene as a translation fusion increased Lransgcnc 

expression dramatically (Garba rino e l al. , 1995). GUS activity in 

transgPn ic plants carrying the - 263:GUS construc t showed 3-folcl 
higher activity when compared to the CaMV 35S:GUS construct in 

tissues where expression overlapped. Most organs contained tissue 
or ce"lls expressing GL:S. hut the Ubi. U4 promoter drove 
exceptionally high GL:S expression in metabolically a nd milolically 

active cells. 
Constituti vP expression can be problematic for several reasons. If 

a specific transgcne is overexpressed at the wrong time in 
development, in tissues where it is not normally expressed, or at 
very high levels. it can have unexpected consequences c111 p lant 
growth and development. a nd, potentially, the environnwnt. 
For instance, the constituti ve i>xprt>ss ion of signa l-transduc tion 



Constitutive plant origin 
Arabidopsis Act2 (An ct al., 1996) 
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Inducible promoters 

maize pUbi I (Christensen et al., 1992) 

Nicotiana sylvestris Uhi. U4 (Plesse et al., 200 I) 

ln2-2 (De Veylder et al., 1997) 

copper inducible (Mett et al., 1993) 
ale system (Caddick et al., 1998) 

DEX system (Aoyama and Chua, 1997) 

Tct/DEX system (Bohner et al.. 1999) 
potato wun I (Siebertz ct al., 1989) 

Green tissue-specific 

Floral-specific 
chrysanthemum UEPI (Annadana et al., 2002) 

bean CHS/ 5 (Faktor ct al., 1996) 
petunia EPSPS (Benfcy ct al., 1990b) 

Constitutive viral origin 
CaMV 35S (Odell ct al., 1985) 

Pollen-specific 
maize ZMC5 (Wakeley et al., 1998) 

tomato lar52 (Twell ct al., 1989) 

Pistil-specific 
pear PsTLJ (Sassa et al., 2002) 
potato SK2 (Ficker et al., 1997) 

Anther-specific 

5 

pea rbcS-3A (Gilmartin and Chua, 1990) 

Arabidposis CAB2 (Carre and Kay, 1995) 
alfalfa RAc (Potenza et al., unpublished data) 

tobacco TA29 (Koltunow et al., 1990) 

rice RA8 (Jeon et al.. 1999) 

Organelle-specific 

psbA (Staub and Maliga, 1994) 
rbcl (Shiina et al., 1998) 

Prrn (Maliga, 2002) 

Fruit-specific 
apple ACC oxidasc (Atkinson et al., 1998) 

tomato polygalacturonase (Fraser et al., 2002) 

tomato £8 (Deikman and Fischer. 1988) 
tomato Pdr (Corona et al., 1996) 

Nodule-specific 
Viciafaba V!Enod12 (Fruhling ct al., 2000) 

bean Nvp30 (Carsolio ct al., 1994) 

S. rostrara lcghemoglobin (Szabados et al., 1990) 

Root-specific 
A. rhizogenes ro/D (Leach and Aoyagi, 1991) 

Domain A, CaMV 35S (Benfey and Chua. 1989) 

tobacco TobRB7 (Yamamoto et al.. 1991 ) 

Fie. 2. Composite plant with ,p.,<'ific promokrs clustered near th.- rdernnl tissue. 

Seed coat-specific 
pea PsGNS2 (Buchner et al., 2002) 

Seed-specific 
bean beta-phaseolin (Bustos et al., 1989) 

cotton alpha-globulin (Sunilkumar et al., 2002) 
wheat gbssl (Kluth et al., 2002) 

Tuber/storage organ-specific 
potato patatin B33 (Liu et al., 1991) 

potato patatin PAT 21 (JefTerson ct al., 1990) 
potato GBSS (Visser ct al., 1991) 

sweet potato sporamin (Maco ct al., 2001) 



6 C. PUTEt ZA ET AL 

'master-switches' for pathogen resistance can lead lo decreased 
growth (Bowling el al.. 1994. 1997), or enhanced susceptibility to 
other pathogens (Stuiver and Cuslers, 2001; Berrocal-Lobo ct al., 
2002). Concerns that constitutivl' oven•xpression of Bacillus 
thuringiensi.~ insect toxins in commodity crop plants will increase 
targeted insect resistance (I luang e l al.. 1999) have led the 
Environmental Protection Agency (EPA) to announce rules for 
resistance management by planting refuges of convPnlional crops 
( http: //www . epa . gov/oscpmunt/sap/2000/october/brad4_ irm. pdf). 
Plant promoters that are activated precisely when and where they 
arc needed would be ideal for genetic engineering strategies for 
enhanced disease res istance. 

T 1SS!' E-S l' ECI FJC/E'\HA '\CEO P HO,\IOTERS 

Constitutive overcxpression of transgcnes tha t inte rfere with 
normal processes in a plant underscore the need for rcfinPmPnl of 
transgcnc expression. The development of tissue-specific promoters 
lo drive transgene expression has helped fulfill that need. Targeted 
express ion has become particularly important for the fu ture 
developmPnl of valuP-added crops because the public may be 
more likely to accept ·less intrusive· express ion of the transgene. 
For example, confinement of an insectic idal transgcnc product lo 
tissue besieged by insect pests instead of harveslaole material could 
have potentially defused the Starl ink corn fiasco (Bur chinj and 
Goldman, 2002). 

The development of tissue-specific promoters for genetic 
engineering can be complex. The size of the promoter fragment 
isolated can have an effect on expression, as more distant 5' cis­
arting Pnhancer elements can be eliminated during promoter 
isolation. Potential trans interactions that occur based on chromatin 
struc ture or local ion within the genome could a lso be lost by random 
integration of thP lransgl"ne into the host genome. There may not be 
effective interaction of promoter cis-elements with the hete rologous 
trans-acting fac tors present in the transgenic host plant species. 
Additional knowledge on tht• functionality of both homologous and 
hctcrologous promoters in ta rg!'l host plan ts is essential in effo1ts to 
improve the efficiency of transgcnc expression. 

The tissue-specific promoters presented in this section are only a 
sample of the promoters charac terized in the lite rature. Many of the 
selected promoters have been used as tools to drive ta rgeted 
transgenP expression in numerous publ ications and are fairly well 
characterized. A few of the promoters are more recent additions to 
transgenic research. It is also more truthful to call many of the 
promoters tissue-enhanced, because their expression may not be 
completely confined lo a single tissue or plant pa11. 

Fruit . Use of fruit as an edible delivery vehicle fur 
micronutrients and oral vaccines has dictated the need fo r frui t­
specific/cnhanced gene expression. For example, although vaccines 
lo prevent dozens of different infectious diseases have been or arc 
being de,eloped (Kai,, 1997), in many instances lack of public­
health infrastructure in the countries tha t need them most prevents 
the ir deployment. Facilities that provide rPfrigera tion and sterile 
conditions necessary fo r safe vaccinations arc just not available. 
Recombinant antigens expressed in the tissues of edible plants 
would become naturally bioencapsulated vaccines. 

ThP promol1>rs of fruit ripening-related genes have lwPn targeted 
for their potential use in fruit-specific expression of lransgencs. 
Promoters from the l -aminocyclopropane-1-carboxylale (ACC) 

oxidase gene, the EB gene. and polygala!'lurnnase (PC) genes have 
been characterized from apple (Atkinson Pl al. , 1998) and tomato 
(Montgomery et a l., 1993; Nichola, s et al., 1995; Dcikman and 
Fischer, 1988). The ACC oxidase gene is induced by application 
of ethylrne, and analysis of the promoter region shows the presence 
of cthvlene-rPsponsive r lements (Atkinson et al., 1998). Analysis of 
the apple ACC oxidasc in transgenic- tomato shows that promoter 
fragments ranging from - 1966 to - l 159 bp from lhP starl of 
transcription wPre able lo drive ripening-specific expression of a 
reporter gene in the tomato fiui t, with no activi ty present in other 
tissues (roots, leaves. flowers) or in immature or maturf' green fru its. 

The prnducl of the EB gene appears lo partic ipate in the feedback 
regulation of r thylene biosynthesis during fruit ripening (Kneissl 
and Deikman. 1996). The promoter of the tomato £8 gene has been 
used successfu lly in a number of instances to target transgene 
expression to fruit. including incrPas ing the distinctive tomato 
'aroma' through metabolic engineering (uwinsohn et al., 2001). and 
directing expression of the virus-F protein as an oral vaccinP to 
induce systemic immunity in mice (Sandhu et a l. , 2000). Although 
it also drives expression of the transgene in flowl"rs (mainly anthers), 
its uniform exprPss inn throughout the ripening frui t makes it very 
useful. 

Tomato is a useful system for charac terization nf fruit-specific 
expression because it is relatively easy to transform and produces 
large fruits wi th well-defined ripPning characterist ics. But the 
micronutrient and vitamin content of the ripe tomato fruit a lso make 
it an a ttractive target fu r transgenic research (Hadley et al., 2002; 
Rao, 2002). The promoter of the tomato p11lygalacturonase gene (PG 
gene product accumula tes during ripening and is associa ted with 
fru it softening) has been used to d1ivc expression of a bacterial 
phytocnc synthase lo incrPase the total fru it carotenoid content 
{Vraser et al.. 2002). In tomato, a s ingle gene encodes PC, and 
analysis of a 1.4 kb promoter fragment shows that it a lso directs 
ripening-specific express ion (Montgomery et al., 1993). Phytoene 
desaturase (Pds) is the second drd icated enzyme in carotenoid 
biosynthesis and is also Pncodcd by a single gene in tomato 
(Giuliano et al., 1993). Becaus" carutcnoids accumulate in the 
chloroplasts and chromoplasts, thf' tomato PcL~ promoter (2 .0 kb 
from start of trans lation) drives high levPls of expression in organs 
and developing tissues where chromoplasts are found (fruits, petal s, 
anthers) (Corona ct al.. 1996). 

Seed/grain . Seeds arc a convenient package fo r the prod uction 
of transgenic products. Seed-specific transgene expression has hePn 
used for a number of genetic engineering app lications. including 
improvement of seed nutrient qual ity (Keele r Pl al., 1997: Shintani 
and DellaPenna, 1998; Goto et al.. 1999: Y c cl a l.. 2000), 
func tional qualities of milled gra in (Barro e t al. , 1997), and 
production of industrial or pharmaceutical compounds (Cahoon and 
Shanklin, 2000). However. the produc tion of industrial or consumer 
products has really benefited from research foc used on fundamental 
processes of plan! growth and development. especially as il perta ins 
to the regulation of Sf'ed development. 

Seed storage proteins a re expressPd al high levels during seed 
development, and the promoters of these gPnes have become an 
attracti ve target for use in genetic engineering technologies. Dicot 
seed-specific promoters havf' been extensively characterized and 
several , we! I-conserved, seed-specific cis-elemenls have been 
characterized. Dicot seed-specific promoters used Lo drive seed­
specific expression include those from the sovbean f3-conglycinin 
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genes, where expression is restricted to the embryo during the mid­
to late maturation phase (Chen et al., 1989; Chamherland et al., 
] 992; Lessard el al.. 1993). and thr sunflower helianthinin genes 
(t-. unberg et al.. 1994), where a full-length promoter (- 2379 to 
+ 24 bp) drives high, seed-specific expression in tobacco. One of 
the best-characterized and most commonly used seed-specific 
promoters is the French bean 13-phaseolin gene (Bustos et al., 1989: 
van cler Geest and I (all, 1997). Strong, spatial expression of the 
i3-phaseolin promoter is usually limited to the developing seed in 
transgenic tobacco (Sengupta-Gopalru1 ct al.. 1985). Specifically. 
the - 295 bp region show<'d high expression in both the endosperm 
and embryo (van dcr Geest and Hall . 1996). Extensive in virn 
footprint a11aJysis showed that over 20 cis-elements are present that 
bind trans-ac ting factors in seeds (Chandrasekharan et al., 2003). 
and that thf' complex binding of factors within the seed represents 
module-spcrific binding that mPdiates Pxpression in various region~ 
of the embryo. Matrix attachment regions found nanking the 
l3-phaseoli11 gene also act to enhance transcription when included 
in transgenic constructs (van cler GPPSl el al.. 1994: van der Geest 
and Hall. 1997). 

More recent work has focused un a collon a-globulin promott-r 
(Sunilkumar ct al .. 2002). The cotton a-globulin gene promoter has 
been functionally characterizf'd in three plants: cotlon , Arabidopsis, 
and tobacco. Thf' promoter drove repo11er gene t>xpression restricted 
to the seed, startinl( 12 and 15 cl post-anthcsis in Arabidopsis. 
tobacco, and cotton, ancl expression increased throughout seed 
maturation, which suggests that gene expression is temporally 
confinecl to mid- to late stages of embryo development. In cotton, 
Pxpression started during the cotyledon expansion stagP. I lowever, 
artivity of the cotton a-globulin promoter in tobacco and 
Arabidopsis was substantially lower, showing the necessity for thr 
development of endogenous tissuf'-spc-cific promoters for plant 

transformation. 
ln monocots, sf'vrral promoters of sloragr proteins have been 

studiecl in deta il. including the endosperm-specific hord<"in 
promoters in barley (Forde e l al.. 1985). glutenin promoters from 
wheat (Lamarchia et al.. 2001). ancl zein promoters in maize 
(Marzabal et al., 1998). Interest has also increased in promolPrs that 
drive expression of genes involved in synthesis of storage starch. the 
most significan t source of carbon reserve in the cereal grain. 
Expression of the granule-bound starch synthase 1 (gbssl) gf'ne in 
wheat is observed throughout the grain-filling process. peaking at 
10- 15 dafte r pollination. This makes its promotn a good candidate 
for the study of grain development and to drive- transgene ,·xpression 
to produce seeds of increased nutrient value. lnderrl. a 4.0 kb 
promoter fragment from gbssl drives exprf'ssion restricted to 
endosperm and pcricarp tissm·s of the cleveloping kernel (Kluth 
et al., 2002), equivalent to endogenous gbssl transcription. 

Seed coat-specific gene expression has implications in the study 
of seed development. transfer of nutrients into the developing 
cotyledons, and in its potential for visually marking seeds produced 
by transgenic plants. A pea 13-1,3-glucanase isofonn. PsG1\S2, is 
temporally and spa tially regulated within the seed coat. although it 
is also expressed in floral lissuf' and seed (Buchner et al., 2002). 
Because transgenic seed docs not look any different than 
nontransgenir seed, seed and seed coal promoters driving genes 
for coloration effects might he valuable as visual markers for 
differentiati11g sef'ds. and decreasing incidents of seed mixing. likf' 
the one that occuned with Starlink corn . 

Tubers/root storage organs. Tubers and tuberous root storage 
organs, including potatoes. swert pota toes. yams. and cassava m·e 
staplr food sources in numPrnus developing nations becausr of their 
relatively dense caloric content. In Africa. 200 million people rely 
on cassava. while in South America, a large variety of potatoes art­
grown and propagated hy small fanncrs for their own consumption 
as well a~ for market. Tuber improvement through genetic 
cnginening has focused on combating common insect and fungal 
dist'ases (Mohammed Pt al.. 2000), improving the nutriti vf' quality 
(Chakraborty et al.. 2000). as well as sturlyi ng the tuber to 
understand its 1?;rowth and development (Kuhn et al., 2003). The 
hest-rharactcrized, tuber/storage organ-specific promolPrs a re from 
genes involved in the massive deposition of starch and the storage of 

highly abundant glyeoprotein::1. 
Patatins arc glyeoproteins that account for approximately 40% of 

the total solublr protein found in the tuber (Paiva et al., 1983). The 
potato class I patatin family members. H33 and PAT 21, are highly 
expressed at early stages of tuber df'velopmcnl in the vasr:ular 
tissues, and, in later stages of development. in both parenchyma and 
vascular tissues (Jefferson et al.. 1990; Liu el al.. 1991). Thf>y a re 
tuber-specific, but can be induced in the leaves by sucrose. Indeed, 
the presence of cis-acling sucrose-responsive elements within the 
c lass I patatin promoters allows for continued gene expression 
lwrause of sucrose uploading into the tuber during growth and 
development (Liu et al.. 1990). There is substanti al sequence 
homology between the B33 and PAT 2 1 promoters. In reporter gene 
studies. 1.5 kb of 51 flanking of the B33 promoter and 2164 bp of the> 
PAT 21 promoter appea red to contain all the elemt'nls necessary for 
tuber-sperific expression when transformed back into potato. ln a 
novel use of the patalin promoter, tllf' rytochrome P450 genf' from 
rat (GYP ]Al) was introduced into potatof's lo enhanr<" the 
detoxification of residual herbicides in thr soil (Yamada e t al., 
2002). Dc>veloping tubers showed high levels of the CYPl AJ mRNA 
and protein and the c·oncf'ntrations of specilic herbicides wc>re much 
less than that of nonlransformed tubers. Generation of herbicide­
detoxifying tubers may be uspful for phytoremediation of soi l 

chemical pollutaJ1ts . 
Tubers contain vast quantities of starch, the main polysaccharide 

reserve found in most higher plants. Starch in potato tubers consists 
of up to 25% amylase, and granule-hound starch synthasP (GBSS) is 
the key enzyme in amylase biosynthesis. A 51 flanking potato GBSS 
promoter fragment of 800 bp was suffir ient to cause high levels of 
repot1er gene expression in both stolons and tubers. with litt lf' to no 
activity in leaves (Vissf'r et al., 1991). Like patatin promoters, 
sugars C'an induce the GBSS promoler·s expression in leaves, but 
not to lrvels as high as that of the patatin promoters. 

Sweet potato has produced two wel l-eharacterized promoters. 
Thesf' promoters drive expression of two of the most abundant 
proteins in the tuberous storage roots of sweet potato, sporamin and 
13-amylase (Maf'o f'I al., 2001). Sporamin makes up 60- 80% of total 
soluble proteins in the sweet pota to storage organ. It is composed of 
two multigcne subfamilies, A and B, which contain approximately 
l 0 total members. Analysis indicates that sporamin was expressed 
almost rxrlus ively in the storage tu ber, with a small amount of 
expression in stems (l- 4.5% soluble protein) (Maeshirna et al., 
1985). When approximately lO00bp (- 970 to + 41) of the gSPO­
Al promoter was fused to the reporter gene. CAT. and expressed in 
transgenic tobacco, it was found that various sugars caused 
induction of CAT lo high levels in the stem. Induction was retained 
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when a deletion was made lo - .305 bp. but abolished with a 
deletion to - 94 bp (Hattori et al.. L990). The gSPO-A 1 promoter 
shares two conserved sequence elements with another sporamin 
promoter that appear to act independently of each other. One directs 
expression lo the phloem (- 305 and - 237 bp). and the other to the 
pith parenchyma (- 192 to - 94 bp) (Ohta el al., 1991). 

Similar deletion experiments were also performed with the swt>t>l 
potato (3-amylase promoter fused lo the GUS repo1tcr gene. 
(3-Amylase is developmen tally regulated and highly expressed in 
the storage root where it is involved in starch synthesis. A 
- 1267 bp promoter fragment drove high GUS expression in the 
stems of tobacco when induced by sugar. but deletion lo - 786 bp 
completely abolished the induc tion. Continued deletion analysis 
found a carbohydrate metabolic signal-responsible c lement-I 
(CMSH.E-1 ) comparable in sequence to an element found in thf' 
sporamin promoter (Maco et al., 2001). 

Florets/flowers. Color is onf' of the most visually appealing 
aspec.:ts of Oowf'rs and one that has helped c reate a substantia l 
economic marke t for cut flowers. This market has also helped drive 
the search for floral-specific promoters for use in transgenic 
production of flowers with increased market value. Specifically, 
qualities impacting resistance to pests (Dolgov el al., 1995), 
increased vase li fe, and modification of color {Hollon el al., 1993: 
de Velten e t al., 1999; Mol et a l. , 1999) and fragrance are of interest 
in the production of fresh Howcrs for the consumer. 

Chrysanthemums (Oendrathem.a grandifiora) arc the second 
largest cul nower producrd next to roses, and problems with insect 
pf'sts that reduce flower quality has led to a search for floral-specific 
promoters . A chrysanthemum endogenous ubiquitin extension 
protein (UEPI ) was fused lo the GUS rcp01icr gene and measured 
for tissue-specific expression. When transformed bac-k into 
chrysanthemum. the 1.45 kb promoter fnr UEPJ drove high levels 
of expression in a floral-enhanced manner. both in ray and disc 
florets, although 9-fold lower GUS expression could be det ected in 
leaves (Annadana et al., 2002). When compared lo the CaM V 35S. 
the UEPl promoter expression showed a 40-85-fold higher 
express ion in the Hower. A second, heterologous promoter also 
showed high levels of gene expression in chrysanthemum petals. 
The Arabidopsis thaliana eceriferum gene CER6 is involved in wax 
production in flower petal s (llannoufa et al., 1996). u11d, when 
transformed into chrysanthemum, the promoter for this gene drove 
high, specific f'xpression in flower petals. However. compared lo the 
UEP I promoter, its expression had higher variability among 
prima1y transformants . This could be a property of the CER6 
promoter within the chrysanthemum system or an indication that 
posi tion efff'ct could play a greater role in the ability of the Cr~R6 
promoter to direct consistently stro11g expression (Hannoufa et al., 
1996). 

Flavonoids sen ,c as UV proteclanls, signal molecules, and Oower 
color pigments. Indeed. it has been the abi lity to control specific 
cytochrome P450 genes (Holton el al.. 1993; de Vetten et al., 1999) 
within the flavonoid secondmy metabolic pathway that has led lo the 
newly marketed 'blue' carnations (Holton, 1995) and could lead to 
blue roses. Chalcone synthase gf'nes are also involved in flavonoid 
production, and their promoters have been extensively studied and 
their cis-acting e lements dissec.:ted. The bean chalcone synthase 15 
(CHSI S) gene promotf'r:GUS fusion showed that expression was 
activated in the inner epidermal (pigmented) c·ells of pPtals. i11 root 
tips and in lateral-root meristems (Faktor f't al., 1996). Promoter 

dissection studies in tobacco showed that the presence of Lwo cis­
acling elements in close proximity lo the TATA hox were f'ssential 
for high, petal-specific expression of the C!-1S15 promoter. Point 
mutations in an f-1-box element (CCTACC) and a G-box element 
(CACGTG) dramatica lly df'C'reased C/·/S15-GUS fusion gene 
expression in floral tissue. However, a series of constructs using a 
39 bp syntheti c cis-element containing these two boxes showed that 
cooperati v,. ac-Lion of both of these elements is essential for floral­
specific expression. and expression is influenced by the distance 
between the two elements (Faktor et al., 1997). 

The enzyme 5-enolpyru vylshikimale-3-phosphate synthase 
(F:PSPS) catalyzes an essPntial step in the biosynthesis of aromatic 
amino acids, and is the target for the broad-spectrum herhif'ide 
glyphosate, ·Roundup·. EPSPS mHNA is also Pxpressed at vCTy high 
levels in petals of petunia flowers and faintly in petunia leaves 
(Gasser ct a l., 1988). ln a stunning visual series of experimental 
photographs, 13,.11fey and Chua (l 989) and Ben fey e t al. (1990b) 
examined thf' tissue specificity of a deletion series of petunia 
F:PSPS promoter:GUS fusions. Deletion analysis showed that 
sequences bet ween - 1800 and - 800 hp were sufficient for 
petal-specific- expression in petunia in nearly all cell types in the 
limb of the flower and restiicted to cells adjacent lo and int.he uppt>r 
epidermis in the upper portion of the Ooral tube. Activity of the 
promoter also increases dramatically as the flower opens. A 
construct consisti ng of - 1752 Lo - 282 bp fused In the minimal 
CaMV 35S promoter (-46 lo + 8bp) showed GUS staining in 
epidennal layers as well as in vascular and mcsophyll cells, while 
there was a gradient of expression in the floral Lube. with high 
expression near tl,e limb and tapering to nondf'ler- table levels at the 
base of the tube (Benfey Pt al., 1990a). Interestingly, the petunia 
EPSPS promoter construct showed very low expression in both 
petals and leaves of tobacco, also a membn of the Solanaceae 
family (He11fey and Chua, 1989). 

Pistils. The term pistil is used lo describe the female pmts of a 
Hower, which commonly include the stigma, where pollen grains 
bind. the style in whid1 thf' pollf'n tube grows, and the ovary at the 
base of the pistil. which differentiates into the fruit fo llowing 
fertilization. Characterization of genes f'xpressPd in the pistil 
structures could he helpful in w1derstanding incompatible and 
compatible pollination and fe1iilization. as well as understanding 
pistil development. The two pisli I-speci fic prnmolers and their 
genes df'scribed here appear to be defense-re la ted, but could a lso 
play an unknown role in compatible pollination. 

The SK2 gene in potato encodes a pisti l-specific basic 
endochitinase. di stinct from wound-induced endochitinascs . A 
df'l etion analysis of the SK2 promoter fragment staiiing 1.0 kb 5' 
from the start of transcription and deleting down lo - 230 bp 
showed that all of tllf' elements necessaiy for pistil-specific 
expression in transgenic potato were contained within the - 230 bp 
promoter fragment (Ficker el al.. 1997). Expression increases 
steadily during development of the pistil. Long-term GUS staining 
also showed weak expression in the anther wall. 

A second group of pistil-specific genes are the PRS-like protein. 
or thaumalin-like proteins, which are helieved to be involved in 
antifungal acti vity and hydrolysis of (3-1,3-glucan~ (Wang el al.. 
1996; Grenier et al., 1999). The 2.4 kb 51 flanking region of the 
Japanese pear PsTLl gene was fused lo the GUS coding region and 
transformed into tobacco (Sassa et al.. 2002). This promoter 
fragment directed high GUS expression in pistils, comparahle lo that 
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or the CaM V 35S promoter. \Jo GUS acti,·ity "as detect r d in any 

other tissue CXC'ept f"or weak expression in anther and pollen grains. 

4ntherlpullen. lntC'rest in the mol<'('ular processes underlying 

the de,elopment of the malr gametophyte and tlie selr-incompat­

ili ility response in plants has driven an explosion of anther- and 

pollen-specific grne characterizationl-> in both monocob and dicots 

(Goldbrrg et al., 1993: Taylor a11d Helper. 1997: Shiba Pl al.. 2001). 

,\ntlwr- and pollen-sperifi<' expression c,rn he divided into two 

general phm,es. In the firs t or 'early' phase. /!:Cnes with an ther­

~pecilie prnmotcrs arc expre~sed durinl!: anther deH•lnpment and thC' 

fonnalion of sporophytic- tissue and cells. Phase two or ·late· gene 

e'<:pression in vol VC'S hoth unther- and pol lcn-specifie gf'nes 

expressed du1ing gameloph) le generation and pollen fonnation 

and maturation. 

Promoll'rs for 'parly' gene express ion are gl'ncrally cons idt>rrd 

antl1er-sp .. c·ific. ThC'se gene,; are exprr,;sed as th(' morphology of the 

a nther is cstablished. cells within the anther an:> differentiating. and 

n1icrospore mothf'r cells arc undPrgoing mciosis to pruJucf' 

microspores. The- promoter of an anthc-r-spccilic d) 1A isolate-cl 

from tohacC'o. T/129. was rused with a repor1Pr gc-nc- to define 

t•f'llular Pxpression (Koltunow el al.. 1990). TA29, a glycinc-ri <'h 

protein similar to those found in crll walk is cxpresst·d in lapctum. 

a nutriti,e tissuc that lines pollen sac~. Its expre~~ion inl'reascs in 

the dc-v<'loping anther hut d l'r reases after the minosporcs begin to 

mature into pollen. A cis-clcmcnt loralizcd in the 7'.4.29 promotf'r 

bet11ern - 207 and - 85 bp i~ rrsponsible for ~lrong tapC'tum­

spt'<'ifir spatial and temporal C'xpression. A TA29 promotcr- R/Vase 

(barnasc) ehi meric construct has sin<"<' been used lo produrP 

nuclem male s terile plants. hoth in tobacco and oi lsced rape 

(Mariani rt al.. 1990). 

A 2.5 kb 5' region or the RAB gene {unknown runction) from ric<' 

appears In contain all the elt>ments nf'cessary for antlwr-specific 

expression in transgenic riN·. The RAB:CuS ru~ion show~ that 

expression stmts in the anthers at tlw tetrad stage of minosporf• 

developmt>nt. about the time TA29 exprPssion declines. anrl rcachrs 

its high<'~t le,,cls at the \"U('uolatcd pollen s tage. However. just 

hf'forc dC'hiscencf'. activity dC'crcases abruptly (Jeon cl al., 1999). 

No GUS staining was observed in the pollen, making this promoter 

active latr in the ·early' pha~e of anther development. 

Two different late-phase promoters described dircct expression in 

polle n. The tomato lat52 gene, whiC'h pncodcs a cysteinf'-rich 

protein. i~ expressed abundantly in mature poll rn (Twl•ll ct al.. 

1989), with only 1011 levels of expression detected in anther walls 

and petals {Ursin Pl al.. 1989). l'.'.xpression studies using tlw tomato 

lat52 promoter showed that the elC'mcnts n('('f'~sary for strong 

pollPn-spccific expression in tomato. tobacco, and Arabidopsis were 

present within about 600 bp (- 492 lo + 110 hp) of the 5' flanking 

region (Twrll et al.. 1990). Th .. promotc-r of a pectin mf'thylestcrase 

gene from maize (ZmCS) shows expression s imilar to that or lat52 

when transforml:'d as a promoler:GUS fusion into tohac-co. 

Approximately :2.0 kb or tl,e maize ZmCS promoter, a ·late' 

poll.en-specific gene. was shown to dri\'e strong expression or a 

repo1tcr gene in transgenic tobacco polle n (Wakeley e l al., 1998). 

The genes found in the self-incompatibility lol'US (S-locus) in 

plants prevent self-re,tilization and promote out-crossing in eertain 

plants . .Interest in understanding inc-ompatible and cornpati bl<' 

poll ination rrsponscs have led to the characterization or the -Jocus 

genes and their promoters. \Ii, hen a promoter from a Brassica -locu~ 

glycoprotei11 was transforrnNI into A. thaliww. two cell~ typr~ 

sh1med reporter gene e:-.pression: cells in the stigma and the tapctal 

cell layer in an lhers (Tmiyama cl al.. 1991 ). Cell ablation studies 

were also donr using this promoter rused to the diphtlwria toxin A 

chain grne. to study <lei eloprnental processes in plant reproductive 

tissues (Thors11rs, e l al. . 1991). The Hmssim SPll gene of the S­

locus has characteristi('s of a pollen coat family of proteins 

(Takayama rt al.. 2000) and is C'xpresscd at high lf'vrls in both 

anthcrs and pollen (Sh iba et al.. 200 I). Deletions or a 522 bp SP I 1 

S' flanking rci:i:ion down to - 192bp did not affect promoter 

function. and a further delf'tion to - 143 bp promoter resulted in 

loss of anther tupetum cxpres~ion and directed only pollen 

c-xprcssion. 

Development of malt' sterile plants has been a ronu·ovcrsial 

C'OnSf'(JUC'nee of targeted transi:i:enic expre~sion in pollen. l t can l,p 

arguC'd that Genetic Usl' Restril'lion Technology (CURT) or 

'terminator· technologies wne originally developed to substantially 

deC'reasc the specter or transi:i:cne ·pollution· by pollen drirt. 

However. envirnnrnental activists opposed lo CEO · (Genrti<'ally­

Engineered Organisms) and agrihu~inesscs that ,1ere developing 

transgenic plants sm1 lrnninator technologies as a "a) of 

C'Ontrolling sPed produrtion. If a plant could not producr srC'd. 

people would have to purc hase nf'w seed every yeur from companies 

C"Ontrolling the lran~gf'nic technoloi:i:ies. \\ hile in the developed 

nations. the purC'hase of new seed rach year is common practice' 

becausl:' of high-yield hybrids, in thC' developing world, saving seeds 

for 111(' next season is much more common among small farmers. 

There were (and arr) fcars that fa1111ers from developing nations 

would again hf' d<'pendcnl on large· agribusinesses, as they had been 

with chemical additives and pesticides, and f'nd up in a cycle or 

debt ( hin1, 2000). 1\ ~tudy cornmissiorwd by the Food and 

AgriC"ultural Organization of the United l\atio11s (FAO) on the effect 

or (;L. H.Ts on agricultural practic<'s and agrobiodiversity is available 

at r1p://e-xt-ftpJao.org/ag/q¢a/B P/bsp l Se (2000). 

legume-rhizobium-associated root nodules. H.hizob ial enclo­

symbiont associations \\ith lrguminous host plants arc the best­

studied type or nitrogen-fixing ~ymhiosi,.,_ Legume hosts fo1111 

unique. root-a,sociated structure, (nodule's) in the prt-sence of 

specifiC" rhizobial soil bacteria. Rhizobial ba('leria diff<'rf'ntiatc into 

hacteroids within lhe nodule and begin to fix atmospheric nitrngrn 

for the plant in exchange for c-arhon substrates. The promoters of 

plant gPnes spc-cifically Pxpressf'd during nodule organogencsis a11d 

im'olvf'd in nitrogen assimilation e1enls ha,·e bf'en e-xploi ted lo 

study the dynamics of this uniqut> and valuable interaC'tion. They 

havp also bern used in attempts to unders tand and improve nitrogen 

assimilation ,1 itl,in the nodule (Schoenherk f' t al .. 2000). 

odule-spec·ific plant genes are classified as nodulins. Genes 

expressed early in nodule organogencsis are called early nodulins 

(E OD genes) {Lauridsen ct al., 1993; Vijn f' I al.. 1995; Fang and 

llirsch, 1998: I lohnjcc c t al.. 2000). whilc genes expresFC'd after 

nitrogen fixation begins are late nodulins (Carso I in rt al., 1994: 

MacKnight ct a l.. 1995). Many late nodulin promolC'rs contain the 

common nodulin consensus motirs. A \AGAT and CTCTI' (Sandal 

et al.. 1987; Stougaanl el al., 1987). which are present in a 

cis-acting, organ-specific e lcmC'nt (OSE) within the promoter 

(Lauridsen el al.. 1993: Ramlo, el al.. 1993). ,\ n AT-ric h promoter 

motif (conFrnsus TATl'\V A'I) also appears to bl:' important in 

nodule-specific exprrssion (Carsolio el al., 1994: Frnhling et al.. 

2000). A majority or thr work done using nodulin promoter,; has 

been direC'ted at the study or the nodule. when and where nodulin 
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genes are expressed during nodule development and the subsequent 
nitrogen fixation phase, and thP funelion of the nodulins. For 
example. a promotn fragment (- 692 lo -41 bp) of the Vicia faba 

L. ea rl y nodul in VfEnodl2 mediated reporter gene expression in 

root cortical cells. nodule primordia. and the prefixing zone II of 
transgenic nodules (Fruhling ct al., 2000), while the Phaseo/w; 

vulgaris late nodulin Npv30 promoter (- 868 to - 67 bp) showed 
GUS acti vity only in infeclPcl rells in nodules of transgenic plants 
(Carsolio e l al.. 1994). 

Leghemoglobin, a plant oxygen-binding protein, plays a major 
role in maintaining low. free-oxygen conditions within thP nodule. 

The expression of leghemoglobin coincides with nodule nitrogen 
fixation and lcghemoglobin promoters drive expression to high 
levels within the nodule. Leghemoglobin promoters have become 
useful tools for nodule targeting of gent's with the potential 
l.o increase nitrogen assimi la tion and maximize the ef.ficif"nt use of 

the nitrogen fixed in the nodult>. Promoters from a number of 
different legumes have been functionally analyzed (Slougaard ct al., 

1986: Szabados et al., ] 990; Strozycki et al., 2000). Tht> Sesbania 
rostrata leghemoglobin glb3 promoter has bPen studied in both 
transgenic Lotus corniculatus and tobacro (Szabados et al.. 1990; 
Szczyglowski et a l.. 1996). Tlw gfb3 promoter (- l9l4 to -48bp) 
drove high GUS activity in a nodule-spt•cific manner in LransgPnic 
Lotus. In transgenic- tobacco (a non-nodula ti ng plant). GUS acti vity 
was approximately 40% of that seen in Lotus . with major expression 
in roots and detectable expression in stems. 

Roots. Root-specific promoters a re of particular interest 
because they hold promise for an extensivc- array of applications. 
Recombi11anl proteins can be expressed for almost anything that is 
rc!ated lo the root-soil interface. including gPnetie engineering for 
bioremediation of soil contaminants. protection against drought. 
increasing tolPrance to salt. macro- and micronutrienl uptake, or 
increasing res istance lo root pathogens. In gPnera l, root-specific­

mR As appear to rnpresent only a small pe rcentage of tota l root 
mHNAs (Evans et al.. 1988: Conkling et al., 1990), and while rool­
specific- plant promoters have been isolated and functionally 
characterized (Yamamoto et al.. 1991). nonplant promoters have 
become some of the most utilized when targeting transgene 
expression In the root. 

The soil bacteria Agrobaclerium rhizogenn causes hairy root 

clisease in infected dicotyledonous plants. The promoters of the 
rooting loci (ml) genes found in thP Ri {root- inducing) plasmid of 
A. rhizogenes are popular targets of stucly because of t11e root-directed 

transformation and expression of their gene products. Spec ifically, 
the rolD promotn has been analyzed by a series of promoter 
deletion:GUS fus ion constructs and has been found useful. Ilowcvcr, 
results have been confli cting when looking at the intact rolD 

promoter in transgenic tobacco. In one study. the roLD promotn 
(1222 bp 5' flanking) was found to direct high levels of transgenP 
expression in both leaves and roots of young tobacco, up to five times 

higher tlian the CaMV 35S promoter (Leach and Aoyagi, 1991). 
However. a second study showed that a similar-sized construct 
(] 271 bp 5' flanking rolD) showed a nearlv 30-fold higher expression 
of GUS in roots of mature tobacco transgenic plants (Elmayan and 
Tepfer, 1995). DifferPnces between the studies included age of the 
p lants during analysis (young vNsus mature). and diffrrences in the 
construr t fusions wi thin the transcriptiona l sla1i site region. In hoth 
studies, intermediate-sized rolD promoter constructs (373 and 
426 bp 51 flanking) showed rool-sprc ificity and high levels of 

express ion. Sequence analysis of the rof D promoter does demonstrate 
motifs similar to root-specifir clements (RSEs) found in plant root­
specific promoters (Keller and Baumgartner. 1991; Elmayan and 
Tepfer. 1995). The rolD promoter has been used extensively for plant 
nitrogen assimilation studies, including root-directed glutamine 
synthetase ovPrrxpression (Fei et al.. 2003) and overexpression of a 
high-affinity nitrate transportr r (Fraisier c-t al.. 2000). 

A second important. nonplanl promoter used for root-specific 
expression is Domain A (- 90 bp upstream) of the CaMV 35S 
promotPr (Benfev and Chua. 1989). in a direct comparison lo lhP ro/D 
promoter, expression from the CaMV 35S Domain A promoler:GUS 

fusion was 5-15-folcl less than that of the rolD:GUS fusion 
constructs. and was localized to a significant level in root lips 
(Elmayan and Tepfer. 1995). 

A valuable root-specific promoter that has been used for many 
genetic engineering objPct ives is the TobRB7 promnter from 
tobacco (Yamamoto et al.. 1991). TohRB7 is a putative membrane 
channel aquaporin. which is expressed in a root-specific manner. 
A promote r:CUS deletion series showed that the h ighest activity was 
directed by the 6.0.6 promoter. which included 636 bp 5' Ranking 
{Yamamoto ct al.. l 99 1 ). Root-specific activity was shown as early 
as 2 cl post-germination in tobacco transgenics and was strongest in 
the meristem and <'entral cylinder. The 6.0.3 promoter:GUS 
construct of TobRB7 (299 bp S' flanking) is responsive to root­
knol nematode-directed Pxpression (Oppennan et al., 1994). 
although it appears lo express at some basal level in root tissue. 
Using the 6.0.3 promoter construct. Shen et al. (2000) fused thP 
hrmA gene from Pseudomonas syringae to convc-it a compatible 
plant-pathogen interaction into an incompatible interaction. The 
transgenic tobacco in this study also di splayed high l<'vels of 
resistanep to multiple other pathogens. including viral. fungal. and 
bacte rial (Shen e l al., 2000). These results suggest that exprPssion 
of bacterial avr gPnes using controlled low-level expression in the 

roots could generate broad-spectrum resistance to any type of 
bacterial, fungal, or viral root pathogen. 

leaves/green tissue. Chlorophyll-containing tissue. like the lPaf, 
supports the expression of a number of well-characterized, light­
inducible genes. The best-charac terized light-inducible genes in 
plants arc members of the rbcS multigenP family Pncoding the small 
subunit of ribulose-1.5-hisphosphate earboxylase. Promoters from 
rbcS g<"nes contain an inlrirate assortmrnt of positive and negative 
regulatory elements that are able to cnnff' r ligh t-inducible and 
tissue-specific expression in transgenic plants (Gi lmart in and Chua, 
1990). Delr tion analysis of a modPI rbcS promoter. the pea rbcS-3A, 
revealed redundant light-specific response Plements (LREs). whirh, 

when removed, grPatly reduced light-induced expression 
(Ku hlemeit>r et al., 1987). The LR E located between - 169 and 
- 112 bp conta ined two binding sites for the transcript ion factor 
GT-] (Green el al.. 1987). These binding sites, labeled box II 
(- 151 lo - 136 bp) and box II[ (- 125 to - 114 bp). are both 
required for transcriptional activation hy I ight (Kuhlemeier et al., 
1988). Regions in the rbcS-3A promoter responsible for light 
induction are also associated with tissue-specific expression, aga in 
emphasizing redundancy in the expression system of the rbcS genPs. 
Only 410 hp S' flanking of the pea rbcS-3A gene was found to be 

8ufficienl for strong light and tissue-specific expression (Kuhlemeier 
et al.. 1988). An alfalfa rbcS promoter of 608 bp drives strong, light­
indu<' ible and tissue-specific expression of a GUS rusion gene in 
tohacro (Potenza et al., unpublished data). Although many of the 
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rbeS promoters isolated and characte rized from di rots appear to 
conta in highly conserved cis-elements that maintain similar spatial 

parameters and expression patterns, mouot:ot promoters may have 
different cis-ac tivating sequerl!'es than those of dicots (Schaffner 

and Sheen. 1991 ). Furthermore, an rbcS promoter from C3 (rice) has 
a rliffcrenl pattern of expression than the endogenous maize rbcS 
when transformed into a C4 (maize) plant ( omura et al.. 2000). 

te lling a cautionary tale, once again. about hcterologous plant 
promoters used in plant genellc engineering. Even the Rubisco 
promoter. one of the best-chararte rizPd plant tissue-spec ific 
pro111oters available. gives surprising results when transformed 
into a hetcrologous system. 

A second. highly expressed. green tissue gene family is the 
chlorophyll alb-binding (Cab) protein genes. Cab proteins are 

associated with the light-harvesting complex proteins to fonn the 
\ight-harvestiug complex (Lhc). Like the rbcS proteins. it is also one 
of the most abundant prote ins found in the leaves of all green plants. 
However. the expression pattern of the Cab genes in plants is 
different from that of the rbcS genes. Cab promoters respond lo light 
and diurnal or circadian rhythms (Ha and An. 1988). Carre and Kay 
( 1995) have demonstrated that the region between - ] 11 to - 38 bp 
of the Arabidopsis CAB2 promote r sequenee l'onfers circadian 
regulation lo a luciferase reporter gene. This rl'gion contains a CAT­

box and three I-boxes or GATA motifs, which all play a role in 
tissue-specific and light-mediated regulation (Anderson and Kay, 
1995). Sequence alignment of spl'cific promoter regions a lso reveal 
a novel motif (CAANNN ATC) conserved in 5' upstream regions of 
circadian-controlled tomato Lhc genes. This element overlaps with a 

sequence rdevan t in light-mediated gene express ion, which 
s upports the he lil'f that light percl'ption and the biological clock 
arc c losely related (Piechulla et al.. 1998). 

A problem that might arise with the use of rbcS and Cab genl' 
promotns could be related lo their membership in multigcnc 
fam ilies. Cab and rbcS proteins are very abundant in green tissue. 
especially leaves. but many genes wi thin the families rould 
contribute to the final total pool of prote in. High expression levels of 
a transgene could potentially be dependent on which gene family 
member promoter is isolated and characterizl'd. For this reason. a 
strong, green tissue-spec ific promotn from a small or single gene 

family might be valuable (A leman. 2001 ). Rubisco activase (RAc) is 
a soluble chloroplast prote in required for the activation of rbc in an 
ATP-dependent manner (Portis, 1992), and appears to be a single 

gene in alfalfa (Aleman, 2001). Comparison of the RAc and rbcS 
promoter sequences revealed that the 51-upstream region of the 
sp inaeli RAc gene contains sequences that are homologous to cis­
e lenwnts conserved among rbcS (Orozco and Ogren, ] 993). An 
alfalfa 1532 hp RAc promoter:G US fusion construct used 1 n 
transgenic tobacco confers strong, light-regulated expression in 
green tissue (Potenza el al., unpubli shed data). 

CELL 1\ l'f,- S l'ECIFIC P ttO.\IOTEIIS 

A number of cell-specific or cell type-specific plant promoters a re 

available or t:an be isolated for specific r l'lls or cell types. A few of 
thest> from recent publications will be reviewed. 

Trichome-specific. Trichomes are modified ep idermal structures 
that appear on the surface of many Aowering plants (Szymanski 
et al., 2000), and act as the first line of defense against insert and 
pathogen attack. Glandular trichomes, small protruding stalks with 

a stem and sl ightly bulbous head, secrete compounds that 
contribute to this defense. as well as natural produt:ls that are of 
interest because they are harvested as essf:'ntial oils, flavors, and 

aromas (McCaskill and Croteau. 1999). Cytochrome P450 promoters 
from tobacco (Clark ct al., 1997) and a cytochrome P450 gene frorn 
catmint (Nepeta racemosa) (Wang et al., 2002) have been isolated 

that art> specific for lrichome expression. The promoters have the 
potential to enhance natural resistance to plant pests aml contribute 
to molecular ·pharming' of commerc ia lly usefu l natural produC'ls 
(Lange and Croteau. 1999). The tobacco CYP71D16 promoter 
comprised of 1852 bp upstream of the tran,lation start si te and 
including + ll l bp of the C YP71 D16 gt>ne was fused to GUS to 
de termine spatial and temporal expression patterns. Strong 

trichome-spec ific expression was found as early as the root ing 
stage and continued in the leaves, stems. and flower petal lrichomes 
at all stages of development (Wang et al., 2002). No root expression 

was detected. Intense GUS staining was observed in the leaf 
t1ichome glands and deletion analysis showed that the region from 
- 223 to + 111 bp was found Lo be sufficient for trichomc-specific 
expression. but not strong gland-specific expression (Wang el al., 
2002). The t:ytoehrome P450 monooxygenase gf:'ne (CYP71A5) 
identi fied in calrnint is from the same subfamily as that of tobacco 
and shows expression exclusively in t1i chomcs (Clark el al.. 1997). 

Guard cell/stomata. Guard cells are highly spec ialized 
epide rmal crll s that are an important part of the stomata[ complex. 
They arc present in tl1e leaves, stems, and reproductive struc tures of 
many plants and control the stoma pore size, which in turn allows 

gas and vapor exchangl' between the plant and the environment 
(Alberts e t al.. 2002). Controlling stomata! opening and c losure 

could have broad implications in controlling plant reaction to 
envi ronmeutal changes. including drought and heat. In Arabidopsis, 
genes encoding functional myrosinasc enzymes were expressed in 
guard cells and very specific vascular cells in the phloem. The 
promoter of the thioglucoside glucohydrolase l (TGGl) myrosinase 
gene was fused to GUS and green fluorescent protein (GFP) and 
transformed back into Arabidopsis. Expression studies showed that a 
2.5 kb promoter fragment directed expression in guard cells and 
specialized phloem cells at all stages and tissues (Husebye et a l., 

2002). A second guard cell-specilic gene. the KSTI gene, encodes a 
K+ inAux channel in the guard cells of potato. It is thought to be 
involver! in the inAux of K+ ions after guard cell stimulation by light 
or hormones. Dele tion of the KSTJ promoter showed that - 1086 bp 
to - 236 bp 5' flanking directed strong activity of a reporter genl' in 
gua rd ce lls, but a deletion to - I 91 bp showed very little to no 
expression. Sections of the KSTl promote r were fused to Llie - 56 bp 
CaM V 35S promote r to try to find a gua rd cell-spec ific element. 
Studies showed that a zinc-finger transcription factor Dof protein 
bound to the sequence motif (5'-TAAAG-3'). and binding was 
highly co1Telated witli guard cell -specific expression (Plesch et al., 

2001). 
Root hair. Root hairs are made up of single cells and have an 

important function in water and ion uptake. They are also involved 
in 1he ini tiation of nodulation and fonnation of the infection thread 
in rhizobium-host interactions (Buchanan et al., 2000; F raysse 
et al.. 2003). Interest in gene expression to arld ress root hair 
development and function (Cosgrove et al., 2002) has led to the 
study of a number of genes, including ion channel genes (Downey 
et al.. 2000) and genes involved in sym biosis (Catiora el al., 2001 ). 
Simplified methods for cloning root ha ir-specific cDNA (Jones and 
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Grie rson, 2003) is leading toward the isolation and charac terization 
of root hair-specific promoters that will allow targeted study of thi s 
unique root ct>ll. 

Companw n cell. Sucrose transporters catalyze the uptake of 
sucrose in phloem loading for long-distance transport in plants. A 
number of sucrose transporlt>rs have been localized lo the phloem 
(Gahrtz et al.. 1994; Riesmeier et al., 1994 : Truernit and Sauer. 

1995). and molecular and immunocyloehemicaJ studies narrowed 
down expression specilicallv lo the companion cell (Stadler et al.. 

1995; Stadler and Sauer, 1996). A 945 bp promoter including th<' 
entire 51 untranslated region of the A. thaLiana AtSUC2 sucrose-I-I + 
symporle r gPne fused lo GFP has been used to study long-distance 
trafficking and symplastic uploading of GFP in phloem (lmlau el al.. 
1999), and lo study vein maturation in developing tobacco leavcs 

(Wright et al., 2003). Furthe r study of the AtSUC2 promoter showed 
that it is expressed in the plant parasitic. cyst nt>malodt>-induced 

syncytia (Juergensen ct al., 2003). and could be used in a strategy to 
interfere with syncylia fo rmation and disrupt the nematode"s life 

cycle. 

01tc.\_'fELLE-SPECIFIC P L.\..' ff PnmmTERS 

The generation of transgenic organi,rns and their subseqtwnt 
release and widespread usagt> in agri culture has raised valid 
concerns about their safety and containment. While many scientists 

behind the development of genetically enhanced orga nisms bel ievt> 
they understand the ir polPnlial and limitations, their rdease has 
led them into the path of public 'peer review· concerning the 
methods, genes. and expression pallerns of these genes in 
transgenic organisms. The advent of many of these challenges 
has been lw nt>fiC'ial. for example, leading to tbe development and 
potential use of promoters that target transgene produc ts so as lo 
help allay fears. Bui questions still r<"main. One of the most 
puhlicizNl conct>rns involves transgenic 'pollution·, or the spread of 
transgcnes from cultivated crops into wild relatives by means of 
pollen drift. Recent studies have shown that. indeed. transgcncs 
can introgress into wild rela tives with low probability (Scull and 

Wilkinson. 1999). but in areas where wild populations ar<" known lo 
exist, restrictions on growth and planting are applied. llowever, 
GEO opponents have rt>cently be/!:un to challenge the success of 
transgenic crops using racial and cultural a rguments that enflamt' 
passions and fears. This is especially true of rert>nl repo1ts that 
traditional maize landraces in Mexico have been 'contaminated' by 
transgenic corn pollen (Quist and Chapela, 2001). Although these 
rcpo11s have been refuted with great spirit by the scientific 
cornmunity (Christou. 2002; Kaplinsky et al., 2002: Mann, 2002: 
Metz and Fiittercr. 2002). steps are being taken lo diffuse thi s lypP 

of argument by placing transgenes in plastids under the control of 
plaslid promote rs as a mt>ans of reducing or eliminating transgenic 

pollen drift. 
Plastid lra11sformation by biol isti cs was fi rst done 111 

ChLamydomonas chloroplasts (Boynton ct al., 1988). showing 
through complementation tha t pholosyn1he1ic mulanls could h<" 
restored to pholosynthel ic growth. Wild-type genes replaced 

mutant genes via homologous recombination. Plant chloroplast 
recomhination followed in 1990 (SvaL et al., 1990). Plaslid 

transfonnation has multiple advantages when compared to nuclcar 
lransfonnation. These organelles are prokaryotically derived and 
have relatively small circular genomes, a llowing for homologous 

recombination, which would eliminate gene placement effects. 
Thne is also no gene silenc ing like tha t SPt'n with nuclear transfer 
and, because polycistronic Px pr<"s~ion of gent's occurs in plastids 
(Staub a11d Maliga, 1995), there is the possibility of expressing 
multiple genes in a single transfom1alion vector. Genomt>s in 
plastids are present in vny high copy number within the organe lle 
(up to 10 000 per singlt> ct>ll) and tht>se genomes have highly 
active inter- and intramolecular exchange. This would allow for the 
propagation of the lransgene throughout the plastid genome pool 
vny ffUi ckly (Goulding t>t al., 1996). and result in high transgene 
expression. Finally, a majority of cultivated crop plants inherit 
their plaslid genomes un iparenlallv through the maternal parent 
(Corriveau and Coleman, 1988: Naga ta et al., 1999). Plaslid 
transformation wouJd therefor<" effecti vely reduce or Pliminate 

lransgene transfer through poll<"n (although all the othe r gt>nes 
present could still spread to native wild relatives). As an added 
plus. Monarch Lullerilies would no longer fear death through 
pollen ingestion (Losey et al.. 1.999) because there is no 
chloroplast DNA in the pollen of most crops and transgenic 
insecticidal proteins would not Le produn,d in pol len. There is a 
recent report that studied the lransft>r ralt' of chloroplastic DNA 
into the nucleus (Huang et al.. 2003a). bul questions have been 
raised about the hi1?:h rate of transfer and whether the original 
chloroplast transgenic lines S<"l<"rlt>d also contained the transgenc 
inlt>graled into the nuc lear DNA (Daniell and Parkinson. 2003: 

Hua11g e t al.. 2003b). 
Promoters ust>d to control expression of transgcncs are mostly 

derived from !host> endogenous to the specific plan! to be 
transfom1ed. Chloroplast transfonnation veetors most often include 
a light-responsive promoter psbA. a photosystt>m II promoter (Staub 
and Maliga. 1994), and rbcl , the promoter for the ribulose-1.5-
bisphopha te carboxylase large subu nit gene (Shiina et al., 1998), 
and the 16S rRNA (Prrn), a strong and conslilulive plastic! operon 
promoter (Maliga, 2002). Non-endogenous plastid promoters have 
also bet>n used successfully (Sidorov e l al.. 1999; Ruf et a l. , 2001 ), 

and a 'universal' vector that integrates into a highly conserved 
region of the chloroplast g<"norne has recently been developed 
(Daniell ct al., 1998). Another report details a dual plastid/nuc lear 
genome system that places the phage T7 RNA polymerase with an 
rbcS chloroplast transit p t>ptide. driven by the CaM V 35S promoter, 
into the nuc l<"us of tobacco plants. The T7 RNA polymerase cont rols 
expression of a T7 promoter/report er gene stably transformed into 
the plustirls (McBride et al., J 994). Expression of the reporter gene 
was <"Xlr<"mely high in mature leaves and lower in stems and roots. 
With modification of Lhe promolf'r dri ving the T7 RI\A polym<"rase, 
more selecti ve expression could h<" poss iblt> . 

Othe r systems that arc being developed involve the selecti ve use 

of plastid polymerases. Plastid polymerases are t>ncodt>d by both 
plaslid gent'~ (plastid-encoded polymerases: PEP). and by nuclear­
encoded polymerases (NEP), which are imported post-tra nscrip­
tionally into the organelle (Hajdukiewicz el a l.. 1997). PEP and 
I\ ~JJ have bt>en shown to hav<" different expression patterns and 
r<"cognizt> differt>nl promoter sequences (Hajdukiewicz el al.. 1997). 
Using plastid promoters that are sp<"c ific for one or the other 
polymerase may be usPful for rPgulated expression of transgcne~ in 

s<"lected p lastid types. 
Successful use of plastid lransfo1mation systems includes high 

levels of exprt>ssion of the insectic idal Bt toxin CrylAc (McBride 
et al. , 1995), and Cry2Aa2 (Kota et al.. 1999). both using the Prrn 
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promoter. Expression of the Bt Cry2Aa2 protein was at such high 
levels that it killed both susceptihle and Bt-rcsistant insects. Ye 
et al. (2001) showed that high (10 000-fold higher than nuclear 
expression) plastid expression of ~PSPS. the plant enzyme targeted 
by glyphosate herbicides ("Roundup'), showed a high level of 
tolerance to herbicide. Because pollen does not carry th<- transgene 
in most crops, the possibility of the creation of ·supcrwccds· through 

pollen pollution is substantially decreased. Finally. extremely high 
expression and concentration of a recombinant human therapeutic 
hormone (somatotropin) in tobacco chloroplasts (Staub et al.. 2000), 
and transfon11atiu11 and high expression of a transgene in tomato 
fruit (Ruf Pl al., 2001). gives promise for the expression of 
therapeutic drugs and oral vaccines in I he ehloroplastic transgenic 

system. 

Jr,;oucrn1.E PL~~T PH0~10Trns 

Targeting lransgPnf:' exprt>ssion using tissuc-spt:'cific promoters is 
a powerful technique used in the control of gene expression. 
However. that control is still dt:'pt:'nde:-nt on the plant and th!:' 
expression pattern of Pnrlogenous trans-activating fac tors. Fmthcr­

more, although numprous, well-characterized tissuP-sprcific pro­
moters are available, there are pote:-nlial pitfalls when using them. 
Thr most ob\' ious is that a characterized heterulogous promntrr 

mi1~ht act diff Prently wlwn placed in a diffe rf:'nt genus. species. or 
even cultivar of a plant. Induc ible (and repressible) promoter 

systems using both endogenous and t>xogenous {'Omponents have 
several potf'n lial advantages over some tissue-specific systems. 

Stresslwo11nd-ind11cible promoters. In plants, various typPs of 

slrf'sses, both biotic and ahiotir, induce a large number of genes. 
The stressf:'S can include a wide range of environmf'nta l changes 
like cold, lwal, UV light. high salt or minnab/heavy metals in the 
soil, and wale r deficit or flooding, or by herbivore and pathogen 
attack that causes local ized wounding in plant lissuf's. When a plant 
is woundf'd, genes arc mobilized for dPfense and repair, enzymes 
are induced that produce deterrent chemicals, and proteins and 
other molecules arf' made to signal the plant systemically that an 
allack has occurred. Genes induced by strpss and defense have 
produced a number of well-characterized and useful promoters. 

Many of these:- promoters are valuable because they direct 
specifical ly targeted expression directly al the point of wounding 

or infection. These charnc terislics make wound- and stress­
inducible promoters potentially useful for the enginf'f'ring of 
rPsistance:- genes or insecticidal prote ins that are turned on only a t 
the time of allack, whereas global or systemic induction systems 
have the potentia l to prnlf'c t the whole plant from the applied stress 

only when neecled. 
Some of the best-characterized wound-inducible promoters were 

first studied over l O years ago. The potato wun 1 and protei nase 
inhibi tor II (pin2) gene promot('rs both direct high wound- and 
pathogen-inducible expression. but have little to no constitutive 

t:'xpression without stimulus (Logemann ct al.. 1989: Keil Pt a.I.. 
1990; Xu et al., 1993). The 1.2 kb 5' flanking region of the wunl 

gene fused to reporter genes showed vPry high levels of expression 
at the site of wounding anrl pathogen attack (Siebertz f'l a l., 1989). 
Most of this inducible expression was lost wi th a deletion tu 
- 571 bp. Reporter gene induction was maximal at 10 h, but leveled 
off between 10 and 12 h. and expression was highest in epidermal 

cells of leaf and stem. The promoter for the potato proteinase 

inhibitor II g<'ne a lso directed low constitutive exprt:'s~ion. ln,t was 
induced to high levels by wounding and methyl jasmonate when 
transfonned into rice (Xu e t al ... 1993). However. expression was 
systemic and was maximal after 24 h (Keil et al.. 1990). 

Many genes induced by abiotic strPsses contain distinct two cis­

acting elements wi th in their promoters. They arc a dd1ydral ion­
responsive element, or DRE (TACCGACAT) (Yamaguchi-Shinozaki 
and Shinozaki. 1994). and an abscisic acid (ABA)-responsi\·e 
clement, or Al3HE (ACGTGGf l'C) (Bonetta and McCourt, 1998). 
The Arabirlopsis rd29A and rd29B are slress-rPsponsive genes, but 
a re differentially induced under ahiotic slress conditions. The 
rd29A promoter includf's both DRE and ABRE elements ancl tht" 
gene is induced by dehydration. high sal inity, low temperature . 
and abscisic acid (Yamaguchi-Shinozaki and Shinozaki , 1994), 
while the rd29B promoter includes only ABREs and induction is 
ABA-dependent (Uno et al.. 2000). Systematic site-specific 
mutation of the DREs and ABHEs present in 120 bp of the rd29A 

5' flanking region (- 174 to - 55) showed that the two typPs of 
e lements interact under stress conditions (Narusaka el al., 2003). 

Exogenous inducible promoter systems. Although endo11;enuus 
plant promoters can be used for inducible transgene expres~ion, 

most inducLble systems available for us<' in plant genetic 
engineering employ a combination of exogenous regulatory control 
elements, both /rans-acting and cis-acting, and take advantage of 
the I ranscriptional system of plants. They respond to signals, or 
inducers, not normally seen in plants. ones that can be selected and 
applied at the discretion of the re~carcher to turn the transgene(s) 
on or off. ideally, thf' inducible promoter should nol show any basal 
lPvf'I of gene expression in the absence of inducing agent, and 
expression should be reversiblf' and dose-dependent. The inducn 
should be in<-xpensive, easy to apply, and nontoxic. This is 

especially true if the system were to be used in fit>ld or commercia l 

s itua tions (Gatz and Lenk, 1998). 
Why might such a system be useful for lra11sgene exprt:'ssion? To 

answer specific questions, it might 11f' necessary to develop 
promoter systems where prec ise temporal regulation of transgene 
expression 1s required. Examples include situations where 
inappropriate gene expression is harmfu l or lethal, especially 
during the development of the plant (Guo et al.. 2003). lnduciblf:' 
expression of the clesired gene at specific stages of dt>velopment can 
contribute to the understanding of the correlat ion of phenotype to 

specific gene express ion. Metabolite flow in plants with alterf:'d 
expression of enzymes could be studied and monitored with greater 

prec ision (Caddick et al., 1998). Switching transcription off with 
specific promoters would allow analysis of Rl\A or protein turnover, 
effectively replacing use of artinomycin D or cyclohexamide. 
Regulatt>d gene expression systems would also be valuable in 
biott>chnological applications such as conditional expression of 
·pesticide' genes (i .f'., Bacillus thuringiensis cry genes), targeted 
expwssion of herbicide resistance genes, or induction of 
synchronous flowering or ripening. All of these examples point lo 
the need for inducible promoter systems useful in the production of 

genet ical!y Pngineered plants. 
Herbicide safeners art' herbicide antidotes. When applied, they 

cause increased herbici cle resistance in crops. which can he useful 
fo r self'clive weed control. Their mode of activation is bel ieved to be 
through the induction uf detoxifyi ng enzymes, which quickly 
inactivate applied he rbicides (Pcrsans ct al., 2001; Dt>Ridder et al.. 
2002). Differentia l screening in maize exposed lo substituted 
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benzenesulfonamide salt>ners (Hershey and Stoner. 1991) led to the 

isolation of the safener-induced gene In2-2 and its promoter. Use of 
the ln2-2 promoter fused lo a he rbicidi--detoxi fying enzyme eould 
inerease herbicide resis tance only when herbic irle application 
hf'conws necessary. Transformation with the ln2-2 promoter­
reporter gene construct showed re porter gene indul'tion in root and 
shoot apical merislem on plants grown in media or hydroponics 
containing safcner, while foliar a pplication did not show any 

repo1ter gene induction (De Veylder et al., 1997). Othen~ise. 
expression was s tri c tly con-ela ted with the presence of safeners. 
However. thi s Bystem is unsui table for prolonged exposure lo 

safcncrs due to inhibition of plant growth. 
Most inducible/repressible promoter systems are two-component 

systems with molecular 'on-off switches that vary in complexi ty. 
They include a transcription factor gene whose product, when 
selectively expressed, binds to a 'target· promoter that contains the 
transC'ription faC'lor's cis-acting element. The target promoter is 
fused to the transgene of interest and the binding of the 

transcription factor modulates its expression. A copper-induced 
model uses a metallo-activated yeast transcription factor gene 

(Acel) under the control of the CaM V 35S promoter. so tha t iL is 
expressed consliLuLi vely. However, the ACEl protein is only 
activated in the presence of copper or sih-cr (Mett ct al. . 1993). 
When activated, it induces expression throughout the plant of the 
second target promoter:transgPne whose chimeric promoter is 
composed of the CaMV 35S Domain A and the ACEl transcription 
faC'tor binding site. Activity of the GUS reporter gene in the leaves 
of transgenic tobacco increased up to 50-fold with the application of 
0.5-50 µJ\!l Cu SO I to the plants. A ropper system that allows for 
tissue-specific expression (nodule-specific) has also been developed 

(Mell e t al., J 996). Whilf:' long-term exposure of the plants Lo coppC'r 
causes toxic ity e ffects, it is suitable for transient expression studies 

(Granger and Cyr. 2001). 
A second two-compone nt system is the ethanol-induc ible system 

based on a well-c haracterized a lcohol regulon of the fungus 
Aspergillus nirlulans (Felenbok et al., 1988). It i~ composed of the 
promoter of the alcohol dehydrogenase gene, alcA . anrl an alcohol­
activated transcription fac tor gene (alcR) driven hy the CaMV 35S 
promoter. The transcription fac tor (ALCR) binds in the presence of 
ethanol to specific sites in a chi,neric alcA:CaM V 35S minimal 

promo I er (TATA box region), act ivaLing transcription of a target 
gene (Caddick ct al.. l 998; Salter el al., 1998; Rosian e t al., 

2001). The ale system is extremely sensitive to e tha nol a nrl is 
induced rapidl y and in a dose-dependent manner (Sa lter ct al.. 
1998; Hoslan e l al., 2001). The target gene is induced by soil root 
drenching (0.5% v/v e thanol), hydroponics (0.1 % v/v ethanol), a nd 
foliar spraying of mature plants (5% v/v ethanol). It has low lo no 
basal expression of the target gene. and it has the advantage of an 
inducer that is inexpensive and nontoxic a t the effective 
concentrations. Induction of targi-t grne expression was similar 
lo tha t of genes driven hy the CaMV 35S promoter. but was 

reversible (Rosian et al. , 2001). One drawback is that under 
anaerobic conditions, plants tha t are known to express alcohol 
dehydrogcnasc arc likely to activate thi s system with the 
production of ethanol , a fermen tation metabolite . However. this 
system appears lo be one of the most promising fo r use under field 
and commercial conditions. 

Tetracycline and horrnone-induc-ihle systems a re also composed 

of two components. Ho,mone-derived systems take advantage 

of the regulatory mechanisms of wel l-c haracte rized vertebrate 
s teroid receptors, and include estrogen (Zuo el al.. 2000), 
ccdysonc (Ma1tincz el al., 1999). and glucocorticoid-based 
systems. Target gene promoters include tandem copies of cis-acting 
elements responsive lo the co-transformed trans-activating factor, 
linked to minimal or s trong promoters. The trans-activating factors 
are chimeric and can a llow both inducible activation and 
repression. ~·or example, i.n an inducible system developed by 
Aoyama and Chua (1997), the transcription factor includes 
the trans-acti vating domain of the Herpes simplex VP16 prote in, 
the regulatory domain or hormone-binding domain of the 

glucocmticoid receptor, and the DNA-binding and trans-activating 
domains from the yeast transcription factor, GA L4. The expressed 
transcription factor binds lo a target gene promoter composed of six 
copies of the GAIA upstream acti vating sequences fused Lo a 
minimal (- 46bp) CaMV 35S promoter. IL is activated by the 
prf:'sence of as lilt.le as 0.1 µM dexamethasonc. a strong synthe tic 
glucocorticoid steroid. 

A tetracycline-responsive gene expression system developed by 
Weinmann et al. (1994) is a promoter-repressing system. Its 
chimeric transcription factor is composed of the TnlO encoded Tel 

repressor (TetR) and the VP16 activation domain. In the absence of 
tetracycl ine, the transcription factor bi nds Lo and activates an 

a,tificial promoter eomposed of 7 tel operators and a TATA box. 
However. the DNA-binding affini ty of the Te LR-VPI 6 tran~cription 
factor is elimina ted in the presence of tetracycl ine, and transgene 

express ion is repressrd. 
The glucocorticoid-inducible and tetracycline-repressihle sys­

te ms have also been merged. penni tting greatr r control over gene 
expression (Bohner el al., 1999). While valuable for laboratory 
research applications, the hormone- and te tracycline-media ted 
systems will not be acceptable for commercial purposes because 
Ll,ey include a gene from Herpes simplex and use antibiotics and 

human-associated steroid hormones as inducers. All of these 
components would be red-Aag items fo r the anti-GEO movement. 

Most published repo1ts focus on the expression of a known target 

gene(s) and its effect on the plant system. ln an elegant usage of an 
estradiol-inducible system, Bruce e t al. (2000) were ahle to profilt> 
and characterize genes induced in the ftavonoid pathway of maize. 
Activation of the anthocyanin pathway in maize is controlled liy the 
Myb t ranscr iption fac tor homolog CI and DNA binding factors R or 
H. Genes within a nother Aavonoid pathway that directs phloha phene 
synthesis are ac tivated by the single Myb homolog. P. These 
transcription factors t1igger expression of spec i fie flavonoid genes 
by binding lo cis-ac ting t>ll'me nls in the genes' promoters. Cell 

suspension lines were developed from the maize inbred Black 
Mexican Sweet (BMS) and transformed wi th a constitutively 
expressed chimeric l ransr ription factor made up of the estrogen 
receptor/maize Myh CJ activator domain. These lines were then 
cotransformed with the MybCJ :R binding factor gene fusion or the 
Myb homnlog P gene, under the control of a promoter containing 
four repeals of the estrogen receptor binding sites upstream of the 
CaMV 35S core promoter (- 59 bp). While nei ther cel l line showed 
a11y delectable amount of ftavonoirls before induc tion, they were 

detec ted within 12-24 h after addition of estradiol. RNA was 
isolated from control and induced lines and. using the GeneCalling 
process (Shimkets e t al., 1999), unknown and known sequences 
associated with Bavonoid expression were identified. The inducible 
activation of endogenous transcription factors is a powerful 
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technique for identification of genes involved in metabolic pathways 

and metabolite cascades. 

SY'ITHETIC OR ARTIFICIAi, PRO~IOTCRS 

The continuf'rl study of individual enhancer elements and their 
involvement in the specifics of gent' expression leads to an 
impo1tant question: Can one arti ficially select the specialized 
combinations of cis-acting clements within the promoter lo al low 
greater control of transgene expression? The conslruC'tion and use of 
synthetic or chimeric promotf'rs ca11 potentially give the researcher 

some known level of control. Construction of synthe tic promote rs 

takes advantage of the modular arrangement of cis-acting elements 
found within the enhancer regions of promoters although, without 
functional analys is, in most cases it is not known if individual cis­

acting elements will retain their activity away from their native 
promoter. Synthetic promote rs that have been created generally 
couple a basal or core promoter with composite, cis-acting elements 
that have the ahili ty lo function independently from their na tural 
promoter. A popular basal promoter for use in the creation of 
syntheti c plant promoters is the CaM V 35S promoter (L,lmasov et al., 
1997; Vernhettes et al., 1997). 

Pathogen-induced promoters are some of the best-studied 

promoters in plants . There is a large number of known pathogen­
induced genes, and many similar cis-acting elements are found 
between their sequences. Tl1e W box (lT)TGAqCr r l) is part of a 
major class of cis-e lements responsible for the pathogen induction 

of multiple plant genes (Du and Chen, 2000). The GCC hox 
(AGCCGCC) is also found in the promoters of nunwrous defense 
genes (Ohme-Takagi and Shinshi, 1995). An e lement similar to 
the CCC box, callnl an S box (AGCCACC), has been found in 
promoters induced by fungal elicitors (Kirsch et al.. 2000). Using 
modules of these and other pathogen- anrl stress-re lated cis­
elements, Rushton el al. (2002) have made and tested a number 
of synthetic pathogen-inducible promoters by fusing up to eight 
copies of each alone or in combination with other elements in 
front of the minimal CaMV 35S promoter and GUS reporter gene. 
and transforming Arabidopsis. The result s shPd light on how 

number, spacing. and combination of these elements affect the 
promoter's response to wounding, fungal penetra tion, and 
bacteria l challenge, with encouraging results. Interestingly, none 
of the elements used in this study ori ginated in Arabidopsis. 

which suggests that drfen,;e signaling is well conserved across 

species. 
Transposable elements are be lieved to provide cis-acting 

regulatory e lements that lead to changes in gene expression 
patterns, thus contributing to the evolution of genes and genomes 
(McDonald, 1990: Kidwell and Lisch. 1997). Because regula tory 

sequences in transposons and re trotransposons are selected Lo be 
adaptive in their host genomes, they are highly condensf'd and 
optimized in their activit ies and can be very usf'ful in the 

constrnction of potential a rtific ial promoters . The 13-base pair 
motif of the tobacco Ttol LTR retrotransposon promoter is a 
cis-acting regulatory element that confers temporal a11d spatial 
responsiveness to tissue cultu re, wounding, and methyl jasmonate 
when multiplt> r-opies were fused in front of the CaMV 35S 
(- 46) minimal promoter (TakediJ et al., 1999). Point mutations 

resulting in loss of function in thP Tto l element demonstrated its 

regulatory abilities. 

In contrast, highly active syn thetic auxin response elements were 
created by point mutation in a natural composite AuxRE (auxin­
responsive element) found in the soybean CH3 promoter (Ulmasov 

ct al., 1997). A s ingle biJse pair change resulted in a 25- 50-fold 
induct ion by auxin compared to the native AuxRE. And while many 
enhancer clements have been associated with light induct ion, DE I , 
a 12-base pair cis-regulatory e lement fusf'd to the minimal CaMV 
35S (- 46) promoter, was sufficien t to confer dark induction when 
transformed into pea (Inaba ct al ., 2000). 

finally. a plant synthetic promoter would not be complete wi thout 
the tobacco mosaic virus (TM V) omega sequence (Call ie and 
Walbot, 1992). The TMV omega 'enhancer· e lement is a 68bp 

leader sequence that contai ns numerous functionally redundant 
moti fs and enhances translation of the transgenc in both eukaryotes 
and prokaryotes. It docs not appear to alter organ-specificity when 
fused to the CaMV 35S promoter (Holto1f el a l. , 1995). 

The promote rs covered in thi s review a rc but the tip of tli e 
genomic icf'berg. ew technologies, from transc1·iplomics lo 

protcomics to genome sequencing projects will open up new vistas 
in the isolation of promote rs tai lore<l to answer specific questions in 
research or create new transgenic crops and products to feed and 
help the people of the world . lndeed, transcriptomirs has the 
potential Lo rapidly increasf' our knowledge of spatia l and temporal 
gene express ion and lead to new promoters for research and 

rlrvelopment. Microarray analysis is a method for as~essing plants, 
responses to any manner of manipulation (i .e., drought, salt, 
pathogen infection, colrl, xenobioti c exposure ... ) by measuring 
global changes in HNA levels. Moni tori ng the expression profil<·s of 
thousands of genes in a single experimf'nt is a powe1fol tool to 
search for gPnes responsive to the se lected stimuli and to ei.lpture 
the promote rs that drive the response of these genes. For exampl.e, 
microaiTays have been used in thf' development of metal-specific 
promoters that have the potential to be used in the development of 
mPtal-specific biomonitors (Krizek et al. , 2003). Tilt' power of 

microarrays coupled with plant genomic sequencing projects is that 
not only can stimuli- or tissue- or cell-specific promoters be 
di scovered, but tha t promoters of simi larly regulated genes can be 
mined for noncoding sequences that have lwen conserved during 
evolution due to func tional constraints. These sequences will help 

us lo identify candidate regulatory cis-acti11g e lements and patterns 
of promoter evolution (Guo and Moost>, 2003), indeed allowing 
researchers to become genetic or genomic archeologists. 

The expanding fie ld of bioinformatics will lead to computational 

analysis of primary struc ture and function of single promoters. 
helping define enhancer function and relationships with othe r 
conserved moti fs in the genome in silico. Becausf' onl y a small 
po1tion of an organism's genome is actually composed of transcribed 
sequences, there is a large, untapped resource of promotPr 
sequences to be studied that can he lp focus on global views of the 
evolutionary relationship wi thin and across species. 

There are still untapped gene famil ies that show potential for the 
dernlopment of new promoters because of their diversity of function 

and evolutionary conservation. The cytochrome P450 enzymes are a 
superfarnily of more than 400 known members found in both 
eukaryotes and prokaryotcs (http://www.icgeb.triesle.i l/ - p450srv/ 

new/p450.html), and the glutathione 5-transfnase genes arc a 
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multifunctional familv of enzymes present both in plants and 
animals. Both of tht>se gene families plav a major role in the 
metabolism of numerous physiological substrates, as we] 1 as a wide 
array of xcnobiotics, including drugs. chemical carcinogens. 

insecticides and herbiridf's. petroleum products, and otlwr 

em ironmt"ntal pollutants. The promoters that drive tl1Pse genes 
are inrlu!'rd by a wide array of natural chemicals anrl xPnobiotics 

and can lw valuablP tools in the improvement of plants as 

environnwntal inrlirators, for phytorcn1C'diation. or fur tht> metabolic 
enginPering of medicinal products (Yun el al. . 1992; Dixon and 
Steele. 1999). Their nne drawback is their tendency to be regulatr<l 
by the products of tl1Pir metal)olism, but this feature is onP that 

should promotp caution when devt>loping any promoter for a 

specialized system. 
The use and developmPnl of transgenic organisms for agricultural 

and industrial purposes has brought a unique focus tu potential 
problems that eould arise with public and rnvironmental cxposurP. 

Questions havP bet"n raisrd and addressed about antigt"nic eff P!'ls of 
tran,,gPnf' products. pollen drift and thP lransfrr of transgcncs to 

rdatcd wild species. and tnxic or uninten tional effects on nontargt"t 
organisms. Scienlish havf' ht"en challenged in finding solutions for 
thf'se potential problems to calm public doubts and fears. The 

advc·nl of many of thest" c-hallenges has been beneficial, for 
example, leading lo new methods of selection, grt'alt>r testing of 

tnmsgene products. and the development and potential use of 

promoters that target transgent> products in such a way as lo help 
allay fears. The intelligt"nt UM' of this technology will incluclt" the 

de~elopment nf carefully naftt>d lransgt"nic organisms. which 
shoulcl include the selection of specialized promoters for the Lest 

expression of the lram,genP. 
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