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The Cauliflower Mosaic Virus 3 5s Promoter: 
Combinatorial Regulation of Transcription in 

Plants 

Appropriate regulation of transcription in higher plants 
requires specific cis elements in the regulatory regions of 
genes and their corresponding trans-acting proteins. 
Analysis of the cauliflower mosaic virus (CaMV) 35s  
promoter has contributed to the understanding of tran- 
scriptional regulatory mechanisms. The intact 35s pro- 
moter confers constitutive expression upon heterologous 
genes in most plants. Dissection into subdomains that are 
able to confer tissue-specific gene expression has demon- 

R LCENT STUDIES O F  GENES ESI'RESSED IN A TISSUE-SI'ECIF- 

ic manner ( 1 )  a~ici gene5 that control specific cic\.eloprnent,~l 
path\\\avs (-3) have revealed the i m p o ~ w n c c  of t ra~iscr ip t io~i-  

'11 mccha~iisms ill the co~itrol  of  development in higher plants. In 
some cases, the DN.4 sequence elenie~its that arc Iicccssan for 
t r a ~ s c r i p t i o ~ l ~ ~ l  regu1'1tion and the protein fx to r s  that inter,~ct n i t h  
these seclucnccs have been idc~itified. IVhat ha5 cmcrgcd is 'I 

complex picture in nrhich D N A  sequence elements that arc i~ilpor- 
tant for regulation are scattered over thousands of  tuse pdirs (bp ) ,  
' ~nd  these elements intcr'~ct \vith f'lctors that c,xn be either ~ ~ b i q u i t o ~ ~ s  
or  highly restricted in their distribution. .4 simplc ~iloclcl in \\.hi& 
transcriptional regulation is mediated solel!- by the presence o r  
absc~ice o f  a particul,lr trdns-acting factor no\\. seems in,ldcclu,ltc. 
R'xther, transcriptional r c g ~ l ~ ~ t i o n  ma\. be ,~ccornplished through 
combinatorial mcchanisrns (.i, 4) by L1.hic.h cli\.ersc csprcssion 
patterns are achiel-cil thro~lgh difkrent combin ,~ t~ons  of  .I limitccl 
number of  rcgulaton elements and trans-'lcting factors. 

strated that the promoter has a modular organization. 
When selected subdomains are combined, they confer 
expression not detected from the isolated subdomains, 
suggesting that synergistic interactions occur among cis 
elements. The expression patterns conferred by specific 
combinations of 35s subdomains differ in tobacco and 
petunia. This indicates that a combinatorial code of cis- 
regulatory elements may be interpreted differently in 
different species. 

If combinatori,~l proces5cs control tr'mscription, n.c 5hould be 
dblc to  iclcntic, the bdsic components , ~ n d  generate different tran- 
scription patterns \\.hen the components .Ire combined in diferent 
\ \ .~\ ,s .  In order to  0bsen.e the effects of different combinatio~ls o f t h e  
basic componclits, gene cxprcssion must be monitored in ,I \.arien 
of  tissucs and throughout de\.clopmc~it. Plants are particul'~rl\. \vcll 
suiteil t o  this r y e  o f  analysis, bec'~use trclnsgenic plants can be 
rapidl\ and easily gcncratcci, anci reporter gcnc cxprcssion can be 
monitorcci in most cells and at l-,~rious stages of  development. l y e  
h.l\-c used ,I lira1 promoter that is able to  confer expression in most 
pl.lnt cells 'IS a m ~ d c l  system to  dissect some o f  the cornbindtorial 
p r o p t i c s  o f  t r an~cr ip t ion~~l  control ill pla~its.  111 this article, n.c 
revie\\. our  current lulo\\~ledge o f  the components n.ithin this 
pronloter m d  the results o f  combining thcsc components in differ- 
ent n -~ys .  l y e  contrdst expression patterns conferred b \  ~ ' ~ r i o u s  
combin,~tions o f  cis c l c~ l~cn t s  in flo\\.ers from nvo  ditferent species. 
\Ye also compare these findings \\-it11 el icicncc for cornhindtorial 
mech,~nisms of  gcnc regulation obtained from pl,~nts ,lnd other 
organisms. 
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Expression Modules Within the CaMV 35s 

The 3 5 s  promoter of cauliflo\ver mosaic virus (C&\II') confers a 
high amount of expression in most cells when tr'msferred into pl'111ts 
(5-7). In  '~cidition, espression is not depe~lcie~lt  o n  lira1 trans-'lcting 
factors (7). For these reasons it is one of the most commonly used 
promoters in plant b iotechnolog.  Deletion '~nal!.ses of the 3 5 s  
promoter h'lve reve'11ed the esistc~icc o f  \.ariously regulated expres- 
sion modules (5, 8-10), In tobacco callus and ledf tissue, deletion 
fro111 -943 to  -343 bp upstream of  the tralscription initiation site 
does not decrease expressio11. Ho\ve\.er, ciclction t o  - 105 decreases 
tr'mscription to one-thirci of control v'~lues, and further deletion t o  
-46 decreases tra~lscription~~l activin to  one-nventieth of the 
amount obseneci ~ v i t h  the - 105 cieletio~l ( 5 ) .  These results suggest 
that regions of the C,h\I\' promoter benveen -343 anci - 105 dnd 
-105 and -46 'Ire important for transcriptio~idl activation. 
second snidy employed progressive 5 '  and 3 '  cieletions to  better 
define important cis-regulaton elemc~its. Four regions that afict  
transcription in tob'~cco l e d  tissue lvere icientified (10).  TYhcn the 
region benvcen -208 and -46 is deleted, transcription is ciecreaseci 
to one-nventieth of the control \.'~luc. This region acti\.ates tran- 
scription in both orientations, indicating that it has the properties of 
an enhancer. 111 adciitlon, synergistic effects arc obsened n i t h  
comhinations o f  cis elements founci in the 3 5 s  proliioter. The 
region from -90 to  + 8  gives no  detectable expression in leaf tissue, 
as 1s thc case for the fr'1gme11t from -343 to  -208, joineci to  a 
minimal 3 5 s  promoter ( -46 to + 8 ) .  Holyever, when thc - 343 to  
-208 fragment is fi~seci to  the -90 to  + 8  fr'~gment. expression in 
leaf is reproducibly cietecteci ( 10). 

These cielctio~i an'11yses of the 3 5 s  promoter suggest t11'1t more 
than one region of the promoter contributes to expression. iVhen 
the -90 t o  + 8  region is fusee1 to  the chloramphenicol '~cer\l- 
t r a n ~ f e r ~ ~ s e  (CAT)  structural gene, CAT '~ctivit!. is detecteci in roots 
but not in leaves (11) .  Therefore, ciistinct regions of the 3 5 s  
promoter might confer expression in different tissues. 111 order to  
cietermine the cell specificin of expression of different regions o f  the 
3 5 5  ponloter.  lve useci the P-glucuronidase (GUS) reporter gene 
fused to  various promoter segments to permit histochemical local- 
ization ( 6 ) .  TYc initially dissected the promoter into n\-o regions 
tcrnmeci clomain A ( -90 to  + 8 )  and ciomain B ( -343 to  -90)  (Fig. 
l h ) .  Expression from domain B lvas analyzed lvith a fusion to  '1 
minimal promoter ( -72  to  + 8 )  thdt dlone gives n o  detectable 
expression at any stage of development. Expression lvas monitored 
in seeds, seedlings, m c i  mature transgenic tob'~cco p l a ~ t s .  Histo- 

chemlc'11 locallzatlon of ex~ress ion shows that domain X confers 
expression princip'dly in root o r  embnonic  tissue destined to  
become root (12).  The expression in the root is strongest in the 
n~er i s t em~~t ic  region. Some espression from A is also detected in the 
n~er i s t em~~t ic  region o f  the stem (particu1'1rly in seecilings) anci in the 
~ ' ~ s c u l a r  tissue of the stem a11ci leaf. In contrast, ciomain B confers 
expression principally in the aeridl portions o f  the plant. Expression 
is p~~rticularly strong in vascular, epiderm'11, and mesophyll cells of 
the embnonic  cog,ledon anci leaf, as lvell '1s in v,~scular tissue of the 
stem. In  the root, espressio~l from don1'1in B is detected primarily in 
\.ascul'~r tissue anci in the root cav i 12). The  c o n ~ b i ~ l ~ ~ t i o n  of don1'1in 
B n i th  ciomain A results in espression in most cell n p e s  at all stages 
of de\.elopment analyed. 

The conclusion from this an'11vsis is that the nvo domains have 
 complement^^^^ expression patterns ~ v i t h  little overlap. This suggests 
that a fairly simple additive re1'1tionship exists anlong cis elements. 
Hoxvever, evidence from deletion analyses (9, 10) 111 which synergis- 
tic interactions lvere obsened,  indicate that more complicated 
combinatorial re1'1tions might exist. In addition, espression from 
ciomain B is obsen~ed in nunmerous cell npes ,  suggesting that 
domain B may be 'I combination of rcgulaton elements. T o  
investigate whether domain R is composcci o f  ciifferent rnociules, 
edch able to confer a specific expression pattern, \jre further dissecteci 
domain B into five subciom~~ins (Fig. 1A).  \.Ye used '1s sites for our 
dissection the boundaries defined in the cieletion a1~11yses ( 10). '1s 
well as one additional site. iVe reasoned that the quantitative clfect 
on transcription in le'~ves that results from progressi\.e deletion of 
these regions might be due to  reduction o f  espression in specific sets 
of cells within the leaf. i5'e also lvishcd to  analyze the effect o n  
espression of comhinations o f  cis elements. T o  this cnci, \vc made 
combinations o f  each o f  the subdomains with domain A. The  
control constructs consisted o f  four copies o f  the suhclomains hseci 
to  the minimal TATA region o f  the 3 5 s  promoter ( -46 to  + 8 ) .  i5'e 
also examined the combi1l~1tio11 o f  subdomains R4 '~nd  B5 ( - 343 to  
-208),  lvhich interacts svnergisticallv nit11 domdin A in deletion 
alalvses (10) A fr'~gment thdt contamed subciomalns B4 and R5 \\CIS 

placed upstream of  the mlnlmal TATA region and iilsed to  d o m a n  
A ( I ? ,  14) 

Fig. 1. Regulation of gene expressio~l from the A -343 B -90 A +8 
CALI\' 35.5 promoter. (A)  ,halysis ofthe C&\l\' 35 s  Domains 
promoter. Progressi\.ely smaller region\ of the 35.5 B5 B4 63 ,  B2 B1 A1 Tata 
prornoter have bee11 analyzed for their a b i l ~ y  to Subdomalns A 

-343-301 -208-1 55-105 -90 -46 +8 confer cell-specific gene exprc\sion. Thi\ has sen.ecl to Sequence 
define nvo clomains. domarn A from -90 to -8. ancl motifs CA GATA as-1 9 @y* 
domain B frorn -343 to -90. and five subdornains. CAF GATA. ;ASF; 

- 
B1 through BS, \\.hose end points are indicated. The 
A1 subdornain is benveen -90 a ~ d  -46. Biochemical analysis has identified three sequence rnotifs 
\tithin the prornoter (as-I, GATA, and C h ) ,  \\.hich are the binding sites for three trans-acting 
factors (ASP-I, GATA1. allel CAY?. respect~x-ely). (B) Schematic representation of expresion 
pattern\ conferred by domain B ( top left) and the individual B subdornains placed upstream of the 'u', 

\ /  7 rninlmal TATA region (-46 to + 8 ) .  For the B3 subdomain. only one of nvo expression patterns is 'W , I 

shown ( 1 3 ,  14). Expression patterns conferred b\. domain A alone ( top right) or  the I3 subdomains 
in combination with domain 4 are shown on the right side of the figure. Crosshatching represents :;+ /" 'kf lo\v 'unounts of expression. Expression is depicted in (frorn left to  right) seeds, seedlings, and <5=- <g \,5 
mature plants. Expression in the root cap is i~lclicatecl by an aclditio~lal set of lines for seeds and v 
seedlirlgs, and b!. an additional filled triangle in mature plants. The tissues rcpre\cntcd schcmaticall~ En -.,, - <(?..- r YL ,, :-,?GM OL 
are ~dentified in the last roiv. XLI, apical rneristern; Co, coyledon; En, endosperm: HI', hypocot\.l C O Y  "\&A- .I&+; 
vascular tissue; OL, older leaf: Ka. radicle; Kcp. roor cap prirnorclia: KC, roor cap: KCo, roor -HV'-- SV 

Ra-& RM T ~ ~ o R M  K R ~  
cortex: ItM, root meri\tcrn: RI', root \-ascular tissue; SIT. stem vascular tlssue; YL. younger leaf. RCP RC RCY 
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A schematic summary of the results of this analysis in tobacco 
seeds, seedlings, and mature plants is presented in Fig. 1B. Four of 
the five subdomains, when placed upstream of the minimal TATA 
region, confer GUS expression in at least one cell type. The B2 
subdomain confers expression in a slngle cell type within the phloem 
elements of stem and leaf, as well as in root cap and root hair cells. 
The B3 subdomain has two expression patterns, each detected in 
four independent transgenic plants. Except fbr a difference in the 
endosperm staining pattern in seeds, the two patterns differ quanti- 
tatively rather than qualitatively. In one set of plants, the B3 
subdomain conferred strong expression in endosperm tissue at the 
radicle pole of the seed, weak expression in the base of the 
cotyledons of the seedling, and weak expression in leaf primordia 
emerging from the meristem. A second set of plants that contained 
the B3 subdomain showed expression in the cotyledon of the 
embryo and seedling, as well as in root cortex of the seedling, and in 
most cells ofthe mature stern. The B4 subdomain confers expression 
in vascular parenchyma cells of the leaf and stem. The B5 subdomain 
confers weak expression only in a region below the stem apex and in 
leaf buds emerging fiom the stem. Except for a single plant among 
the 14 independent transgenic plants analyzed, the B1 subdomain 
gives no expression at any stage of development (13, 14). 

These results fiom the individual subdomains placed upstream of 
a minimal promoter indicate that there are at least fbur identifiable 
components or modules within domain B, each able to confer a 
di&rent expression pattern. Both complementary and redundant 
expression patterns are confked by the B subdomains. However, 
the sum of the expression patterns of the individual modules does 
not equal the expression pattern of the intact B domain. One 
possible explanation for this is that additional cis elements exist that 
are interrupted when the subdomains are isolated. Until we know 
the precise sites of interaction of all trans-acting factors with the 35s 
promoter, it will be Mcul t  to rule out this possibility. However, 
our analysis of combinations of the B subdomains and domain A 
suggest another possibility. At least a part of the missii expression 
may be c o n f '  by combinations of modules within domain B. 

mains is responsible for this expression pattern, we analyzed repre- 
sentative transgenic tobacco plants that contained constructs with 
subdomains f&d to either &e minimal (-46 to +8) promoter or 
to domain A. 

Transgenic tobacco plants that contained domain A alone showed 
essentially no expression in mature petal (Fig. 2A) (occasionally very 
low vascular expression was observed). In contrast, the combination 
of domain B fkd to A conferred a similar expression pattern to that 
of the intact 35s promoter. Expression in manue petal was observed 
in mchomes and in vascular and epidermal tissue. We rarely 
detected expression in rnesophyll tissue (Fig. 2B) (mesophyll expres- 
sion was observed occasionally at the upper edge of the corolla). In 
the developing flower bud, domain A conkred weak expression in 
the floral stalk. The combination of domain B and A gave strong 
expression in the floral stalk as well as in most tissues of the 
developing flower. When subdomain B2 was fUsed to either the 
minimal promoter (-46 to +8) (Fig. 2C) or to domain A (Fig. 
2D), there was no striking difference in the expression pattern in 
mature petal tissue. Both gave expression only in vascular tissue. 
However, in the developing bud, subdomain B2 fkd to the 
minimal promoter conferred expression only in isolated cells that 
appear to be part of the phloem. When B2 was combined with 
domain A, expression was observed in the vascular tissue of the 
floral stalk and, in the plant with the strongest expression, in tissue 
of the stamen. 

Subdomain B3 conferred two different expression patterns in 

Combinatorial Properties of 35s Subdomains 
The combination of each of the five B subdomains with domain A 

d t s  in an ex~ression Dattem that di&s fiom that of the 
individual subdo- or domain A. A striking example is that of 
subdomain B1, which, when placed upstream of the minimal TATA 
region, confers no reproducible expression in seeds and seed@. 
When subdomain B1 is fUsed to domain A, expression is easily 
detectable in the cotyledons of both seeds and seedl@ (13). The 
synergistic effect of other combinations is sometimes only observ- 
able at one stage of development. The combition of sdxiomain 
B2 with domain A does not reproducibly change expression in seeds 
or seedhjp (as compared to that of domain A alone), but results in 
strong exkession & phloem elements in leaf, stem, and root of 
mature plants. For B4 fkd to domain A, strong vascular expression 
is evident in seedlings, and phloem expression is detected in the root 
of mature plants (Fig. 1B). When B4 and B5 are placed upstream of 
the TATA region, expression is detected in the vascular tissue of 
seedlings, a pattern not observed with either B4 or B5 alone. 
Expression fiom B4 and B5 is also observed in leaf,.stem, and root 

Fig. 2 Expression conferred by combinations of 3 5 s  subdomaim in flowers 
from tobacco. (A) Dormin A in mature petal; (8) domain B + domain A in 
mature petal; (C) fbur copies of subdomain B2 fused to the minimal 
promoter (4 x B2 +TATA) in mature petal; (D) 4 X B 2 + A  in mature 
petal; (E) 4 x B3 + TATA in mature petal; (F) 4 X B3 + A in mature 
petal; (a) 4 x B4 + TATA in mature petal; (H) 4 X B4 + A in mature 
petal. Three to five qxexntative R1 or R2 plants that contained the 
consaucsdescribcdin(13)weregmwntomaNlityinthe~ouseand 
allowed to flower. Mature petals were removed and hand sectioned. 
Histochemical analysis was perhrmed as described (6,15). Except where 
noted in the text, there was no significant qualitative variation among 
independent mn&mants with the sum construct, although variability in 
the intensity of staining was observed. Abbreviations: e, epi*, m, 
mesophyU; t, mchome; v, vascular tissue. 

vascular tissue of the mature plant (14). 
Unlike in other organs, the 35s promoter is not highly active in 

all cells of tobacco flowers (15). The intact 35s promoter confers 
expression principally in vascular tissue and in mchomes of the 
petal, with weaker expression observed in epidermal tissue. As a . . 
means of demmmmg which subdomain or combination of subdo- 
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floral tissue. In the plants with strong expression in stem and in the 
lamina of young leaves (14), expression in mature petal was detected 
in trichomes and, to a lesser extent, in epidermal and vascular tissue 
(Fig. 2E). The combition of subdomain B3 and domain A 
consistently gavc a similar Qvprtssion pattern, with staining detect- 
able in trichomes and epidermal layers, and weaker staining ob- 
served in vascular tissue (Fig. 2F). Mature vegetative plants that 
showed expression principally in the emerging leaves in stem apical 
d o n s  (14) showed no expression in mature petal tissue. In the 
flower bud of these plants, expression was restricted to the develop 
ing ovary. Plants that gave &ong expression in the stem displayed 
expression in the floral stalk of the flower bud as well as in the 
developing ovary. The combination of subdomain B3 and domain A 
cons&t$ expression throughout the floral stalk as well as in 
other tissues of the developing flower. 

We were unable to detect any expression in mature petal h m  
subdomains B1, B4 (Fig. 2G), or B5 fused to the minimal promot- 
er. When B1 was combined with domain A, we occasionally 
detected weak expression in trichomcs. B4 combined with A 
conferred weak expression in vascular tissue (Fig. 2H). In the flower 
bud, B4 fused to the minimal TATA region conked  expression 
prinapaUy in the vascular tissue of the floral stalk. There was no 
striking difFerence in expression when B4 was bed to A. We were 
unable-to detect any Gression fiom B5 bed to A in the plants we 
analyzed. 

We condude that the expression pattern of,the intact 35s 
promoter in mature tobacco petals can be attributed principally to 
additive e&cts. In the developing flower bud, synergistic efFects 
seem to function, as seen with the combination of B2 and A. That is, 
expression is observed in tissues that exhibit no expression with A or 
~2 alone. The vascular expression in mature may arise h m  
contributions of domain A and subdomain B2, with a lesser 
contribution h m  B4 in combination with domain A. The epider- 
mal and trichome expression appear to be principally h m  subdo- 
main B3 with a minor contribution fiom B1. Thus, domain A may 
not be essential to produce the expression pattern d d  in mature 
tobacco petal. 

Analysis of 35s Subdomain Combinations in 
Petunia 

In contrast to the cell-speufic expression pattern in tobacco 
flowers, the intact 35s promoter confers strong expression in all 
cells of the mature petal of petunia flowers (15). To iden* 
combinations of subdomains responsible fbr this expression pattem 
inpetunia,wemeasuredGUSactivityinmaturepetaltissuehm 
plants that contained various subdomain constructs. Domain A 
alone conferred no reproducible expression in mature petunia petal 
tissue, while B fused to A conferred high amounts of expression 
(Table 1). The histochemical analysis of expression in mature petal 
conferred by the combination of domain B and domain A showed 
an identical expression pamm to that of the intact pronmter. 
Expression was detected in epidermal and vascular tissue and, in 
contrast to tobacco, there was also strong expression in mtsophyll 
tissue (Fig. 3A). No expression was detected in the histochemical 
analysis of plants that contained domain A alone (Fig. 3B). In 
combination with domain A, only B1 and B3 consistently gave 
expression above background amounts (Table 1). One plant that 
contained B2 fused to A also gave expression that was significantly 
above background. To test whether these were additive or synergis- 
tic e&cts, we expression h m  these three subdomains 
placed upstream of the minimal promoter. None of the three was 
able to confer expression above background amounts (Table 1). The 

histochemical analysis confirmed this find&. No expression was 
detcdtd with subdomains B1, B2, or B3 in combination with the 
minimal promoter in mature petal. However, when fused to domain 
A, B1 (Fig. 3C) conferred expression that appeared to be strongest 
in mcsophyll tissue, while B3 (Fig. 3D) gavc expression in all tissues 
of the mature petal. The one plant with B2 and A that gave 
significant expression in the enzymatic assay showed only vascular 
expression. 

These d t s  suggest that the expression pattern of the 35s 
promoter in petunia petals can be principally attributed to the B1 
and B3 subdomains. However, these subdomains need to act in 
concert with domain A in order to c o n k  detectable expression in 
petals. In contrast to the results in tobacco, expression in petunia 
pctal appcars to result from synergistic interactions among cis 
elements. Furthermore, the expression pattern of subdomain B3 
with or without domain A di&rs signiiicantly between the two 
plant species. A schematic summary of the salient htures of the 
petal expression patmns confend by subdomain combinations in 
the two species is presented in Fig. 4. 

Combinatorid Properties of Plant Promoters 
Analysis of other plant promoters fbr sequences that conml 

he-specific expression in vivo has genedy been performed with 
progmsive deletions from an arbitraxy site upstream ofthe promot- 
er. In most cascs, more than one region was identified that afked 
a-ansaiption (1S17). These regions were ofien identified as having 
either quantitative or tissue-specific efk ts ,  suggedng that combi- 
nations of these difkent regions arc neewry to achieve the normal 
expression pattern. 

More detailed analyses have been pedbrmed on several gencs 
i n d e  the small subunit of ribdose-1, bbis-phosphate carb~xyl- 
ase (rbcs). For the rbcS 3A gene h m  pea, there is evidence fbr at 
least three regions that confer light-responsive expression (17). 
Trans-acting b r s  have been identified that bind within these 
regions (17). Although these promoter elements appear to have 
redundant W o n s ,  more than one ofthe &ed light-responsive 
regions is necessary fbr high-level expression in newly tbnned leaves. 
However, a promoter with one of these regions deleted still conks 
high-level expression in older leaves (18). Another light-responsive 
gene, durlcone synthasc h m  parsley, has two separable ultraviolet 

~ b . a ~ i o n ~ b y c o m b i r u t i 0 1 1 ~ 0 f 3 5 s s u W a n a i n s i n & a w a s  
b p a u n i a .  (A) DomainB + domain A i n m w ,  (B) doanainAin 
mature petal; (C) 4 x B1 + A (Fig. 2, legend) in mature petal; (D) 
4 x ~3 + A in mature Primary tmdbmant8 of petunia, cultiw 
Mitchdl diploid, were vulyzed kc expression by hhchcmial localization 
as dcsuibed (6, 15). A b m  are as in Fig. 2. 
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(UV) light-responsive cis elements. These cis elements were shown 
by in vivo footprinting to be bound by factors in a UV light- 
dependent fashion (19). Moreover, in addition to these cis elements, 
there is an upstream region that is unable to confer expression when 
the UV light-responsive elements are deleted, but significantly 
enhances expression when the light-responsive cis elements are 
present (19). Because expression was analyzed only in parsley 
protoplasts, it is possible that the upstream region on its own is able 
to confer expression in another cell type, in addition to acting in 
combination with the light-responsive elements. 

More direct evidence for combinatorial control of gene expression 
comes from studies of genes that regulate the maize anthocyanin 
biosynthetic pathway. Genetic analyses have implicated at least two 
genes, C1 and B, in the regulation of the structural gene, Bronzel. 
Co-delivery by particle bombardment of both C1 and B is necessary 
to achieve activation of Bronzel in cells in which this gene is not 
normally expressed (20). The region upstream of the gene that 
encodes the a' subunit of the soybean seed storage protein, P- 
conglycinin, binds at least three distinct factors (21). One of the 
factors specifically binds to a region that has seed-specific enhancer 
activity. The binding activity of this factor is developmentally 
regulated, with the peak of binding activity correlating with the peak 
of P-conglycinin gene expression. However, regulation may not 
depend solely on this binding activity, as a second factor binds 
specifically within the enhancer region. Moreover, another distinct 
region that is required for high-level tissue-specific activity does not 
detectably bind any of the factors characterized thus far (21). 
Therefore, combinatorial mechanisms appear to control gene ex- 
pression that is highly tissue-specific and developmentally regulated. 

The regulatory region upstream of the structural gene for 5- 
enolpyruvylshikimate-3-phosphate synthase (EPSPS) is able to con- 
fer strong gene expression in mature petals (15) and in seedling root 
cortex tissue of petunia (22). A detailed analysis of cis elements 
showed that expression in both tissues is conferred by an -1 kb 
region located between -1800 and -800 bp upstream of the 
transcriptional start site. When this region is dissected into two 500- 
bp fragments and each fragment is fused to a heterologous promot- 
er, both regions are able to confer petal- and root cortex-specific 
expression. However, the amount of expression is drastically re- 
duced in comparison to the intact 1-kb fragment. A fragment that 
spans the junction between the two 500-bp fragments was also 
analyzed to ascertain whether an important cis element was disrupt- 
ed. No expression is detected from this fragment in petal, but a low 
amount is observed in root cortex. When each of the 500-bp 
fragments is dissected into two -250-bp segments, no expression is 
detected with three of the four segments, and very low expression is 
observed in petals with the fourth segment (22). One interpretation 
of these results is that high amounts of petal-specific expression can 
be attained only when cis elements on both of the 500-bp fragments 
are combined. 

Fig. 4. Schematic reuresenta- Tobacco Petunia - 
tion of expression patterns 
conferred by 35s  subdomains B+A 
in tobacco and petunia petals. 
Expression conferred bv the I h 
combinations of 35s  s;bdo- B I + A  -1 
mains listed on the left are 
shown in schematic sections i, i, 

through mature petals of to- 
bacco and petunia. Only the 
salient features of the expres- 
sion patterns are indicated. 
For 4 x B2 + A in petunia, 
the expression pattern of the 

B3+A 

single high expressing plant is 
shown. The cell types repre- 

B4+A sented are indcated in the last 
row. LE, lower epidermis; I 
Me, mesophyll; Tr, trichome; BS+A 

, UE, upper epidermis; V, vas- 
cular tissue. 

LE 

high amounts of expression in leaf but no detectable expression in 
root. This indicates that a negative interaction may occur between 
cis elements in the plant gene and sequences of the 35s  promoter 
that normally confer expression in root (11). Another example of 
interactions between plant and viral cis elements is that of a tetramer 
of the Box I1 sequence from the pea vbcS 3A promoter, which does 
not confer detectable expression when fused to the 35s  minimal 
promoter (-46 to +8) but is able to confer light-responsive 
expression when fused to domain A (24). 

To further analvze the effect on tissue-s~ecitic ex~ression of 
combinations of viral and plant cis elements, we combined domain 
A with the upstream region of EPSPS. In petunia and tobacco 
petals, there was no difference in expressionLif EPSPS sequences 
were placed upstream of domain A orupstream of the 35s  minimal 
TATA region (-46 to +8).  In tobacco, weak expression was 
occasionally detected with either construct only in the upper - - 
epidermal layer (Fig. 5, A and B). In petunia, expression was 
detected with both constructs in nearly all cells of the mature petal 
(15, 22) and in a gradient of expression from the top to the bottom 
of the tube with strongest expression in the upper epidermis (Fig. 5, 
C and D). Therefore, although combinations of domain A and other 
cis elements from the 35s promoter can have dramatic effects on 

Table 1. Analysis of GUS activity in transgenic petunia petal tissue. The 
numbers of independent transgenic petunia plants, which contained the 35s  
subdomain constructs shown in the first column, with GUS activity in the 
ranges given at the top of the subsequent columns are shown. Tissue is from 
mature petals of primary transformants. The GUS activity was measured by 
fluorimetry as described (6). Activity is in picamoles of 4-methylumbellifer- 
one per minute per milligram of protein. For the purpose of this analysis, 
GUS activity below 2000 units was considered to be not significantly above 
background levels. 

Combinations of Plant and Viral Cis- 
Regulatory Elements 

The ability of domain A to interact synergistically with other cis- 
regulatory elements from the 35s promoter suggests that new 
expression patterns might result when this domain is combined with 
cis elements from other promoters. Indeed when the region up- 
stream of the maize gene that encodes alcohol dehydrogenase is 
combined with domain A, expression becomes constitutive instead 
of responsive to anaerobic stress (23). In addition, a region (-  1038 
to -93 bp) of the rbcS-8B gene from Nicotiana plumbaginifolia when 
placed upstream of a 35s promoter fragment (-105 to +8) gives 

Units of GUS activity ( x  lo3) 
Construct 

>20 10 to 20 2 to 10 0 to 2 

Domain A 
Domain B + A 
4 x B l + A  
4 x B 2 + A  
4 x B 3 + A  
4 X B 4 + A  
4 x B 5 + A  
4 X B 1 +  TATA 
4 x B2 + TATA 
4 x B3 + TATA 
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expression in pemnia and, t o  ,I lesser extent in tobacco tlo\\.crs r Figs. 
2 and 3 1, we detected no such e t k t  nit11 cis elements deri\-cil fro111 a 
normal plant gene. Ho\vever, \ve did obsel-\.e an effect at otlicr 
dc\-clopment,~l st,~gcs. In tobacco secdlings, a fr,~grnent fro111 III-'SI-'S 
pl,~ced upstream of  the 3 5 s  TATL\ region conferred \\-eak csprzssion 
only in root cortex cells (Fig. 5 E ) .  L)om~in A d o n e  confers 
csprcssion principally in the root mcristcm,~tii region ( I . ? ! .  Ho~vev-  
er. tlie conlbinatio~l of  the fiI-'SI-'S fragment ,lnd domain A\ pa\c  
strong csprcssion in the con.ledons and 11\ pocon l  (Fig.  SF!, .IS n-ell 
as in the root (Fig.  5 G ) .  In petunia, the EPSPS fr,lgmcnt placed 
u p s t r ~ u ~ ~  of  the minimal 35.5 promoter conferred expression jlrinci- 
pLdly 111 root cortex (11) (Fig. 5H).  Expression from dom.~in  i\ in 
petunia scccllinps n a s  more var~ablc t h ~ n  in tobacco. Tl'c detected n o  
expression in fi1.c plants, n r a k  csprcssion in the root tip of  one 
plant, and cxprcssion in both root dnd conlcdons in one plant. 
Ho\\,ever, the combination o f  the 1IPSI)S fragment 'mil domain .A 
consistently conferred high csprcssion in both root and cot\.lcdons 
of pcmni ,~  sccdli~lgs (Fig.  51 1 .  

Tl'c conclude that cis elemcnts ivithin the upstre'um rcgion of  the 
cellular zene. EI-'SI-'S. can intcr'lct n-it11 \.irallv dcri\,cd dom,lin .A. 

L, 

This n a s  not uncxpcctcd, as tr,~nscription from the 3 5 3  promotcr 
occurs in the absence of  \.ir,~l trans factors, '~nd  thus. 111ust utilize 
ccllular factors for r c g ~ ~ l a t ~ o n .  O u r  rcsults suggcst that domain .A 
does not  rnod ie  the expression pattern n-hcn combined n-ith all cis 
elements. The  specificit\ o f  cnh'~ncement or  modificat~on suggests 
that thcrc arc strict constraints on the t\ pcs of  intcr<~ctions that can 
occur. These constraints arc likely to  be mediated by the t rms  fClctors 
that bind t o  the cis clcmcnts. 

Cellular Trans-Acting Factors That Bind to 
the 35s Promoter Elements 

O u r  initial an,~lysis o f  the trans-acting fL1ctors that interact \rich 
the 3 5 s  promoter focuscii o n  the region of  iiomain .\ that cippctIrs 
to be responsible for the synergistic ~ n t c r ~ ~ c t i o n s  nit11 other cis 
elements. Ll'ithin the rcgion bcn\,ccn -90 and -46. there arc n\.o 
putative CCAAT box sequences. ,A dco?;! r ibon~~clcase  I (I)NLlsc I )  
footprint of this region obtained from \I hole-cell cstrdcts from pea 
and nuclear ext rxts  from tobacco covers the n\.o putati\.c C:CLAT 
boxcs, but is centered o\ er a tandem rcpcat o f t h e  sequence TGi\CG 
(25, 26) .  Site-directed n ~ u t ~ ~ g e n e s i s  of  the CCALAT hoses had no 
cffcct on  footprint formation, \\,liile mutation of  the TG.4CC 
sequences abolishes the protection from L>Nasc I .  In transgenic 
plants, the same n ~ u t ~ ~ t i o n s  in the TCLACG motif\, n i th in  the 
contest of  the full promoter ( -343  to + 2 ) ,  has a dr'lm,~tic cftkct on  
cxpressio~l in root, but little cf-fcct on  cxprcssion in leaf. h l~ t t~ l t ions  in 
the CC;L-IT boxcs have n o  signific,~nt effect on  esprcssion in root or  
le,~f. The  2 1 -bp  region t h x  encompasses the n\.o TG.\CG sequences 
n a s  n'uned activating scqucncc-1 (,IS- 1 1. a i d  the f x t o r  thdt binds in 
t h ~ s  rcgion \vas named activating sequence f~ctor-1  (XSF-1 I .  The 
21-bp as-1 s ~ t c  \\.as inserted Into the I . / J~S 3,A promoter, which 
norrn,~lly onlv confers cxprcssion in photosynthetic tissuc (26 I .  

Ll'hcn the as-i  site is added, the promotcr gijcs high cxprcssion in 
root In addition t o  the normally high ,mounts  sccn in ledf (26) .  
LYhcn an ,IS-1 site \\.ith mutations in the TG.\CG motifs is inscrteil 
in the s a n e  position, cxprcssion is dctcctcd in Icavcs but not in roots 
(26 ) .  

An oligonucleotide that binds '\SF-1 from nuclc,~r c s t rx t s  \\.as 
used to  probe an expression c o m p l e r n e n t a ~ ~  ( c D N X )  l ibran made 
from tobacco leaf mRNL\. Scvcral clones \Yere isol,~tcd that encode 
proteins that bind spccificallv to  the as-1 scqucncc. O n e  of  thcsc 
encodes ,I protein n'uned ~ c i \ l a  (27).  \vhich is ,I mcmbcr of  the 
basic region-lcucinc zipper (bZip1 family o f  transcription f ~ c t o r s  

( 2 8 ) .  LVithin the basic L>Nr\-binding region, TC;r\la is similar t o  the 
rn.~~illilalian cyclic adenosine monophosph,~te  (c.AhIP) lesponsive 
element hinding ( C R E B )  f ~ c t o r ,  \vhose binding site is also TGAACG. - 

Three criteria suggcst that TGAl,l  is a positive regtilator o f  tran- 
scription anii interacts n-ith domain A: ( i )  the binding specificities of  
T G A l a  , ~ n d  '\SF-1 arc \ . c t ~  similar (.?Ti; ( i i )  p~~r i f ie i i  TGi\l,l 
produced in fi~i/ l i ' i i~/l i~l ill/!  stitil~11atcs transcription in both plallt- 
(29 )  dnd hnrn,~n- (30)  deri\.ed in \.itro s!.stems. from a construct that 
contains t\\ o as- 1 sites; and, ( i i i)  microinlcction o f  purified TGA 1 a 
into the conledons of  seedlings that contain domain '\-GUS 
constructs rcsults in GUS expression (.i 1 i .  In ,~ddition, TGA l a  
mRIZ"\ is fi\.e- t o  tcntbld more abund,lnt in root than in leaf (27) .  
Although thcsc rcsults strongl! implic,~tc TGA 1 a in ,IS- 1-mediated 
transcriptional regulation, \I c c m n o t  ntle ou t  the possibility t h ~  
other f ~ c t o r s  ma!. bind to  this rcgion and regulate gcne cxprcssion. 

T\'e have also ch,~r.~cterized f ~ c t o r s  that bind spccific,~ll!. t o  
subdomains B1 ,~nd  3 3 .  The  factor that binds t o  subdomain R1 is 
found in nuclear cxtracts from leaf but not  from root (.i2). By 
DNase I footprint '~nalysis, this factor binds to  the rcgion bcnvccn 
-106 and -85. This f ~ c t o r  is also able t o  bind to  conserved 
scqucnccs found upstream of  the genes that encode chlorophyll 
~ i b  binding proteins (Cab)  from various species ( . r l ~ .  Recausc the 
core conscr\.cd scilucncc found In these C'lb-encoding gencs con- 
tains tlie 111otif GXTLA, the f<~ctor  h a  bccn named Gi\TLA1 (Fig. 
LA). The tact that the G.4TX motif is f o ~ l n d  in at least 12 diferent 
Cab genes from v,~rious species as \i.cll as in the 3 5 s  promoter 1-32] is 
a t i~r thcr  indication of  lion. a particular t r a n s c r i p t i ~ n ~ ~ l  component 
c,ln be used in diecrcnt combinations b!. d i f i r cn t  promoters. 

\\'it11 gel-retardation dnd footprint analyses, a t ictor \\.as found in 
n ~ ~ c l c , ~ r  extracts frc)ti~ t ~ b a c c o  leaf thdt binds spccificdlly to  s e q ~ ~ e ~ i c e s  
\vithin the R3 s u b d o n ~ ~ ~ i n  t.33). LVe ha\.e named this factor CLAF 
(CX-rich region f'lctor) (Fig.  1X) .  and arc currently anal!.zing its 
tissue-specific distribut~on. LYc have yet t o  detect sequcncc-specific 
interactions ~ f f ~ ~ c t o r s  from leaf nuclear cxtracts \vith the R2 ,~nd R4 
subdomains. This obscn.ation, comb~ncd  nit11 the fact that the 
abuniiancc of  T G X l a  m R S i \  is higher in root than le,~f, suggests 
that the expression pxterns  correlate \vith the abund,~ncc o f  the 
tr,~nscription f ~ c t o r s  that i n t c rx t  n.ith these sequences. Thcrchrc ,  
the cxprcssio~l patterns o f  the isol,~tcd subdom.~ins may be ,I useful 
guide for tissue sources in nhich to  find high c ~ n c c n t r ~ ~ t i o n s  of  the 
f<~ctors that bind t o  thcsc regions. 

Combinatorial Properties of Cis-Regulatory 
Elements in Promoters of Other Organisms 

Among the first examples of  combin~tor ia l  control of  gcne 
transcription in cukat-\,otcs n.,~s the synergistic effect of  diferent 
mammalian hormones o n  gene rekmlation (.i). Combin,~torial con- 
trol of  tissue-specific cxprcssion w,ls ,~lso dcrnonstratcd n h c n  combi- 
nations o f  transcription factor binding sites \vithin the simian \ irus 
4 0  (S\ '40) enhancer gave \ at?.ing ,Imounts of  expression in diffcrcnt 
cell lines ( 3 4 ) .  

In Di . i i~ i i~ ) l~ i /~~  there ,Ire sc\ era1 ex,~mplcs of  cell-spccitic cxprcsslon 
determined b\. cornb~nator~al  mcchanisms. T\\.o yolk protein gencs, 
y!)l and yp2, are divcrgcntlv transcribed onl! in specific follicle cell 
npcs .  1)isscction o f  the region b c n ~ c c ~ l  ),!,I and yp.? reveals that 
distinct fragments confer dif-fcrcnt c e l l - ~ p c  specificities. O n e  region 
confers csprcssion in anterior pole cclls and bordcr cclls, n.hile 
another rcgion, \ \hen combincil with the first. represses exprcssion 
in bordcr cclls and confers csprcssion in columnar main bod!. cclls 
(3.7). Positive .und ncgdti\.c con~bin,xorial mcchanisms are ,~lso 
in\okcd t o  explain the periodic expression o f  the segmentation gcnc, 
c~~eii-~kippvti it,ilc.). From genetic ,~nd  biochemical studies. it has been 
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suggested that expression of eve is controlled by the binding of at 
least three distinct transcription factors. These factors can act either 
as repressors or activators, depending on their concentration in the 
cell. Because the factors are not uniformly distributed throughout 
the developing embryo, it is proposed that their relative concentra- 
tions determine the precise stripe-like expression pattern of eve (36). 

A Model for Combinatorial Properties of 
Cis-Regulatory Elements 

The finding that combinations of cis elements can produce 
expression patterns not generated when the cis elements are in 
isolation suggests that a combinatorial code directs expression 
throughout development. From our analysis of the 35s promoter, it 
appears that, if a code exists, it is degenerate for expression in a 
particular tissue at a single time point. For example, three different 
combinations of cis elements confer expression in root vascular 
tissue (14). Another level of complexity is indicated by the presence 
of both negative and positive interactions [for example, the rbcS-8B 
interaction with domain A ( l l ) ] .  Thus, we can begin to make 
testable models for certain aspects of the code. 

A simple case is that of two cis elements that on their own confer 
expression in a particular cell type, vet when combined they confer 
expression in a third cell type. This can be explained by two types of 
cooperative interactions. The first involves cooperative interactions 
among heterologous factors to mediate binding to DNA (Fig. 6A). 
When the concentration of active factor is high (Fig. 6A, I and 11), 
the factor will consistently occupy its cis element and activate 
transcription in those cells. When the factor is not present in high 
enough concentrations to remain bound to its cis element (Fig. 6A, 
111), cooperative interaction with a second factor can allow binding 
and subsequent activation of transcription. The second model 
involves cooperative interactions with a target factor. This is a 

Fig. 5. Expression con- 
ferred by the upstream 
region (- 1761 to -268) 
of EPSPS combined with 
either the TATA region 
(EPSPS + 35s-TATA) or 
domain A (EPSPS + A) 
of the 35s  promoter. (A) 
EPSPS + 35s-TATA in 
mature mbacco petal; (B) 
EPSPS + A in mature to- 
bacco petal (the section 
is twisted to visualize 
the small amount of epi- 
dermal staining); (C) 
EPSPS + 35s-TATA in 
the upper tube of a ma- 
ture petunia flower; (D) 
EPSPS + A in the upper 
tube of a mature petunia 
flower; (E) EPSPS + 
35s-TATA in a 17-day- 
old tobacco seedling; (F) 
EPSPS + A in the hype 
cotyl and cotyledon of a 
17-day-old tobacco seed- 
hg; (G) EPSPS + A in 
the root of a 17--day-old 
tobacco seedling: f H) 

modification of a model originally proposed as an explanation for 
the ability of the yeast transcriptional activator, GAL4, to interact 
synergistically with mammalian activators (37). In this model, the 
target factor must interact with more than one DNA-bound factor 
at a time (Fig. 6B). Synergism arises because a minimum number of 
factors must be bound simultaneously to the target factor and to 
their cognate cis elements to obtain a productive complex. When the 
concentration of active factor is high enough to allow binding to the 
correct number of sites on the DNA, activation of transcription 
occurs (Fig. 6B, I and 11). However, when there is an insufficient 
concentration of active factor to consistently occupy the sites or  bind 

Fig. 6. Models of inter- A 
actions among cis-regu- r 

htory ekments. (A) ~o 
operative interactions 
among heterologous 
trans-acting factors. 
High concentrations of a I 11 111 
trans-acting factor in cell R - 
I (crosshitched poly- 
gons) or a second trans 
factor in cell I1 (solid T- 
shapes) allow transcrip- 
tional activation of oro- 
moters with the cognate 

I I1 111 binding sites. In cell 111, 
when there are lower concentrations of both factors, a cooperative interac- 
tion benveen the factors allows both to bind and activate transcription onl!. 
from the promoter that has sites for both factors. (B) Synergism mediated by 
cooperative interactions with a target factor. In cell I or 11, active factor 
concentration is sufficiently high to fill the number of sites needed for 
productive interaction with the target factor (striped bar). Transcriptional 
activation occurs from promoters that have enough occupied sites. In cell 111, 
when factor concentrations are lower, transcriptional activation only occurs 
when the target factor interacts with heterologous factors that bind indcpcn- 
dently to their cognate sites. 

A in a 7-day-old petunia 
seedling. Histochemical analysis was performed as described (6, 15, 22). Abbreviations are as in Fig. 2; c, cotyledon; rc, root cortex. 
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t o  the targct factor, then n o  cspression occurs from prornotcrs that 
,ornotera). contain only those cis c~cments  (Fig. hB, 111. 1 1 p ~ e r  n1.0 p- 

Ho\vever, a prornotcr that contains a cornbinatioll o f  ilitferent 
binding sites can confer esprcssion because nl-o hctcrolcgous f'lctors 
bound to  d i f i r en t  cis clemcnts can interact n.ith the targct hc to r  to  
promote a productive interaction (Fig.  hR, 111, lo\\.cst proniotcr). In 
order to  have a large synergistic ctf'ect, the targct factor rnust 11a1.c a 
higher 'ifinity for the bound hctcrologous f ~ c t o r s  than for hornolo- 
gous f~c to r s .  

Koth modcls pro\ide nlcana o f :  cgulating transcription by modil- 
lating 'uilounts of  activc t ransa~ I I ~  factors in the ccll. Thc first 
rnodcl predicts that factors inter,lct with each othcr to  mediate 
cot,pcrativc binding. This should be obsen,dblc in \,itro once the 
factors .Ire purified. A kc!. feature of  the second model is that 
coopcrati\ icy is mcdiatcd through intcr,lctions \vith the t ~ r g c t  factor 
and not t l i r o ~ g h  dirt<[ contact of nvo  trana f~c to r s .  If interaction 

chc tal-get factol- occura prior t o  h c t o r  binding to  the DNA, it 
could mediC2te cooperati\,e binding to  D N A  (-17). E\.idcnce for the 
cxistcncc of  target factors o r  adaptel- factors that may mediate an 
interaction bcn\.ccn bo~11id hctors  and the basic tran?,criptioli 
machinen has been reported for othcr organisms (38). 

ri prediction o f  both models is that an increase in the i ~ u n ~ b c l -  of  
binding sites for either o f t h e  nvo  factors should product expression 
in the cells in \l-hich the combination confers csprcssion. This ia the 
case for the as-1 element. A construct that contains four copies of  
the as-1 site upstream ot  domain ,% (producing fi\.e as-1 s i t c )  
confcrs high expression in leaf; while the s,uilc conatnlct with 
mutations in the TGACG motifs gives an esprcssion pattern Identi- 
cal to that of  domain ,% alone (24) .  

Identification o f  controlling aspect5 o f  a c o r n b i n a t ~ r i ~ ~ l  code is 
important, both for the understanding of  plant development and for 
plant b i o t c c h n o l o ~ ,  in cases ~vhcrc  it is csacntial t o  havc a gene 
expressed in the correct tissue at the proper time. \Vl~cthcr it \\.ill be 
possible to predict the cxprcssion pattern of  a gcnc solel\, from the 

preciselv the cornbinatorial properties of cis-rcgulaton. elcrncnts that 
dcterrninc dc\.ciopmcntally rcgulateci expression. 
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