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The cauliflower mosaic virus 35S (35S) promoter has been extensively used for the constitutive expression of transgenes in
dicotyledonous plants. The repetitive use of the same promoter is known to induce transgene inactivation due to promoter
homology. As a way to circumvent this problem, we tested two different strategies for the development of synthetic
promoters that are functionally equivalent but have a minimum sequence homology. Such promoters can be generated by
(a) introducing known cis-elements in a novel or synthetic stretch of DNA or (b) “domain swapping,” wherein domains of
one promoter can be replaced with functionally equivalent domains from other heterologous promoters. We evaluated the
two strategies for promoter modifications using domain A (consisting of minimal promoter and subdomain A1) of the 355
promoter as a model. A set of modified 35S promoters were developed whose strength was compared with the 355 promoter
per se using B-glucuronidase as the reporter gene. Analysis of the expression of the reporter gene in transient assay system
showed that domain swapping led to a significant fall in promoter activity. In contrast, promoters developed by placing
cis-elements in a novel DNA context showed levels of expression comparable with that of the 355. Two promoter constructs
Mod2A1T and Mod3A1T were then designed by placing the core sequences of minimal promoter and subdomain Al in
divergent DNA sequences. Transgenics developed in tobacco (Nicotiana tabacum) with the two constructs and with 35S as
control were used to assess the promoter activity in different tissues of primary transformants. Mod2A1T and Mod3A1T
were found to be active in all of the tissues tested, at levels comparable with that of 35S. Further, the expression of the
Mod2A1T promoter in the seedlings of the T, generation was also similar to that of the 35S promoter. The present strategy
opens up the possibility of creating a set of synthetic promoters with minimum sequence homology and with expression
levels comparable with the wild-type prototype by modifying sequences present between cis-elements for transgene
expression in plants.

Homology-based gene silencing (HBGS) has been
reported to occur extensively in transgenic plants
(Meyer and Saedler, 1996; Vaucheret and Fagard,
2001). HBGS is a generic term for both transcriptional
gene silencing and posttranscriptional gene silencing.
Such situations arise when (a) multiple copies of a
gene cassette integrate into plants during transforma-
tion (van der Krol et al., 1990), (b) introduced trans-
genes have homologous promoters driving them (Mol
et al., 1989), and (c) an introduced gene has homology
with an endogenous gene in the coding region (Napoli
et al., 1990). Several mechanisms have been suggested
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to explain the phenomena of HBGS (Matzke and
Matzke, 1995, 1998; Meyer and Saedler, 1996; Fire,
1999; Hamilton and Baulcombe, 1999; Steimer et al.,
2000), the common denominator being that homology
triggers cellular recognition mechanisms that result in
silencing of the repeated genes.

One approach to escape the silencing of the intro-
duced DNA is to develop gene cassettes that contain
very little sequence similarity either to endogenous
sequences or to one another if a number of trans-
genes need to be introduced. This ability to develop
gene cassettes that have no sequence homology or
minimum sequence homology is of critical impor-
tance to fully exploit the transgenic technologies for
crop improvement. In several cases, insertion of
multiple genes coding for different traits or a met-
abolic pathway may be required (Ye et al., 2000) to
introduce the desired phenotype in crops. Such
transgenics can be developed by simultaneous or
sequential transformation of multiple genes or by
pyramiding different genes that are available in
separate genetic stocks of a crop developed in inde-
pendent laboratories.

With reference to promoters, homology can be
avoided by either using diverse promoters isolated
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from different plant and viral genomes or by design-
ing synthetic promoters. Synthetic promoters can be
designed in two ways: (a) the identified cis-elements
of a promoter can be placed in a synthetic stretch of
DNA different from its own native DNA context to
create a functionally similar promoter with a “novel”
DNA sequence; and (b) “domain swapping,”
wherein cis-elements of a promoter can be replaced
with functionally equivalent regions from heterolo-
gous promoters. For example, the as-1 element in
subdomain Al of cauliflower mosaic virus 35S (35S)
promoter, is a direct TGAGC repeat spaced by seven
nucleotides (TGAGCTAAGGGATGAGC), to which
transcription factor ASF-1 binds (Lam et al., 1989).
The as-1 element in subdomain A1l is responsible for
expression in the root (Benfey et al., 1989; Lam et al.,
1989; Benfey and Chua, 1990) and has been reported
to act synergistically with other subdomains (B1-B5)
to confer expression in different tissues of the plant
(Benfey and Chua, 1990; Lam, 1994). Elements like
as-1 are present in other plant, bacterial, and viral
promoters. The pentameric direct repeat TGACG and
a 7-bp spacer organization is conserved among dif-
ferent T-DNA gene promoters such as ags and mas
(Bouchez et al., 1989) and viral (cauliflower mosaic
virus, figwort mosaic virus, and mirabilis mosaic
virus) promoters (Sanger et al., 1990; Dey and Maiti,
1999). Many of these elements have been shown to
bind common protein factors isolated from tobacco
(Nicotiana tabacum; An et al., 1986; Mikami et al., 1987;
Katagiri et al., 1989). Thus the as-1 element of the 355
promoter can be replaced with similar elements of
other promoters. This strategy will introduce defined
functional elements along with their own sequence
context, which have been selected during evolution,
whereas in the first strategy, cis-elements are placed
in a novel (synthetic) DNA context.

In this paper, we present an evaluation of the two
strategies for promoter modification of the 35S pro-
moter using domain A of the promoter as a model
because the cis-elements of the same have been char-
acterized. The 35S promoter has been selected be-
cause it expresses at a high level in most plant tissues
and organs (Odell et al., 1985) and is widely used for
the development of transgenics particularly in the
dicot species. The domain A of 35S has a minimal
promoter (mp; —46 to +1) encompassing a TATA
box and subdomain Al (—90 to —46; Fig. 1a) with an
as-1 element. We show that domain swapping may
not be as efficient a strategy as creating promoters
with cis-elements in a synthetic context.

RESULTS

Generation of Synthetic Domains and
Experimental Design

A program for the generation of random DNA
sequences, DNASEQ (http://www.cbs.dtu.dk/
ramneek/ds.zip), was developed and used to create
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synthetic stretches of DNA of the desired length and
given GC content. The sequences generated lacked
methylation-prone CG and CNG sites. Several “can-
didate” stretches of DNA were designed with the aim
of replacing mp and subdomain Al of the 35S pro-
moter. The distribution of GC content in these se-
quences was examined in windows of 10 bp and
compared with that of the corresponding 35S re-
gions, using program DNASIS. The sequences that
closely resembled the 35S promoter in GC content
but were divergent in sequence were chosen. The
cis-elements of domain A of 35S, i.e. either as-1 or
TATA box or both, were introduced in the synthetic
stretches at distances equivalent to those observed in
the 35S promoter.

To test the strength of different modified 35S pro-
moters (described in Table I), these were cloned up-
stream to the B-glucuronidase (gus) reporter gene (Fig.
2). The binary vector developed also contained the
gene for chloramphenicol acetyl transferase (cat) under
the control of the 355 promoter (used as reference
gene for transient expression assays) as well as a
nopaline synthase promoter (Pnos)-driven neomycin
phosphotransferase gene (npt II; used both as a selec-
tion marker for plant transformation and as the ref-
erence gene in transgenic plants).

The modified promoter constructs were tested in
two phases. In the first phase of experiments, modi-
fied promoters (Table I) were tested by transient
expression in tobacco cv Xanthi leaf mesophyll pro-
toplasts. The strength of 355 and modified promoters
was measured by GUS assays (Jefferson, 1987). In the
second phase of experiments, based on the results
with transient assays, two promoter constructs mod-
ified in domain A (Mod2A1T and Mod3A1T) were
synthesized (Table I) and their activity was checked
in different tissues of primary transformants (T) as
well as in seedlings of the T, generation.

Expression Analysis of the 35S Promoter with
Modified mp

The mp (—46 to +1; Fig. 1a) of 355 was replaced
with mp regions of heterologous plant promoters
(Table I). No changes were made in the rest of the
domains of 35S promoter. The mp regions of rbcs-3A
promoter of pea (Pisum sativum; Fluhr et al., 1986;
Kuhlemeir et al., 1988), ats-1A promoter of Arabidop-
sis (Krebbers et al., 1988; Donald and Cashmore,
1990), and cab22R promoter of petunia (Petunia hy-
brida; Gidoni et al., 1988, 1989) were domain swapped
with the mp of 35S to create promoters 3AT, 1AT,
and 22RT, respectively. The mp of the genes rbcs3A
from pea and ats1A from Arabidopsis were selected
because they possessed consensus plant TATA se-
quence (TATATATA; Joshi, 1987; Sawant et al., 1999).
The cab22R gene promoter was chosen because its
TATA box (TAAATAAA) is slightly different from
plant consensus but closer to viral consensus
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) GCAAGACCCTTCCTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACACGCTG 358
CGATAAATAAAAACATTATATATAGCAAGTTTTAGCAGAAGCTTTGCAATTCATA 3AT
CTTGTTGTTATCATTATATATAGATGACCAAAGCACTAGACCAAACCTCAGTCAC 1AT
TCTTTCGAGTCATTTAAATAAACTTGTTGGAAGATCCATGAAACTCATCAACTC 22RT
TGGTGCATCTACCTCTATATAAGCTAATGGTCTAACCACATACTAGACACATTG ModT
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GTGATATCTCCACTGACGTARGGGATGACGCACAATCCCACTATCCTTC 35S
GTGATATCCTTAGTGACGCCTTGCTTGACGAATGTGTGGATGCTTGGCT ModlAl
GTGATATCTCCACTGACGTAAGGGATGACGCACAAGTGGATGCTTGGCT Mod2Al
GTGATATCACCAAtgACGTAAGCGCTTACGTcaRTGGTCGATAAGAAAA  ocsAl

d)

ATCTCCACTGACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTC 35S
ATCTCCACTGACGTAAGGGATGACGCACAAGTGGATGCTTGGCTTGGTGCATCTACCTC Mod2AIT
ATCTCCACTGACGTAAGGGATGACGCACAATTCTGTAGCTTGGTTCACTTGTTATCCTC Mod3AIT

TATATAAGGCAAGTTCATTTCATTTGCAGAGGA 35S
TATATAAGCTAATGGTCTAACCACATACTAGA Mod2AI1T
TATATAAGGACCTAGGAGCACAAGGTAGTCCA Mod3AIT

Figure 1. a, Modular organization of the 35S promoter as described by Benfey and Chua (1990). The 35S promoter consists
of two domains, A and B. Domain A is further divided into the mp and subdomain A1. Domain B has five subdomains
(B1-B5). b, Sequence comparison (from —46 to +8) of 35S and modified mps 3AT, 1AT, 22RT, and ModT. The TATA box
in these promoters is underlined. In all of these promoters, the TATA box is located 25 bp upstream to the transcription start
site of the original promoters. ¢, Sequence comparison of the subdomain A1 of the 35S promoter (=90 to —46) containing
the as-1 element shown along with the modified regions in the Mod1A1, Mod2A1, and ocsA1 promoters. Nucleotides that
have been changed from the 35S sequence are underlined. The ocs element used in ocsA1 is a modification of the native
sequence (Kim et al., 1994). It had nucleotide substitutions (lowercase) that made it identical to the consensus as-1 element
of the 35S promoter. The direct repeat of the as-7 element (in 35S, Mod1A1, and Mod2A1) and the inverted repeat of ocs
element (ocsA1) are shown in bold italics. d, Sequence comparison of domain A (=90 to +1) of the 35S promoter with that
of the Mod2A1T and Mod3A1T promoters. The as-1 element and TATA box are shown in bold italics. Domain A of
Mod2A1T and Mod3A1T show sequence similarity of 35% and 41%, respectively with that of the 35S promoter in the
regions flanking the identified cis-elements.

(TATATAA). In a fourth modification (Mod T), a 22RT, and ModT is represented in Figure 1b. The
synthetic mp was created by placing TATA box of strength of these promoters was tested in transient
35S promoter (TATATAA) in a synthetic stretch of expression system. It was observed that whereas
DNA. A comparison of sequences of mp of 3AT, 1AT, ModT exhibited about 85% of 35S promoter activity,
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Table I. Modified promoters developed for analysis

Modified Domain of 35S Modification Name of the
Promoter
Minimal Promoter TATA box was placed in a synthetic DNA context ModT
Minimal promoters from other well-characterized
promoters used for domain swapping
—46 to + 8 of rbcs3A of pea 3AT
—46 to + 8 of ats1A of Arabidopsis TAT
—46 to +8 of cab22RT of petunia 22RT
Subdomain Al The direct repeat (TGACG) of as-1 element was Mod1A1
placed in synthetic DNA context with different
flanking and spacer nucleotides
Same as Mod1A1 except that intervening 7 bp Mod2A1
between TGACG repeat and flanking 5 bp was
conserved
Functionally equivalent ocs element from octopine ocsAl
synthase gene promoter from Agrobacterium
sp. was used for domain swapping
Domain A TATA box and defined as-7 element as tested in Mod2A1T
ModT and Mod2A1 were placed in a synthetic
stretch
TATA box and defined as-1 element placed in a Mod3AT1T

second synthetic stretch

domain-swapped promoters were weaker. Of the
three domain-swapped promoters, 22RT was the
strongest showing about 68% of 35S activity, whereas
3AT and 1AT exhibited less than 20% of the activity
shown by 35S promoter (Fig. 3). The results thus
clearly showed that mp with a viral TATA box drives
higher expression levels than mp with a consensus
plant TATA box inserted in context of 355 promoter.
However, none of the tested promoters with domain-
swapped mp functioned better than the promoter
with synthetic mp. A synthetic mp can thus replace
355 mp without significantly affecting its promoter
activity.

Expression Analysis of the 35S Promoters with
Modified Subdomain A1

Three different modifications in subdomain Al
(Table I) were tested for their effect on the 35S pro-
moter activity. In the first modification (Mod1A1),
direct repeats of as-1 element (TGACG; Lam et al,,
1989) were placed in a synthetic stretch of DNA
wherein the 7-bp sequences between TGACG repeat

Sac 1
Eco RI
Eco RI i
L
il
NN N F
B 888555 I
3

Pros nptil ocs pA Ptest

were also novel. Mod2A1 was similar to Mod1A1l
except that 7 bp between the TGACG repeats and 5
bp on either side of the repeats were kept the same as
that of 35S. In the third modification (ocsAl), a 44-bp
region encompassing a modified octopine synthase
(ocs) element from ocs promoter of Agrobacterium sp.
(Kim et al., 1994) was used to replace subdomain Al
(=90 to —46). The ocs element is a hexameric inverted
repeat with 8-bp spacer (16-bp palindrome sequence;
Ellis et al., 1987) and is a binding site for transcription
factor OCSTF (Singh et al., 1990). This element was
chosen to replace the as-1 element of the 35S pro-
moter because it has also been shown to bind the
transcription factor OCSTF (Bouchez et al., 1989).
Transcription factor ASF-1 that binds to as-1 element
of 35S has also been reported to bind the ocs palin-
drome (Fromm et al.,, 1989). A comparison of the
sequence of the modified subdomains Al that were
tested is shown in Figure 2c. Transient expression
analysis showed that whereas modification made in
Mod1A1l led to a 3-fold drop in promoter activity,
Mod2A1 gave expression level similar to that of the
35S promoter. The promoter ocsAl, designed to test

Hind 101
Sal I )
O Hind 111
| ;
SNTSEN . g RB
SN i
qus 35S pA P35S cat 358 pA

Figure 2. Binary vector developed for the transient expression analysis and transformation of tobacco. LB and RB are the left
and right borders, respectively, of T-DNA in the binary vector. The selection marker gene npt Il is driven by Pnos and has
3’ pA region of ocs gene. The npt Il was used as a selectable marker and a reference gene in the transgenic lines. Ptest
denotes the modified promoter driving gus reporter gene with 3’ pA region of 35S. The cat gene under the control of the 35S
promoter (P35) was used as the reference gene in transient expression assays.
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Figure 3. Relative activity of the modified pro-
moters 3AT, TAT, 22RT, and ModT in transient
expression assays. The variations in transient
expression were normalized using 35S-cat gene
as a reference. Data of a minimum of three
independent experiments were used to measure
promoter activity of each construct. In addition,
every experiment had internal replicates. The
activity of the 35S promoter was measured as a
control. Normalized GUS/CAT of the 35S pro-
moter was assigned the value of 100%. Each bar
represents the average relative promoter activ-
ity = se. y axis denotes the different modified
promoters tested and the TATA box present
therein.

the concept of domain swapping was only about 25%
active as compared with 35S (Fig. 4). A comparison of
promoter activity of Mod1A1 and Mod2A1 showed
that the intervening 7 bp in as-1 element is important,
and homology cannot be broken in this region. When
the intervening spacer sequence was changed
(Mod1A1), there was a significant reduction in the
expression of GUS. Furthermore, domain swapping
of the as-1 element with the ocs element in ocsAl led
to reduction in promoter activity, providing further
evidence along with the data on mps that domain
swapping may not be a viable strategy for breaking
homology between promoters.

Expression Analysis of the 35S Promoters with
Modified Domain A in Different Tissues of Primary
Transformants (T,;) of Tobacco

On the basis of our observations on transient ex-
pression analysis of 35S promoter modified for the
mp region and subdomain Al, we designed two
promoters with a synthetic domain A: The TATA box
(TATATAA) and the as-1 element (TGACGTAAGG-

Figure 4. Relative activity of the modified pro-
moters Mod1AT1, Mod2A1, and ocsAl in tran-
sient expression assays. The experiments were
performed as detailed in Figure 3. The mean
value of the normalized GUS/CAT of the 35S
promoter was assigned the value of 100%. Each
bar represents the average relative promoter ac-
tivity = se. y axis represents the different modi-
fied promoters and as-1 or as-1 like elements
present therein.
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GATGACG) were placed in two different synthetic
stretches of DNA. The two promoters thus designed,
named Mod2A1T and Mod3A1T, had much reduced
sequence homology among themselves and with the
355 promoter in the domain A. Twenty-two indepen-
dent tobacco transgenic lines each with 355-gus and
Mod2A1T-gus constructs were developed and grown
under the same conditions to test the promoter activ-
ity in the leaf tissue by GUS assays (Fig. 5). Twenty-
seven independent transgenic lines were developed
with Mod3A1T-gus construct and grown along with
11 35S-gus containing lines for analyzing the promoter
activity in leaves (Fig. 6). Variation in the gus expres-
sion pattern among independent transgenic plants
generated using 35S promoter and Mod2A1T pro-
moter was similar (Fig. 5, a and b). Approximately
4.5-fold variation in expression between the highest
and the lowest expresser was observed in case of both
355-gus and Mod2A1T-gus containing lines. These
variations could be due to multiple integrations in the
genome and/or due to position effects (Peach and
Velten, 1991; Iglesias et al., 1997). To normalize this
variability, the expression levels of NPT II were used

)
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a) Figure 5. GUS activity of 35S (a) and Mod2A1T
2000 35S (b) promoters in the leaves of transgenic tobacco
o plants. The independent transgenic lines were
< 1800 - grown under controlled conditions in a growth
° chamber. Transgenic lines with the 35S
o 1800 promoter-driven gus construct used as control
E’ 1400 - T were grown simultaneously under similar
E growth conditions (16-h day and 8-h night,
5 1200 - 28°C = 2°C, relative humidity 70%) with the
= g transgenic plants containing the Mod2A1T-gus
E construct. Promoter activity was measured at
a 800 £ two time points i.e. from leaves of 45- and
.-E‘ - 60-d-old (after transfer to the soil) plants. Each
8 600 bar represents the promoter activity of a single
;; 400 - transgenic plant. The value in the bars is the
o mean * st of the two independent experiments
o 200 - (with internal replicates). ¢, Comparison of nor-
malized promoter activity (GUS activity/NPT I
0- N R . levels) of 35S and Mod2A1T has been depicted
§issviag g S¢9E § Ss9E85%8 in a Box and Whisker plot. The horizontal lines
= % = in the Box and Whisker plot represent 10, 25,
C) @ 400 50, 75, and 90 percentiles. The dotted line rep-
b) s o resents the mean of the data. Extreme values are
= 00 8 depicted as small circles at the top and bottom
E f the plot
2000 | o o plot.
- Mod2A1T %
= i -
< 1800 B
) @ 100 e
= 1600 ) T 8
o
-% 1400 o T T
1= 355 Mod2A1T
5 1200 -
=
© 1000 -
&
- 800 -
z
>
: 600 -
3
w 400 A
2
3 200

mi.4
m2.24
m2.39
m1.98

m2.3
M2.21

M2.2
m2.20
M2.28

M3.17

11.101
M4.19
M3.18
m2.19
M1.25
M2.14

:

as reference. Normalized GUS activity of these sets of
plants has been represented in a Box and Whisker plot
in Figure 5c to compare the normalized distribution
and mean of the 355 and Mod2A1T activity. We ob-
served that the strength of Mod2A1T was similar to
that of the 35S. On the other hand, the expression of
the Mod3A1T promoter in leaves was higher than 355
if mean values were compared (Fig. 6b). It was also
observed that transgenic lines expressing gus under
the Mod3A1T promoter showed lower levels of vari-
ations (3.3-fold) between independent lines as seen by
both the GUS activity (Fig. 6a) as well as normalized
GUS activity (Fig. 6b).

The activity of the two modified promoters vis-a-vis
that of the 355 promoter was also analyzed in the stem
and roots of primary transformants grown in tissue
culture. The data from a minimum of 20 independent
transgenic lines in each case are summarized in a Box
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M2.13
m1.58

and Whisker plot in Figure 7, a through d. The mod-
ified promoters were found to be active in both of
these tissues. Although the expression profile of
Mod2A1T across the transgenic lines was similar to
that of the 35S in the stem, in case of root expression,
Mod2A1T showed expression levels comparable with
the second quartile of that of 355. Mod3A1T, on the
other hand, functioned at par with that of the 35S
promoter in both stem and root tissues. Modified pro-
moters were also found to be as active as 35S in callus
tissue raised from both stem and leaves (Fig. 7, e and
h) as well as in the floral tissues (data not shown).

Expression Analysis of the Mod2A1T Promoter in the
Seedlings of the T, Generation

To test whether the expression levels driven by
modified promoter Mod2A1T in primary transfor-
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Figure 6. GUS activity of the 35S and Mod3A1T a)
promoter in the leaves of primary transgenic

tobacco plants. The experimental design was as 2000
described in Figure 5. Each bar represents the 1800
promoter activity of a single transgenic plant.

The values in the bars represent the mean = st of 1600
two independent experiments. b, Comparison of

normalized promoter activity (GUS activity/NPT

Il levels) of 35S and Mod3A1T has been de-

picted in a Box and Whisker plot. The horizontal 1209
lines in the Box and Whisker plot represent 10, 1000

25, 50, 75, and 90 percentiles. The dotted line

GUS activity (pmolMU/min/kg protein)

represents the mean of the data. Extreme values 800
are depicted as small circles at the top and

bottom of the plot. 600

400

200

0

mants are also reflected in the next generation, GUS
expression in the seedlings of representative trans-
genics containing the Mod2A1T and 35S promoter
constructs was quantified. Segregation analysis
based on the GUS expression (histochemical staining)
of T, seedlings from Mod2A1T transgenics revealed
that all of the plants tested showed insertions at a
single locus. In the case of transgenics with the 35S
promoter, seven of nine plants tested segregated for
a single-locus insertion, whereas two plants segre-
gated for two loci (data not shown). Extracts made
from approximately 150 7-d-old seedlings from each
line were used to analyze promoter activity. Normal-
ized GUS activities represented in Figure 8 show an
expression pattern of Mod2A1T promoter similar to
that of 356.

DISCUSSION

The present work originated from the need to de-
velop diverse promoters to drive transgene expres-
sion to circumvent the problem of HBGS. Diverged
promoters could be developed either by domain
swapping or by placing cis-elements in synthetic
stretch of DNA. These possibilities were tested by
modifications of domain A of the 35S promoter.

The modified 355 promoters developed in this
study by domain swapping were found to be not as
efficient as the wild-type 35S promoter. This was
observed in modifications of both mp regions and
subdomain Al of 35S. In the case of the mp region,
the fall in activity of the three domain-swapped pro-
moters could be due to either (a) differences in the
TATA element core sequence or (b) divergence in the
sequences flanking the TATA box. Two of these mps
(1IAT and 3AT) were selected for domain swapping
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because they carried a plant consensus TATA ele-
ment (TATATATA; Joshi, 1987; Sawant et al., 1999),
which could possibly increase the strength of the 355
promoter. The third mp (22RT) had a non-consensus
TATA box (TAAATAAA) but was closer to the 35S
TATA element (TATATAAG). Our results with the
above promoters suggest that the viral TATA ele-
ment functions better in the 35S context as compared
with the plant consensus TATA element. Because
ModT promoter functions at par with the 35S pro-
moter, it shows that sequence alterations in TATA-
flanking regions seem to be tolerated, and an entirely
novel synthetic stretch of DNA can provide the nec-
essary framework for the TATA binding protein to
bind and regulate the promoter activity.

On the basis of our observations, we propose that
plant viral promoters have a different preferred
TATA element (TATATAAG) that is more efficient
than the plant consensus TATA element (TATAT-
ATA) in its own promoter context. This is further
supported by a survey of several plant viral promot-
ers where we observed that all viral promoters have
TATA elements similar to or identical to that of 355
but different from those of plant promoters (data not
shown). Conversely, out of a survey of 79 plant genes
(Joshi, 1987), none of the promoters showed viral-like
TATA boxes. This opens up an interesting question
as to the efficiency of viral versus plant TATA ele-
ment and also as to whether expression levels of
plant promoters will improve if these carried a viral
TATA element.

The results with the transient expression of
Mod1A1 and Mod2A1 promoters show that the in-
tervening 7 bp between TGACG repeats, as present
in the as-1 element of the 35S promoter, is necessary
for optimal activity. In the case of subdomain Al,
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Figure 7. Comparison of normalized promoter
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Mod1A1 with a modified spacer and flanking se-
quence shows a 3-fold drop in activity. Mod2A1 with
the as-1 element and intervening sequence as present
in the 355 promoter shows higher activity than 35S.
The results obtained with Mod1A1 and Mod2A1 thus
highlight the requirement for an accurate and func-
tional definition of cis-elements in the design of syn-
thetic promoters. Although the TGACG repeat ele-
ment is important for ASF-1 binding (Lam et al,,
1989), the intervening spacer sequence also plays a
significant role in the functioning of the cis-element.

Plant Physiol. Vol. 132, 2003

On the basis of the present study and also an earlier
observation (Bouchez et al., 1989), the functional moi-
ety of subdomain Al can be described as TGACG
TAAGGGA TGAGC, rather than TGACG N, TGACG.

Overall, our data on transient expression with dif-
ferent constructs (Fig. 1) suggest that domain swap-
ping may not be the most efficient method to develop
promoters that are functionally equivalent. This is
also reflected by the expression levels driven by the
modified promoter ocsAl. Although ASF-1 can bind
to the ocs element (Bouchez et al., 1989; Fromm et al.,
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Figure 8. Comparison of normalized promoter 140 -
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1989), in the modified promoter ocsAl, the spatial
arrangements with respect to other transcription fac-
tors may not be conducive for proper protein-protein
interaction. This is a possible explanation for the
observed drop in the promoter activity.

In comparison, the development of synthetic pro-
moters by placing properly characterized cis-
elements in a novel stretch of DNA (i.e. promoter
ModT and Mod2A1) seems to be a viable strategy for
creating promoters with comparable activity to the
parent wild-type 355 promoter. To confirm the re-
sults obtained with transient assays, we extended the
study by developing constructs Mod2A1T and
Mod31AT by modifications of domain A of the 35S.
We tested the activity of the two promoters in differ-
ent tissues of the primary tobacco transformants. We
observed that both the modified promoters were ac-
tive in all of the different tissues that were tested. The
stability of expression was confirmed with the study
of the T, generation of transgenics containing the
Mod2A1T promoter.

Several synthetic promoters have been created ear-
lier by (a) developing hybrids between two existing
promoters (Comai et al.,, 1990; Ni et al., 1995), (b)
placing identified cis-elements in conjunction with
heterologous promoters (Rushton et al., 2002), and (c)
bringing together cis-elements from different pro-
moters (Last et al., 1991; Sawant et al., 2001). Such
promoters were developed either to enhance pro-
moter activity or to add additional properties to the
already existing promoters. However, in all of these
studies, multiple copies of cis-elements have been
used to achieve promoter activity. The repetitious
use of the same cis-element in a promoter may im-
pede the expression of endogenous genes because
such promoters may titrate away transcription fac-
tors. Therefore, we feel the best alternative is to cre-

996
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ate synthetic promoters whose organization in terms
of cis-elements is similar to the already existing pro-
moters but shows no homology in the intervening
regions.

An interesting feature of the modified promoters
Mod2A1T and Mod3A1T is the removal of a recom-
bination hotspot in the mp region of the 35S pro-
moter. This hotspot has been reported to cause rear-
rangements in the transgene cassettes and thus
impairs gene expression (Kohli et al., 1999; Iyer et al.,
2000). This feature can also make these synthetic
promoters more suitable for stable gene expression.

The work reported here also has an interesting
implication on the evolution of promoters. Because
intervening regions between the cis-elements in pro-
moters show great flexibility toward nucleotide
changes as observed in the present study, new cis-
elements could evolve in these regions without im-
pairing the existing function of the promoter. This
may lead to changes in both temporal and spatial
expression of the promoter leading to novel evolu-
tionary possibilities.

Our observations of domain A can be extended to
modifications of domain B once the cis-elements of
this domain are properly identified. In conclusion,
our study shows that it is possible to create a series of
functional 355-like promoters that can be used to drive
different transgenes in a transgenic plant. This will
help to express a large number of independent genes
while reducing the possibility of HBGS as these pro-
moters would have reduced sequence homology. Pro-
moter inactivation has been shown to occur by de
novo DNA methylation (Mette et al., 2000). However,
it is still not clear how this sequence-specific methyl-
ation gets extended to homologous regions at inde-
pendent loci in the genome. Several mechanisms like
ectopic DNA-DNA pairing (Muskens et al., 2000) and
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methylation via aberrant RNA (Wassenegger and
Pelissier, 1998) have been postulated. The baseline of
all of these mechanisms is having homology between
sequences. Our approach of designing functionally
equivalent promoters with reduced homology could
be an important step toward circumventing the prob-
lem of HBGS. However, such synthetic promoters will
have to be tested for their functionality and also for
their susceptibility to silencing by crosses with genetic
stocks containing silenced loci.

MATERIALS AND METHODS
Assembly of Modified Promoters

Modified promoters were assembled using recursive PCR (Dillon and
Rosen, 1990) followed by subsequent cloning in pPCR Script SK(+). DNA
sequence of the synthesized promoters was confirmed by sequencing. All of
the clonings followed standard protocols (Sambrook et al., 1989). The mod-
ified promoters (Ptest; Fig. 2) were cloned as HindIII-Ncol fragments up-
stream to the gus reporter gene with a 35S poly(A) signal in pPCR Script
SK(+) (Stratagene, La Jolla, CA). The Ptest gus expression cassette thus
developed was cloned as a Sacl-Sall fragment in the binary vector pPZP200
(Hajdukiewicz et al., 1994) containing a Prios-driven npt II gene as a selection
marker for plant transformation at an EcoRI site and cat gene under the
control of 35S (P35S) promoter at the HindIII site (Fig. 2).

Transient Expression Analysis

Protoplasts were isolated from leaves of axenic cultures of 4- to 5-week-
old tobacco (Nicotiana tabacum cv Xanthi) plants with a few modifications in
protocols described earlier (Negrutiu et al., 1987, 1990; Prols et al., 1988;
Morgan and Ow, 1995). All procedures pertaining to isolation and DNA
uptake were performed under sterile conditions. DNA samples used for
uptake were purified on CsCl density gradients.

The leaves were incubated in K3AS medium for 1 h before incubation in
the digestion solution. MaCa solution (0.5 M mannitol, 15 mm CaCl,-2H,0,
and 0.1% [w/v] MES; Negrutiu et al.,, 1990) was used to resuspend and
count the protoplasts. Aliquots of 1 X 10° protoplasts in 0.5 mL of MaCa
were heat shocked at 45°C for 5 min and incubated at room temperature for
5 min. Plasmid DNA (10 ug) and sheared salmon sperm DNA (50 ug) were
added to the suspension, followed by the addition of 0.5 mL of PEG solution
(40% [w/v] PEG 1450 in 0.4 M mannitol and 0.1 m Ca(NO3),.4H,0, pH 7-9).
Incubation was carried out at room temperature for 5 min. The sample was
then diluted to 10 mL with W5 medium and spun at 200g for 5 min. The
pellet was resuspended in 10 mL of liquid Murashige and Skoog medium
with 2 pg mL ™! a-naphthalene-acetic acid and 0.5 ug mL ™" 6-benzylamino-
purine, transferred to petri plates, and incubated for 24 h (28°C) in dark,
after which transient expression assays were carried out.

Development of Transgenics

Binary vectors were mobilized into the disarmed Agrobacterium sp. strain
GV2260 by electroporation. Agrobacterium sp.-mediated transformation of
leaf-disc explants was carried out following the protocol of Svab et al.
(1995). With each construct, 22 to 27 independent transgenic lines were
developed. Transgenics were grown in a growth chamber (16-h day and 8-h
night, 28°C + 2°C, relative humidity 70%).

For the analysis of expression of different tissues, mainly stem and roots,
the plants were grown in tissue culture room (16-h day and 8-h night,
28°C = 2°C) in glass bottles, and stem and roots were harvested 35 to 40 d
after subculturing. Callus was raised from stem and leaf tissue by placing
the explants on Murashige and Skoog agar supplemented with 2 mg L™!
a-naphthalene-acetic acid and 0.5 mg L™' 6-benzylamino-purine. Extracts
were prepared after 14 to 16 d of callusing.

Selfed (T;) seeds were collected from growth chamber-grown primary
transformants (T,) and germinated on germination paper. Approximately
150 7-d-old seedlings were taken for making total protein extracts.
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Enzyme Assays for Estimation of Promoter Strength

Total protein from protoplasts or different tissues of transgenic plants or
seedlings was extracted in GUS extraction buffer (Jefferson, 1987). Protein
concentration was estimated following Bradford (1976). Fluorometric GUS
assays using 4-methyl umbelliferyl B-p-glucuronide substrate were done
according to Bilang et al. (1994) in the case of the transient system and
according to Jefferson (1987) for transgenics. The product released (meth-
ylumbelliferone) was estimated with DyNA Quant 200 Fluorometer (Hoef-
fer Pharmacia Biotech, San Francisco). GUS activity was expressed as pico-
moles of methylumbelliferone per minute per microgram of protein.

The amount of CAT and NPT II protein in total protein extracts was
measured by ELISA using kits from Roche Diagnostics (catalog no. 1363727,
Mannheim, Germany) and Agdia Incorporated (catalog no. PSP 73000,
Indiana), respectively.

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or
parts of the material. Obtaining any permission will be the responsibility of
the requestor.
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