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Abstract

Inter-individual variation of transgene expression represents a major bottleneck for high-throughput testing of transgene
constructs in plants. More specifically, relatively large populations of first generation transgenic plants are generally required to
evaluate transgene constructs with respect to desired expression level and related phenotype. Aiming at a reduction of this inter-
transformant variability, in this study we systematically and statistically investigated the influence of different regulatory elements
on the level and variability of transgene expression in populations of Arabidopsis thaliana plants. Starting from a basic gene
construct consisting of the B-glucuronidase reporter gene (uidA) controlled by the most commonly used cauliflower mosaic virus
(CaMV) 35S promoter, we investigated the effect of a matrix attachment region (MAR), 5" untranslated regions and the use of
different promoter and terminator sequences on the f-glucuronidase expression (GUS expression). It was found that MARs from
the chicken lysozyme gene had no influence on the level of expression or on the variability of expression in populations of A.
thaliana first generation plants. Moreover, transgene expression variability was not influenced by any of four types of terminators
nor by any of two different 5" untranslated regions. Promoters, as expected, drastically influenced expression levels but also rather
unexpectedly markedly affected expression variability. A set of promoters derived from the mannopine synthase genes consistently
yielded reporter gene expression with higher median levels and lower variance compared to the CaMV 35S promoter. The
mannopine synthase promoter derivatives can therefore be useful for a range of applications for which constitutive expression with
low inter-individual variability is desired.
© 2003 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction traits of plants. It was observed in the early days of plant

transformation that the expression level of the transgene

Genetic transformation of plants has been widely used
over the past 15 years both as a method for studying
gene function and as a tool for improving particular
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can vary considerably between different plants trans-
formed with the same transgene construct [1—3]. This
high inter-transformant variability is generally undesir-
able because it necessitates the screening of large
numbers of transformants in order to identify indivi-
duals with an acceptable expression level and an
expected phenotype. The time and effort spent on
screening individual transformants represents a major
bottleneck for high-throughput testing of transgene
constructs.
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Inter-transformant variability of expression levels is
thought to be attributable to a number of factors. As the
integration of foreign DNA in the plant genome occurs
via illegitimate recombination [4], it can take place at
virtually any site. As a consequence, sequences flanking
the transgene are different in independently obtained
transformants. The flanking DNA can contain regula-
tory elements that may influence transcription of the
transgene. Moreover, the chromatin structure of the
flanking DNA, which determines accessibility of reg-
ulatory sequences by the transcription machinery, can
be imposed on the transgene and hence influence
transcriptional efficiency [5]. A second source of varia-
tion, and probably more important, is the number and
configuration of copies of transgenes integrated at one
or more loci in the genome [6]. Theoretically, the level of
expression should increase with the copy number.
However, in most cases studied thus far, expression
levels do not correlate with copy number [7,8]. Parti-
cular configurations of linked transgene copies like
indirect tandem repeats [9] or intrinsic direct repeats
[10] are known to cause repeat-induced transgene
silencing.

In order to reduce this inter-transformant variability,
several research groups have made a number of adapta-
tions to transgene constructs. It has been proposed that,
in order to reduce repeat-induced silencing effects, the
duplication of sequences within the introduced construct
should be avoided [11]. However, the effect of such
duplications, for instance identical promoter sequences
that drive both the selectable marker gene and the gene
of interest, on expression variability has not been
systematically analyzed. Most studies have concentrated
on the effect of matrix attachment regions (MARs)
introduced in vector constructs at positions flanking a
gene of interest. MARs are regions in eukaryotic
genomes that are attached to the proteinaceous matrix
present in the nucleus [12-14]. These regions are
generally A/T rich and are typically located in non-
transcribed parts of the genome. MARs may act as fixed
boundaries of DNA loops showing the same overall
chromatin condensation and super helical density.
According to the ‘loop hypothesis’, genes present on
such loops are insulated by the MAR boundaries from
potential influences of regulatory factors acting on
neighboring loops [15]. A number of studies have
investigated whether the presence of MARs flanking a
transgene results in less variable transgene expression. In
most of these studies, MARs significantly increased
average transgene expression levels with limited or no
decrease of variability in the first generation of trans-
genic plants [16-21].

One outstanding example of a MAR with strong
impact on transgene expression variability, even in the
first generation of transgenic plants, is the A element
that flanks the chicken lysozyme gene. Presence of this

MAR at both ends of the T-DNA borders of an
Agrobacterium tumefaciens-based transformation vector
reduced variance of expression of the uidA reporter gene
driven by either the potato Lhca3.Stl gene promoter or
the enhanced CaMV 35S promoter in transgenic
tobacco plants by 8- and 7-fold, respectively [8,22].

To date, the effect of MARs on expression variability
in Arabidopsis thaliana has not been thoroughly ana-
lyzed. A. thaliana is widely used as a model plant for the
studies of gene function [23]. Systems allowing low-level
variability of transgene expression would facilitate high-
throughput analysis of transgenes such as is required for
shotgun transformation of bacterial artificial chromo-
some clones during map-based cloning efforts.

Using A. thaliana as a genetic background for large-
scale multi-gene delivery experiments, we aim to gen-
erate populations of transgenic A. thaliana plants that
provide minimal inter-transformant expression variabil-
ity. This study systematically investigates and statisti-
cally evaluates the influence of the chicken lysozyme A
element MAR and regulatory elements on the level and
variability of transgene expression in populations of A.
thaliana plants, irrespective of T-DNA copy number or
integrity of individual transgenic plants.

2. Materials and methods
2.1. Vector construction

For the construction of the different vectors, the
modular vector system as fully explained in Goderis et
al. [24] was used. Vector pPZP-RCS1 was used to
assemble a derivative containing two chicken lysozyme
MAR sequences (hereafter abbreviated as chilMAR).
The chilMAR at the left T-DNA border was inserted as
a 3 kb Xbal-BamH] fragment from plasmid pUC-B-1-
X1 [25] in pPZP-RCS1 digested with Xbal and BamH]1.
The resulting plasmid was digested with Kpnl and Sall
and a second copy of chilMAR was inserted as a 3 kb
Kpnl-Sall fragment from pUC-B-1-X1 to yield
pFAJ3129.

The plasmids pPZP-RCS1 or pFAJ3129 were used to
assemble all of the vectors shown schematically in the
Figs. 1 and 3. The selectable marker gene cassette was
from pMODUL3138 [24]. The reporter gene cassettes
were assembled in either pAUX3131 or pAUX 3132 [24]
and transferred as I-Scel or I-Ceul fragments, respec-
tively, in the corresponding sites of the plant transfor-
mation vectors. The coding region of the reporter gene
was taken from the Escherichia coli B-glucuronidase
gene (uidA, as a Ncol-Sacl-fragment of plasmid
pBI505, [26]). The promoters driving the reporter gene
were derived from either CaMV 35S ([u35S]p35S,
nucleotides 7019-7342, placed upstream of a segment
consisting of nucleotides 7016—7433 [27]) or the man-
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Fig. 1. (A) Schematic representation of the T-DNA regions of transformation vectors pFAJ3160, pFAJ3163, pFAJ3227 and pFAJ3184.
Abbreviations are as follows: RB: right T-DNA border; LB: left T-DNA border; Chil MAR: chicken lysozyme MAR; uidA : B-glucuronidase coding
region; pat: phosphinothricin acetyltransferase coding region; pNOS': nopaline synthase promoter; p35S: CaMV 35S promoter; pMAS: mannopine
synthase promoter; tOCS: octopine synthase terminator; tNOS: nopaline synthase terminator; tMAS: mannopine synthase terminator; u35S:
CaMV upstream activating sequence; uOCS': octopine synthase upstream activating sequence. The triangle behind p35S represents the tobacco
mosaic virus 5’ untranslated sequence; the triangle behind pMAS represents the 5" untranslated sequence of the mannopine synthase gene 2. (B) Box
plots of the natural logarithm of the GUS activity (InGUS) of first generation transgenic 4. thaliana plants transformed with the vectors pFAJ3160,
pFAJ3163, pFAJ3227 and pFAJ3184. LnGUS activity is expressed in pmoles 4-methylumbelliferone per min per mg soluble protein. Gridlines
depicted as vertical dotted lines, represent the InGUS activity scale. Vertical lines in the box plots correspond to the 0, 25th, 50th (or median,
indicated in bold), 75th and 100th percentile, respectively. The variance of the InGUS data is shown by the width of the box plot, whereas the level of

InGUS expression is indicated by the median.

nopine synthase gene (pMAS, nucleotides 2012820633
of the T-DNA region from the A. tumefaciens octopine
Ti plasmid pTil5955; [28]). Other reporter genes con-
tained any of the following chimeric promoters:
[uOCSTpMAS, [uOCSs]pMASs, [uOCS]2pMAS or
[uOCS13pMAS. Promoter [uOCS]pMAS consisted of
a fusion between an upstream activating sequence of the
octopine synthase promoter (uOCS, nucleotides 13775—
13991 of the T-DNA region from the A. tumefaciens
octopine Ti plasmid pTil5955; [28]) and the promoter of
the mannopine synthase gene (pMAS, nucleotides
20128-20633). Promoter [uOCSs]pMAS's was identical
to [uOCSTpMAS except that slightly shorter parts of the
octopine and mannopine synthase promoters were used
(nucleotides 13774-13991 fused to 20128—-20513; [28]).
Promoters [uOCS2pMAS and [uOCS]|3pMAS were
identical to [uOCS]pMAS except that the octopine
synthase upstream activating sequence (uOCS) was
duplicated or triplicated, respectively, as tandem direct
repeats. Reporter gene constructs with the [u35S]p35S
promoter had as the 5" untranslated leader, the 5" region
of the tobacco mosaic virus strain Ul cDNA as
described in Ref. [29], while those with pMAS,
[uOCSpMAS, [uOCSs]pMASs, [uOCS2pMAS and
[uOCS]3pMAS had the 5 untranslated region of the
mannopine synthase gene. A derivative of [uOCS]p-
MAS was also made in which the 5" untranslated region
of the mannopine synthase gene (nucleotides 20128—
20190 of the T-DNA region from the A. tumefaciens
octopine Ti plasmid pTil5955; [28]) was replaced with

the 5" untranslated leader region of the tobacco mosaic
virus strain Ul cDNA [29]. The terminators in the
reporter gene cassette were either from the A. tumefa-
ciens nopaline synthase gene (tNVOS, nucleotides 1298—
1551, [30]), the A. tumefaciens mannopine synthase gene
(tMAS, nucleotides 18731-19143 of the T-DNA region
from the A. tumefaciens octopine Ti plasmid pTil5955;
[28]), the A. tumefaciens octopine synthase gene (tOCS,
nucleotides 12266—12556) or the A. tumefaciens T-DNA
gene 7 (tG7, nucleotides 2612-2914; [28]).

2.2. Plant transformation

All plant transformation vectors were introduced by
electroporation in A. tumefaciens strain GV3101 con-
taining the pGV3850 helper plasmid [31]. The A.
tumefaciens strains with the binary vectors were used
to transform A. thaliana ecotype Col-0 plants using the
vacuum infiltration method of Bechthold et al. [32].
Transgenic plants were selected as described by Goderis
et al. [24] and grown in an environmentally controlled
growth chamber with 22 °C day-time temperature, 18 °C
night-time temperature and a 12 h photoperiod (photon
flux of 100 pE m 2 s ).

Primers for verifying transgenic of A. thaliana plants
were the following: OWB425 (GGTGGGAAAGC-
GCGTTACAAG:; sense primer annealing to the wuidA
gene); OWB448 (AACAGGATTCAATCTTAAGAA-
ACTT; antisense primer annealing to the tNOS se-
quence); OWB449 (CATAAATTGATGATATAGC-
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TAGCTT; antisense primer annealing to the tG7
sequence); OWB450 (GTTTGTTTGGTTGCCT-
TTGCAA; antisense primer annealing to the tMAS
sequence); OWB451 (GCGATCATAGGCGTCTCG-
CAT; antisense primer annealing to the tOCS se-
quence). Genomic DNA was obtained according to
Eggermont et al. [33]. All polymerase chain reactions
(PCR) were performed as described by Sambrook et al.
[34]. First generation transgenic A4. thaliana plants were
grown until they were 5 weeks old. At this stage the 4th,
6th and 8th leaf of each plant were collected in a single
tube, flash frozen in liquid nitrogen and stored in —
80 °C prior to GUS activity analysis. Stems and roots
were obtained from mature, 8-week-old plants and these
tissues were treated similarly.

2.3. Enzyme assays

B-Glucuronidase (GUS) activity was measured fluor-
ometrically using 4-methylumbelliferyl glucuronide as a
substrate and 4-methylumbelliferon as a standard ac-
cording to Jefferson [35]. Total protein was determined
by the method of Bradford [36] using bovine serum
albumin as a standard.

2.4. Statistical analysis

Statistical analysis was performed with the statistical
package R that can be downloaded from the internet at
http://www.cran.r-project.org. The freely available soft-
ware offers an object oriented programming environ-
ment including pre-defined functions. Normal
distribution of datasets is required to meet the robust-
ness properties of the standard statistical applications.
QQ-plots and density plots revealed a non-normal
distribution of some of the datasets analyzed, even after
natural logarithm transformation [37]. The non-normal-
ity of the datasets implies the use of methods, which do
not require any assumption about normality [37].
Therefore a bootstrap procedure was performed to
analyze our datasets instead of the standard statistical
applications. The bootstrap method is based on a re-
sampling procedure and is used for both the median and
variance comparison tests [38]. To compare the var-
iances of the datasets a bootstrap based on Bartlett’s test
for homogeneity of variances was used as described in
Ref. [39]. The tests were performed for a significance
level of 95%, taking into account the adjustments for
multiple comparisons. The P-values were adjusted for
simultancous hypotheses as suggested by Westfall and
Young [40].

3. Results

3.1. The effect of chicken lysozyme MARs on reporter
gene expression

A series of plant transformation vectors (Fig. 1A) was
constructed in order to study the effect of the chicken
lysozyme MAR sequences on reporter gene expression
in transgenic A. thaliana plants. Vector pFAJ3163 was
constructed such that its T-DNA region has the same
configuration as that of pLM9, a vector demonstrated
by Mlynarova [22] to provide extremely low inter-
transformant variability of gene expression in tobacco
due to the presence of chicken lysozyme MAR se-
quences flanking each T-DNA border. The relative
position and orientation of the chicken lysozyme
MAR sequences as well as that of the selectable marker
and reporter genes is identical in pFAJ3163 and pLMO.
In both vectors the reporter gene is composed of the
enhanced CaMV 35S promoter ([u35S]p35S), the uidA
coding region and the nopaline synthase terminator
(tNOS). A variant of pFAJ3163, construct pFAJ3184,
allowed us to investigate whether or not the effect of the
chicken lysozyme MAR is dependent on the nature of
the regulatory sequences of the reporter gene. Vector
pFAJ3184 is identical to pFAJ3163 except that it has the
uidA reporter gene controlled by a mannopine synthase
terminator (tMAS) and a chimeric promoter [uOCS]p-
MAS. The latter consists of an enhancer element from
the octopine synthase gene fused to the mannopine
synthase promoter. This chimeric promoter is nearly
identical to the constitutive promoter Aocs AmasPmas
shown by Ni et al. [41] to confer a higher level of
expression than that of the enhanced CaMV 35S
promoter, at least in transgenic tobacco plants. Vectors
corresponding to pFAJ3163 and pFAJ3184 but lacking
the chicken lysozyme MARSs were also constructed and
called pFAJ3160 and pFAJ3227, respectively.

For each of the vectors A. thaliana populations
consisting of at least 20 primary transformants were
obtained and their transgenic nature was assessed by
growth in presence of the selective agent (phosphino-
thricin) and by PCR amplification of a region spanning
the terminator and a part of the uidA reporter gene (Fig.
2). Bands of the correct size (1800 bp) were unambigu-
ously present in the lanes representing the amplification
products of the transformants (lanes 4—6 and §—10) and
plasmid DNA (lanes 1 and 13). GUS activity was
determined on a mixture of the 4th, 6th and 8th leaf
collected from each plant. In an attempt to obtain
normally distributed data sets, the GUS activity values
were transformed by taking the natural logarithm
(InGUS), as previously done [8,17,22,37]. The InGUS
data from plants transformed with the constructs
pFAJ3227 and pFAJ3184, showed a nearly normal
distribution whereas InGUS data from plants trans-
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Fig. 2. Analysis of the PCR products amplified from plasmid DNA
(lanes 1 and 13), from total genomic DNA of non-transformed plants
(lanes 2 and 12) and transgenic plants (lanes 4-6 and 8-10). DNA
Smart Ladder marker in lanes 3, 7 and 11. An arrow indicates the
expected size in base pairs.

formed with pFAJ3160 and pFAJ3163 were bimodally
distributed (Fig. 3). The non-normality of these data sets
imposed the use of statistical methods that are not based
on normal distribution of the data and are hence based
on the analysis of median instead of average expression
levels (see Section 2.4).

The InGUS activity data of the 4. thaliana plants
transformed with pFAJ3160, pFAJ3163, pFAJ3227 or
pFAJ3184 are presented as box plots in Fig. 1B and the
statistical evaluation of these data is shown in Table 1.
Neither the median nor the variance of the InGUS
activity of pFAJ3160 or pFAJ3227 transformed lines
were significantly different from those of pFAJ3163 or

pFAJ3184 transformed lines, respectively (Table 1). The
[UOCSpMAS —uidA —tMAS transcription unit in con-
structs pFAJ3184 and pFAJ3227 yielded, however,
expression levels of which the median was significantly
higher than that of the transcription unit [u35S]p35S—
uidA —tNOS in constructs pFAJ3163 and pFAJ3160,
irrespective of the presence or absence of the chicken
lysozyme MARs (Table 1). In addition, the variance of
InGUS activity was significantly lower for plants
transformed with the [uOCS]pMAS —uidA —tMAS tran-
scription unit than for plants transformed with the
[u35Sp35S —uidA —tNOS transcription unit, again irre-
spective of the presence or absence of the chicken
lysozyme MARs (Table 1).

3.2. The effect of the mannopine synthase promoter on
the reporter gene expression

The transcription units [u35S]p35S —uid4 —tNOS and
[UOCSpMAS —uidA—tMAS in the vectors pFAJ3163
and pFAJ3184, respectively, differ in several compo-
nents: (i) the promoters (p35S in pFAJ3163 and pMAS
in pFAJ3184), (i) the upstream activating sequences
(u35S in pFAJ3163 and uOCS in pFAJ3184), (iii) the
terminators (tNOS in pFAJ3163 and tMAS in
pFAJ3184) and (iv) the 5 untranslated leader (derived
from tobacco mosaic virus in pFAJ3163 and derived
from the mannopine synthase gene in pFAJ3184). To
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Fig. 3. Distribution plots representing the InGUS data obtained from transgenic plants transformed with the constructs shown in Fig. 1. Density is
expressed as the ratio of the number of observations to the total number of observations for a certain value of InGUS activity. LnGUS activity is
expressed in pmoles 4-methylumbelliferone per min per mg soluble protein.
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Table 1
Statistical analysis of expression levels in TO generation populations of A. thaliana plants transformed with the constructs shown in Fig. 1A

Construct MAR No? GUS activity® InGUS activity®

Median Mean Median P4 Variance P4
pFAJ3160 — 34 1732 424600 7.46 b 9.26 b
pFAJ3163 + 23 3036 708 670 8.02 b 11.14 b
pFAJ3227 — 32 49730 100080 10.81 a 1.15 a
pFAJ3184 + 33 31265 90 840 10.35 a 2.09 a

# Number of plants analyzed in the TO generation of transformants.

> GUS activity is expressed in pmoles 4-methylumbelliferone per min per mg soluble protein.

¢ Natural logarithm of GUS activity.

4 Comparisons of median or variance at a significance level 0.05. Identical letters indicate that the data (median or variance) are not significantly

different.

systematically investigate which of these components is
responsible for the decreased inter-transformant expres-
sion variability, a series of derivatives of pFAJ3184 was
constructed in which one or more of the components
were replaced by a component of pFAJ3163. This vector
series, depicted in Fig. 4A, was used to generate
populations of transgenic A. thaliana plants. Data of
InGUS activities of these populations are shown in Fig.
4B as box plots and the statistical analysis is presented in
Table 2.

Vector pFAJ3357, differing from pFAJ3184 by the
replacement of [uOCS|pMAS by [u35S]p35S, yielded a
variance of the InGUS values that was significantly
higher than observed for pFAJ3184, being 6.15 for the
former versus 2.09 for the latter vector. Moreover, the
median InGUS activity obtained with pFAJ3357-trans-
formed plants (8.59) was significantly lower than that of
pFAJ3184-transformed plants (10.35).

The effect of the upstream activating sequence of the
octopine synthase promoter (uOCS) was assessed in two
different ways. Firstly, the uOCS element was added
upstream of the [u35S]p35S promoter. Transformation
with this construct, pFAJ3293, resulted in significantly
higher expression levels (median InGUS activity of 12.14
versus 10.35) and a significantly higher variance (12.09
versus 2.09) when compared to pFAJ3184 transformed
lines. Secondly, deletion of the uOCS element from the
[uOCS]pMAS promoter, as in construct pFAJ3183,
resulted in a significant reduction of median InGUS
activity (10.35 and 7.80 for pFAJ3184 and pFAJ3183,
respectively) and in a small, not significant reduction on
the variance of InGUS activity (2.09 and 1.06 for
pFAJ3184 and pFAJ3183, respectively). Addition of
one more uOCS clement to the [uOCS]pMAS promoter
to yield the [uOCS]2pMAS promoter (construct
pFAJ3185), slightly increased the median InGUS activ-
ity while slightly decreasing the variance of the InGUS
activity. However, these effects were not statistically
significant. Finally, addition of two more uOCS cele-

ments to the [uOCS]pMAS promoter to obtain the
[uOCS13pMAS promoter (construct pFAJ3186) re-
sulted in a slight but non-significant decrease of InGUS
variance (2.09 versus 1.12 for pFAJ3184 or pFAJ3186
transformed plants, respectively) and a significant
increase of median InGUS activity (12.28 versus 10.35
for pFAJ3186 or pFAJ3184 transformed plants, respec-
tively).

We also tested whether alterations in the 3" and 5’
untranslated regions would affect expression variability.
Vectors pFAJ3184, pFAJ3269, pFAJ3270 and
pFAJ3271 which only differed in the terminators of
the reporter genes (tMAS, tNOS, tG7 and tOCS,
respectively) generated populations of which neither
the median nor the variance of the InGUS values was
significantly different. In addition, populations of plants
transformed with vectors pFAJ3184 and pFAJ3385,
which only differed at the 5 untranslated region, were
statistically indistinguishable in terms of median and
variance of InGUS activity.

The [uOCS]pMAS promoter is nearly identical to the
promoter designated as AocsAmasPmas by Ni et al.
[41]. The uOCS element in [uOCS]pMAS corresponds
to the —339/—116 domain of the octopine synthase
promoter, while the Aocs element in Aocs AmasPmas is
slightly shorter and corresponds to the —333/—116
domain of the same promoter. Moreover, the pMAS
element in [uOCS]pMAS was also larger in comparison
to the Aocs AmasPmas, with the former corresponding
to the —1/—503 domain and the latter to the —1/—382
domain (numbers relative to the translation start of
mannopine synthase 2’ transcript). We also constructed
a shortened version of [uOCS|pMAS, called [uOCSs]p-
MASs in which the uOCS and pMAS domains
corresponded exactly to those in Aocs AmasPmas (con-
struct pFAJ3386). The median of the InGUS activity
was significantly lower when compared to the results
obtained from pFAJ3386 (8.78) to those of pFAJ3184
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Fig. 4. (A) Schematic representation of the GUS reporter gene cassette in transformation vectors pFAJ3184, pFAJ3357, pFAJ3293, pFAJ3183,
pFAJ3185, pFAJ3186, pFAJ3269, pFAJ3270, pFAJ3271, pFAJ3385, and pFAJ3386 as in Fig. 1. Abbreviations are as in Fig. 1, with addition of the
following: tG7: T-DNA gene 7 terminator. Compared with the pFAJ3184 GUS reporter gene cassette, the differences in regulatory elements are
highlighted; deletions of regulatory sequences are indicated by a black triangle. (B) Box plots of the natural logarithm of the GUS activity (InGUS) of
first generation transgenic A. thaliana plants transformed with the vectors pFAJ3184, pFAJ3357, pFAJ3293, pFAJ3183, pFAJ3185, pFAJ3186,

pFAJ3269, pFAJ3270 pFAJ3271, pFAJ3385 and pFAJ3386 as in Fig. 1.

(10.35) whereas the variance of the InGUS activity
remained statistically invariant.

3.3. The effect of the mannopine synthase promoter on
the reporter gene expression in different parts of the plant

When compared to [u35S]p35S, the use of [uOCS]p-
MAS driving the GUS reporter gene ensures a consti-
tutive level of expression with little inter-transformant
variability in leaves of transgenic A. thaliana plants. To

assess whether this expression characteristic also applies
to other tissues as well, GUS expression levels were
measured in leaves, stems and roots of first generation
A.  thaliana plants transformed with pFAJ3184
([uOCSpMAS) and pFAJ3163 ([p35S]p35S) (Table
3). In plants transformed with pFAJ3163, the median
and variance of the InGUS activity in the different
tissues were comparable. In plants transformed with
pFAJ3184, the median InGUS activity was significantly
higher in roots than in leaves and stems. The variance of
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Table 2

Statistical analysis of expression levels in TO generation populations of A. thaliana plants transformed with the constructs shown in Fig. 4A

Construct No* GUS activity® InGUS activity®
Median Mean Median P Variance P°

pFAJ3184 33 31265 90 840 10.35 a 2.09 a
pFAJ3357 57 5377 150590 8.59 b 6.15 b
pFAJ3293 35 187212 760 690 12.14 c 12.09 b
pFAJ3183 24 2440 4100 7.80 b 1.06 a
pFAJ3185 33 64 860 137490 11.08 a 1.41 a
pFAJ3186 35 215345 283450 12.28 c 1.12 a
pFAJ3269 18 44355 121260 10.70 a 1.91 a
pFAJ3270 30 66171 81460 11.10 a 1.39 a
pFAJ3271 24 29436 73430 10.29 a 1.71 a
pFAJ3385 33 32450 68110 10.39 a 1.75 a
pFAJ3386 15 6502 12530 8.78 b 1.08 a

% Number of plants analyzed in the TO generation of transformants.

® GUS activity is expressed in pmoles 4-methylumbelliferone per min per mg soluble protein.

¢ Natural logarithm of GUS activity.

4 Comparisons of median at a significance level 0.05. ‘a’ indicates that the median is not significantly different from pFAJ3184. ‘b’ indicates that
the median is significantly lower than pFAJ3184. ‘c’ indicates that the median is significant higher than pFAJ3184.
¢ Comparisons of variance at a significance level 0.05. ‘a’ indicates that the variance is not significantly different from pFAJ3184. ‘b’ indicates that

the variance is significant higher than pFAJ3184.

the InGUS activity, however, was comparable and not
significantly altered in the different tissues.

4. Discussion

Although there is ample literature on the effect of
MARSs on the expression variability of reporter genes
(reviewed by Allen et al. [14]), the influence of MARs on
expression variability in 4. thaliana has not been
analyzed intensely so far. It can be concluded from the
experiments in this paper that the chicken lysozyme
MARSs have no effect on either reporter gene expression
level or variability in A. thaliana. The same MARs
positioned in the same relative orientation had pre-

viously been shown to drastically reduce expression
variability in transgenic tobacco plants [8,22]. This
discrepancy might imply that the effect of MARs on
transgene expression can be different from one species to
another and is therefore unpredictable if not tested in a
particular species. The reason for the species-dependent
differences of MAR effects is not known but it must be
assumed that nuclear factors interacting with MARs
differ among different plant species. Also, the discre-
pancy of the results could be due to homology-depen-
dent gene silencing, which might overrule the protecting
effect of MARs when multiple copies of the transgene
are integrated [42]. However, in the present study the T-
DNA copy numbers or integration patterns were not
determined, as this was considered irrelevant in respect

Table 3
Statistical analysis of expression levels in different plant parts of TO generation populations of A. thaliana plants transformed with constructs shown
in Fig. 1A
Construct Tissue No* GUS activity® InGUS activity®
Median Mean Median P4 Variance P
pFAJ3163 leaf 15 2253 322630 7.72 a 8.56 a
root 14 2416 344360 7.79 a 8.61 a
stem 14 7781 490 680 8.94 a 7.4 a
pFAJ3184 leaf 14 179870 183350 12.10 a 1.98 a
root 12 1520930 417470 14.23 b 2.68 a
stem 11 152000 167240 11.93 a 1.72 a

% Number of plants analyzed in the TO generation of transformants.

® GUS activity is expressed in pmoles 4-methylumbelliferone per min per mg soluble protein.

¢ Natural logarithm of GUS activity.

4 Comparisons of median per construct at a significance level 0.05. Identical letters indicate that the medians are not significantly different.
¢ Comparisons of variance per construct at a significance level 0.05. Identical letters indicate that the variances are not significantly different.
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to our goal to generate populations of transgenic plants
providing minimal inter-individual variation of trans-
gene expression.

Furthermore, it can be concluded from our experi-
ments that a low level of inter-transformant variability
can be achieved by using a promoter derived from the A.
tumefaciens mannopine synthase gene. By itself, the
mannopine synthase promoter (pMAS) results in a
median level of GUS expression in A. thaliana leaves
that is only slightly lower when compared to the
enhanced CaMV 35S promoter ([u35S]p35S), the most
frequently used promoter for constitutive transgene
expression in plants. However, the variance of InGUS
expression driven by the pMAS is at least 8-fold lower
when compared to [u35S]p35S. Even better results are
obtained when an upstream activating sequence from
the octopine synthase gene ([uOCS]) is placed upstream
of pMAS. With this chimeric promoter, [uOCS|pMAS,
the GUS expression level median is at nearly 6-fold
higher and the variance of InGUS activity 3-fold lower
than with [u35S]p35S. This [uOCS] element, however,
does not appear to be responsible for the low inter-
transformant variability of expression, since addition of
[uOCS] upstream of [u35S]p35S even further increased
expression variability. The [uOCS] element clearly acts
as an expression enhancer. Addition of one, two or three
copies of [uOCS] upstream of pMAS increased the
median GUS expression levels 13-, 26- and 88-fold,
respectively, whereas addition of the [uOCS] element
upstream of the [u35S]p35S boosted median expression
level 60-fold.

Ni et al. [41] have previously shown that AocsA-
masPmas and (Aocs)3AmasPmas, promoters that are
highly similar to the [uOCS]pMAS and [uOCS]3pMAS
promoters used in this study, provide an average
expression level in leaves of transgenic tobacco plants
that is 46- and 75-fold higher than that obtained with
the CaMV 35S promoter. However, variability of the
reporter gene expression driven by these two types of
promoters has not been compared. It should be noted
however, that promoters AocsAmasPmas and
[uOCSIpMAS are not exactly similar, as [uOCS|pMAS
contains a 6 bp longer portion of the octopine gene and
a 119 bp longer fragment of the mannopine gene relative
to the promoter fragments used in Aocs AmasPmas. In a
direct comparison of promoter [uOCSs[pMASs, in
which these extra sequences were deleted, the [uOCS]p-
MAS clearly performed better than the Aocs AmasP-
mas, as median expression levels were 5-fold higher.

The reason why the pMAS-based promoters result in
lower expression variability is currently unknown. When
comparing the InGUS expression in populations trans-
formed with pMAS-based and p35S-based promoters,
one striking difference is that pMAS-driven gene
expression is characterized by a normal distribution
with a single class of moderately high expression levels,

whereas p35S-driven expression results in a bimodal
distribution with about 2/3 of the population in a low
expression state and the remaining 1/3 in a high
expression state (Fig. 3). Other research groups also
observed an analogous bimodal expression pattern for
p35S [7,43]. This could indicate that silencing phenom-
ena occur less frequent in plants transformed with
pMAS versus p35S. It has been stated that viral and
bacterial DNA sequences can trigger silencing processes
more frequently than plant-derived sequences [9].
Hence, the p35S promoter may be more prone to
silencing compared to plant-derived promoters simply
by virtue of its viral origin. However, this view is
contradicted by the observations that the potato
Lhca3.Stl promoter caused higher expression variabil-
ity in first generation transgenic tobacco plants than the
enhanced p35S promoter [44] and that the A. thaliana
UBQ1 promoter likewise caused higher expression
variability than the p35S promoter in first generation
A. thaliana plants [45]. Hence, the low expression
variability conferred by the pMA4S-derived promoters
appears to be more exceptional than the high expression
variability observed with the CaMV 35S promoter. One
possible explanation for the low expression variability
observed with pMAS-derived promoters, yet completely
speculative at present, might be that its key cis-acting
elements are not easily methylated. Methylation of
promoter sequences has been associated in many cases
with silencing effects [46] and is therefore believed to
contribute to inter-transformant expression variability.

The influence of other regulatory elements on the
expression variability of a reporter gene in A4. thaliana
has so far been poorly investigated. From our experi-
ments, we can conclude that the expression character-
istics of the reporter gene driven by [uOCS]pMAS were
not influenced by any of four types of terminators
(tMAS, tNOS, tG7, tOCS) nor by any of two different
5" untranslated regions (5" untranslated region of
mannopine synthase or 5 untranslated region of to-
bacco mosaic virus). Hence, the role of promoter
elements in pMAS seems to be predominant.

The ability of the [uOCST]pMAS promoter to confer
weakly variable, constitutive expression in A. thaliana
was not only observed in leaves but also in stems and
roots, making it the promoter of choice for a wide range
of applications. This promoter can be used to study the
effect of constitutive over-expression of particular genes
in A. thaliana plants. Nearly every individual in a
population of first generation transgenic plants carrying
a transgene driven by [uOCS]pMAS will show a
relatively high level of expression, and hence only one
or a few transgenic plants are required to study the
phenotypic effect of over expression. This markedly
facilitates applications in which high numbers of
cDNA’s have to be tested in constitutive over expression
mode, for instance for functional analysis of the
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thousands of 4. thaliana genes to which no function has
yet been assigned.
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