
Plant Molecular Biology45: 17–30, 2001.
© 2001Kluwer Academic Publishers. Printed in the Netherlands.

17

Tissue-dependent enhancement of transgene expression by introns of
replacement histone H3 genes ofArabidopsis

Nicole Chaubet-Gigot1, Tamas Kapros2, Martine Flenet1, Katherine Kahn2,3, Claude Gigot1,4

and Jakob H. Waterborg2,∗
1Institut de Biologie Mol´eculaire des Plantes, CNRS, Universit´e Louis Pasteur, 12 rue du G´enéral Zimmer,
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Abstract

Intron-bearing replacement histone H3 genes inArabidopsisand other plants are highly and constitutively ex-
pressed. We demonstrate that the introns located within the 5′-untranslated regions (5′-UTR) of the twoArabidopsis
replacement H3 genes will abolish the cell cycle dependence of an endogenous histone H4 promoter. We demon-
strate that these introns, functionally combined with their endogenous promoters, could produce the high and
constitutive expression of the replacement H3 genes observedin planta. They strongly increase gene expression
whatever the promoter, from the strong 35S CaMV promoter to complete and resected promoters of cell cycle-
dependent and replacement histone genes. Quantitative analysis of the extent of reporter gene enhancement
in different parts of developing transgenic plantlets, ranging from 2-fold to 70-fold, supports the notion that
trans-acting factors are responsible for this effect. Such factors appear most abundant in roots.

Introduction

Expression of histone genes is typically linked to DNA
replication in the S phase of the cell cycle. In recent
years we have described two histone H3 gene variants
in Arabidopsis thaliana(Chaubetet al., 1992) and
three histone H3 gene variants in alfalfa (Robertson
et al., 1996) that are expressed constitutively. They
produce the so-called replacement histone H3 pro-
teins, whose function is the repair of the nucleosomal
chromatin structure across transcribed genes (Water-
borg, 1993). Transcription of chromatin in plants
has been shown to lead to transient loss of nucleo-
somes. Constitutive production of replacement histone
H3 proteins allows creation of new nucleosomes in
non-S phase cells and maintenance of a stable chro-
matin structure (Waterborg, 1993). The replacement
of replication-specific by constitutive forms of histone
H3 has coined the phrase ‘replacement histone’.

As in animals, replacement histone H3 genes in
plants contain introns, typically one within the 5′-
untranslated, transcribed region (5′-UTR) of the gene
and one or more within the protein coding sequence
(Kanazin et al., 1996; Waterborg and Robertson,
1996). These may function to insulate the limited
number of replacement H3 genes from the much more
abundant, intronless replication histone H3 genes,
which tend to maintain sequence homogeneity through
homologous recombination. It has been argued that
the highly conserved protein sequence differences in
replacement histones are essential to allow assembly
of nucleosomes in cells outside of S phase (Waterborg
and Robertson, 1996).

It has been demonstrated that the S-phase-specific
and meristematic expression of replication-dependent
histone genes is determined by a limited set of se-
quence elements that are observed in a variety of
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patterns, relative to each other, typically within 250 bp
upstream of the TATA box (Chabouteet al., 1987;
Brignon and Chaubet, 1993; Kaproset al., 1993;
Chaubetet al., 1996; Ohtsuboet al., 1997; Robert-
sonet al., 1997; Shen and Gigot, 1997; Taokaet al.,
1998). A subset of these elements is highly conserved
at both the sequence and position level. An octameric
motif CGCGGATC, or a degenerate copy of this el-
ement containing a one-base mismatch, is followed
10 to 30 nucleotides downstream by a CCGTCC (1–
2 mismatches allowed) motif and 8 to 10 nucleotides
further downstream by a nonameric motif whose con-
sensus sequence is CCATC-CAAC in monocots and
CAATC-CAAC in dicots (the - may represent one ad-
ditional nucleotide). Extensive compilation of plant
histone promoters has even led to extend this consen-
sus sequence by GGCPu in monocots and CPuPyPy
in dicots (Brignon and Chaubet, 1993). It has been
recognized that these elements do allow replication-
dependent (Lepetitet al., 1992) and tissue-specific
gene expression (Teradaet al., 1995). Interestingly,
the (extended) nonamer motif is not found in the pro-
moter of replacement H3 genes. In this paper we
examine the tissue and cell cycle activity of these
promoters and explore the possibility that the introns
within replacement H3 genes impose a constitutive
pattern of expression on elements that confer cell cycle
control. We chose to use the promoter of theArabidop-
sis histone H4 gene H4A748, which drives expres-
sion of aβ-glucuronidase (GUS) reporter gene in an
S-phase- and meristem-specific pattern (Atanassova
et al., 1992; Chaubetet al., 1996). We show that addi-
tion of the 5′-UTR intron of either replacement histone
H3 gene ofArabidopsisto this cell cycle-dependent
promoter results in meristem-independent expression
in Arabidopsis. We demonstrate that the constitutive
expression of the replacement H3 genes ofArabidop-
sisresults from both the presence of the intron and the
nature of the promoters which lack somecis-elements
found in replication-dependent promoters.

In alfalfa, the three replacement H3 genes are con-
tinuously transcribed 3–5 times higher than each of
the 56 cell cycle-dependent H3 genes during S phase,
producing during logarithmic growth twice as much
mRNA as all 56 cycle-regulated H3 genes combined
(Kaproset al., 1995; Robertsonet al., 1996). The
relative rate of transcription of the 2 replacement H3
genes ofArabidopsis(Chaubetet al., 1992), rela-
tive to the 5–7 replication-dependent genes (Chaboute
et al., 1987), has yet to be measured. However, it
must also be high, judged by the observation that at

steady state more than 55% of all H3 protein inAra-
bidopsisis produced by the two replacement H3 genes
(Waterborg, 1992). Consistently with this deduction,
we observed that the level of reporter gene expres-
sion is strongly enhanced by replacement H3 intron
sequences when driven by the replication-dependent
histone promoter, the endogenous replacement H3
promoters or the strong, constitutive 35S cauliflower
mosaic virus (CaMV) promoter.

Materials and methods

Plasmids

Chimeric histone H4 promoter-GUS (β-glucuronidase)
fusions were generated by ligating a 900 bpXhoI
promoter fragment of theArabidopsis H4A748hi-
stone H4 gene with theSmal site of the binary
vector pBI101.1 (Jeffersonet al., 1987), designated
‘pBI101’in Figure 1, after blunt-end formation with
the Klenow fragment of DNA polymerase I, as de-
scribed (Atanassovaet al., 1992). This construct with
837 bp promoter sequence upstream of the TATA box
was designated plasmid ‘748’. Truncated histone H4
promoters, shortened to 219 bp (designated ‘NarI’)
and 93 bp (designated ‘EcoRV’), were obtained us-
ing isolatedNarI-XhoI andEcoRV-XhoI fragments,
respectively, as described (Atanassovaet al., 1992).

The 420 bp fragment of the CaMV 35S pro-
moter, corresponding to 7016 to 7434 of CM1841
(Gardneret al., 1981), was excised from plasmid
pRT100 (Topferet al., 1987) byBamHI, incubated
with Klenow and ligated into plasmid pBI101, di-
gested withSmaI. The resulting plasmid was digested
with HindIII and recircularized to remove repetitive
polylinker sites derived from pRT100 and the M13
sequence in pBI101, creating the plasmid designated
‘35S’.

Promoter and intron cassettes, derived from the
Arabidopsisreplacement histone H3 genes, were con-
structed using a 3.6 kbPstI fragment of cosmid C22,
cloned into pUC19, containing ca. 230 bp cosmid
sequence followed by nucleotides 1–3368 of the tan-
dem repeat of the two replacement histone H3 genes
(accession number X60429; Chaubetet al., 1992).

The promoter of gene 1 was excised as a 606 bp
fragment from the pUC19-PstI clone byBsaBI and
DdeI, cutting at positions 85 and 690 (see accession
number X60429), respectively, filling theDdeI end
by Klenow. This fragment from 544 upstream of the
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TATA box to+63 bp, the known start site of transcrip-
tion (Chaubetet al., 1992). It was inserted into pUCI9,
digested withXbaI and filled by Klenow, excised as
a 622 bpSalI-BamHI directional fragment, bordered
at both termini by 8 bp of vector DNA, and ligated
upstream of the GUS coding sequence into pBI101,
after digestion withSalI and BamHI, to create the
construct designated ‘Pg1’.

The intron located within the 5′-UTR of gene
1 from 692 to 1100, abutting the ATG start codon
(see accession number X60429), was excised from
the pUC19-PstI plasmid by double digestion with
EcoRI and PstI and the 1388 bpEcoRI fragment
from position 643 to 2030 was purified by solute-
displacement DEAE ion-exchange HPLC (Waterborg
and Robertson, 1993), digested withDdeI andMseI
and the 398 bp fragment from position 688 to 1087
was purified by DEAE HPLC (Waterborg and Robert-
son, 1993). Oligonucleotides taattgttgaacagatccc and
gggatctgtcaacaaat were annealed and ligated with T4
ligase, recreating the sequence up to position 1102,
extended by a blunt halfSmaI site, and theDdeI
terminus was filled by Klenow. The fragment was
ligated intoSmaI-digested pUC19 and clones were
selected that produce a directional 421 bpBamHI-
SmaI cassette of the intron bordered by 7 and 5
non-intron nucleotides, respectively. It was ligated im-
mediately upstream of the GUS coding sequence into
plasmids pBI101 and 748, following digestion with
BamHI andSmaI, to create plasmids designated ‘i1’
and ‘748+i1’, respectively. The 622 bpSalI-BamHI
promoter fragment of replacement histone H3 gene I
was ligated upstream of the intron into plasmid i1,
after digestion withSalI and BamHI, to create the
construct designated ’‘Pg1+i1’.

The promoter of gene 2 was excised as a
307 bp fragment from the pUC19-PstI clone byAseI
and AluI, cutting at positions 2126 and 2433 (see
X60429), respectively, filling theAseI end. This frag-
ment contains the full promoter of gene 2 because it
contains the last 10 3′-UTR nucleotides observed in
the longest known cDNA of gene 1 (Chaubetet al.,
1992), i.e. 255 bp upstream of the TATA box, and
ends 13 bp beyond the transcription start site of gene
2, as determined from cDNA clones (F. Grellet, Per-
pignan, personal communication). It was inserted into
pUC19, digested withBamHI and filled with Klenow,
excised as a 323 bpSmaI-BamHI directional frag-
ment, bordered at both termini by 8 bp of vector DNA,
and ligated upstream of the GUS coding sequence into

pBI101, sequentially treated withSalI, Klenow and
BamHI, to create the construct designated ‘Pg2’.

The intron located within the 5′-UTR of gene 2
from position 2449 (F. Grellet, Perpignan, personal
communication) to 2911 (Chaubetet al., 1992), abut-
ting the ATG start codon (see X60429), was excised
from the pUC19-PstI plasmid by double digestion
with EcoRI andPstI and the 1337 bpEcoRI-PstI
fragment from position 2031 to 3368 was purified by
solute-displacement DEAE ion-exchange HPLC (Wa-
terborg and Robertson, 1993), digested withCfoI and
the 878 bpEcoRI-CfoI fragment from position 2031
to 2908 was purified by DEAE HPLC (Waterborg
and Robertson, 1993). Palindromic 18-mer oligonu-
cleotide cagatcccgggatctgcgwith an internalSmaI site
was annealed and ligated at 50-fold excess by T4
DNA ligase to theCfoI end to recreate the intron se-
quence to 2913, two bp beyond its 3′ end. The blunt
484 bpAluI-SmaI fragment (2433–29l3, extended by
a halfSmaI site), was isolated after agarose gel elec-
trophoresis and ligated into pGEM7 (Promega), di-
gested withSmaI. The intron was excised as a 510 bp
BamHI-SmaI directional cassette and ligated imme-
diately upstream of the GUS coding sequence into
plasmids pBI101 and 748, following digestion with
BamHI andSmaI, to create plasmids designated ‘i2’
and ‘748+i21’, respectively. It was also ligated into
plasmid 748, sequentially treated withXbaI, Klenow
andBamHI, to create a variant of plasmid 748+i2 in
which the intron direction was reversed, designated
as ‘748+2i’. The BamHI-SmaI fragment was filled
by Klenow and ligated into plasmids 35S, NarI and
EcoRV, digested withSmaI, selecting plasmids with
the normal orientation of the intron, designated as
‘35S+i2’, ‘Nar+i2’ and ‘RV+i2’, respectively. The
same bluntedBamHI-SmaI fragment was ligated into
plasmid 748, sequentially treated withHindIII and
Klenow, selecting a product with the normal orien-
tation of the intron, upstream of the 748 promoter,
designated as ‘i2+748’. The 323 bpSmaI-BamHI
promoter fragment of replacement histone H3 gene
2 was ligated upstream of the intron into plasmid
i2, following sequential treatment withSalI, Klenow,
BamHI and calf intestinal phosphatase, to create the
construct designated ‘Pg2+i2’.

Transformation

Constructs were transferred fromEscherichia coli
strain DH5α into Agrobacterium tumefaciensstrain
LBA4404 by triparental mating with the helper plas-
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Figure 1. Transformation constructs. As detailed in Materials and methods, plasmid constructs were based on the promoter-less expression
vector pBI101 which contains the bacterialβ-glucuronidase sequence (GUS, white box). The name of each construct is given at the right
side. For details on the source and orientation of sequences, see plasmid construction in Materials and methods. Known binding sites for
transcription factors are marked by circles on the solid line, representing promoter DNA sequences. Intron sequences are marked by the bold
line, by one-directional half-arrow for the intron of gene 1 (i1) and two for the intron of gene 2 (i2), and by splicing markers if RNA processing
of transcripts is predicted from the normal orientation of the intron, downstream of the start site of transcription. All sequences are aligned by
the TATA box (square) and the start of transcription is marked by the arrow.

mid pRK2013 (Bevan, 1994; Atanassovaet al., 1992).
Arabidopsis thalianaecotype C24 was transformed
with Agrobacteriumusing the root transformation
method (Valvekenset al., 1988). The number of in-
sertions per kanamycin-resistant transformant was not
directly measured but was estimated typically to be
more than 1, as observed before with typically 1 to
3 inserts per transformant following the same trans-
formation protocol used here and based on segrega-
tion of kanamycin resistance in offspring of selfed
F1 plants, transformed with constructs i1, i2, 748,
748+i1, 748+i2, NarI or 35S. In 56 tests, 13±
3% of resulting offspring (830 plantlets) had become
kanamycin-sensitive.

GUS assays

GUS enzyme activity was quantitated fluorometrically
according to Jeffersonet al. (1987) by measuring
the kinetics of appearance of methylumbelliferone
(MU) produced by cleavage of methylumbelliferyl-β-
D-glucuronide in crude extracts from 3–4 buds, half

of a root system or 3–4 full-size rosette leaves of ma-
ture F1 plants. GUS activity is expressed as pmol MU
produced per minute per milligram of protein. Protein
concentration in crude extracts was determined by the
dye binding method of Bradford (1976) with a kit sup-
plied by BioRad Laboratories and with bovine serum
albumin as a standard.

GUS histochemical staining was carried out us-
ing the basic procedure described by Jeffersonet al.
(1987) as described in detail elsewhere (Chaubetet al.,
1996). As for the quantitative GUS assay, analyses
were not performed on primary regenerants but on
selfed F1 offspring, early after germination before the
apical meristem between the cotyledons begins to ex-
pand (named: stage 1), when the first 2 leaves have
clearly emerged (named: stage 2) and on mature, flow-
ering plants.Arabidopsisorgans (hand-cut into small
pieces) or whole seedlings were wet in 70% ethanol
and incubated for 45 min at room temperature in a
prefixation solution (0.3% formaldehyde, 0.3 M man-
nitol, 10 mM MES pH 5.6). After several washes in
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50 mM sodium phosphate buffer pH 7.0, tissues were
vacuum-infiltrated and incubated at 37◦C for a few
minutes, some hours or overnight in 50 mM sodium
phosphate buffer pH 7.0 containing 5-bromo-4-chloro-
3-indolyl-β-D-glucuronide (X-Gluc, 0.05 mg/ml) and
0.5 mM potassium ferricyanide/ferrocyanide. The re-
action was stopped by several washes in 50 mM
sodium phosphate buffer and plant material was de-
hydrated through an ethanol series.

Results

Replacement histone H3 5′-UTR introns do not
contain cryptic promoters

Arabidopsis has two histone H3 variant genes
which are expressed in a constitutive, replication-
independent manner (Chaubetet al., 1992). These H3
genes exist in a tandem repeat. In this paper, the up-
stream and downstream genes of the repeat are named
genes 1 and 2. In addition to introns within the coding
sequences, each gene contains one rather long intron
within its 5′-UTR sequence, abutting the ATG start
codon (Chaubetet al., 1992). The intron cassettes
created from these 5′-UTR introns (see Materials and
methods) are named i1 and i2, respectively. They were
used to test for the presence of cryptic promoters in the
promoter-less transformation plasmid pBI101 which
contains theβ- glucuronidase (GUS) reporter gene
(Figure 1). GUS activity levels in mature F1 i1- and
i2-transformed plants were raised only 4- and 2-fold
above the very low level of GUS expression from
pBI101 (Figure 2). Histochemically, GUS activity was
undetectable in plantlets transformed by pBI101 (data
not shown), by plasmid i1 (Figure 3r) or i2 (Figure 3t).
Very low levels of GUS expression could be detected
at the apex of some i1 plantlets at stage 2 (Figure 3s)
and in adult tissues. GUS activity remained below
1% of that observed for GUS driven by histone H4
promoter H4A748 in the construct named 748. These
observations showed that the 5′-UTR introns did not
contain cryptic promoters that could produce high,
constitutive replacement histone H3 gene expression.

Promoter activity of H4A748, modified by intron
sequences

The histone H4 promoter H4A748 has been demon-
strated to be an effective promoter for GUS ex-
pression, retaining the replication dependence of the
promoter with a clear preference for expression in

Figure 2. Intron modulaton of GUS expression from a cell cy-
cle-regulatedArabidopsishistone H4 promoter. GUS enzyme ac-
tivity in roots (A), buds (B) and leaves (C) of mature F1 plants,
transformed by plasmids listed along the lower axes, are shown as
averages with standard deviation error bars for individual plants.
The number of plants analysed for each is noted in panel A. The
ratio of GUS activity in buds versus leaves is shown in D. In-
tron-dependent changes, relative to column 1, are noted by x signs.
For comparison purposes, the tissue-specific level of GUS expres-
sion, driven by the general 35S promoter (see column 1, Figure 6),
is indicated by dotted lines.

meristems (Atanassovaet al., 1992). This translates
quantitatively to a 6–9-fold higher reporter gene ex-
pression in meristem-rich buds than in leaves (Fig-
ure 2D) (Chaubetet al., 1996). GUS activity is clearly
strong in apical (Figure 3a–c) and root meristems (Fig-
ure 3a, d) in lateral root primordia, and in flower
buds and carpels of mature plants, as reported before
(Atanassovaet al., 1992).

Insertion of the i1 or i2 intron between this H4
promoter and GUS in transformation plasmids 748+i1
and 748+i2, respectively (Figure 1) caused major
quantitative and qualitative changes in GUS expres-
sion. Within buds where meristem-based transcription
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Figure 3. Histochemical localization of GUS expression from an intron-modified histone H4 promoter. GUS activity in plantlets transformed
by plasmids 748 (a–d), 748+i1 (e–h), 748+i2 (i–l), i2+748 (m–p), 748+2i (q), i1 (r–s) and i2 (t). Stage 1 (columns 1–2) and stage 2 (columns
3–4) plantlets are shown with details of apical meristems without (column 2) and with leaflets and stipules (column 3). Panel d shows typical
GUS expression in root tips when controlled by a meristem-specific promoter.
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factors allowed high expression from the H4 promoter,
GUS activity increased just 2–3-fold (Figure 2B). In
roots, with a lower proportion of meristematic tis-
sues, GUS activity increased 4–5-fold (Figure 2A).
In leaves, the low basal expression of GUS by the
H4A748 promoter (Lepetitet al., 1992) increased
most, about 10-fold, but overall GUS activity levels
clearly remained below those of buds and especially of
roots (Figure 2C). To facilitate comparisons between
tissues and constructs, figure panels of GUS activi-
ties show by dotted lines the level of GUS expression
driven by the constitutive 35S CaMV promoter. Rel-
ative to this measure, intron-stimulated expression,
already high in buds, reached twice 35S-driven levels
(Figure 2B), in roots increased to levels similar to 35S
(Figure 2A) but remained lower than 35S in leaves
(Figure 2C). These changes caused a decrease in the
buds/leaves ratio of GUS expression (Figure 2D) to
levels typically seen for meristem-independent, con-
stitutive reporter gene expression (Atanassovaet al.,
1992; Chaubetet al., 1996).

The loss of preferential meristem expression of
GUS by insertion of either replacement H3 5′-UTR
intron was also clear when GUS expression was
analysed histochemically. GUS expression was en-
hanced, similarly by i1 (Figure 3 e–h) and by i2
(Figure 3i–l), but GUS activity did not become uni-
form in all tissues. Very high expression was observed
in roots, including root hairs, and in the lower half
of the hypocotyl in stage 1 (Figure 3e, i) and stage 2
(Figure 3h, l) plantlets. Cells in leaves were typically
uniformly stained for GUS (Figure 3f and g, j and k)
except for the punctate pattern of high GUS expression
in stomatal guard cells and enhanced GUS staining
along the leaf vasculature. Only the upper half of
hypocotyls had low GUS expression (Figure 3e, h, and
i, l). These results suggested that the intron cassettes,
or more likely factors that interact with the intron se-
quences, determine the level of GUS expression. Such
factors would be more abundant in root tissues and
in selected cell types such as stomatal guard cells. It
is unlikely that factors interacting with the H4A748
promoter sequences can enhance GUS expression fur-
ther, as judged by the absence of intensified GUS
expression in the apical meristems of 748+i1 (Fig-
ure 3f) or 748+i2 (Figures 3j) transformants. This
observation makes it likely that the increase observed
in buds (Figure 2B) results from increased expression
in non-meristematic bud tissues.

Based on the observation that the results obtained
with intron cassette i1 were essentially identical to

those with i2, it was decided to perform most further
tests with one intron only. The i2 cassette was chosen.
When the i2 sequence was inserted upstream of the
H4A748 promoter in construct i2+748 (Figure 1) it
had no significant effect on the level of GUS expres-
sion (Figure 2A–C), meristem preference (Figure 2D)
or tissue localization (Figure 3m–p). GUS expression
was as observed with the unmodified H4A748 pro-
moter (Figure 3a–d). This eliminated the formal pos-
sibility that the i2 intron sequence contained position-
independent enhancer elements that could enhance
gene transcriptionin cis. When the i2 sequence was in-
serted in an inverted orientation between the H4A748
promoter and the GUS gene in construct 748+2i (Fig-
ure 1), GUS activity was abolished (Figure 2A–C) in
all tissues (Figure 3q).

The intron-based increase of GUS expression can be
limited by histone promoter elements

The first set of experiments noted the lack of GUS
stimulation in the meristems of 748+intron transfor-
mants (Figure 3f, j). Thus, the transcription factors in
cycling cells that can bind to H4A748 promoter ele-
ments appear not to be able to stimulate GUS expres-
sion from a 748+intron promoter. Could they limit
GUS expression? To evaluate this possibility, trun-
cated versions of the H4A748 promoter were tested.
It had been shown previously that the shortened NarI
promoter with 126 bp upstream of the TATA box
(Atanassovaet al., 1992) is still a reasonably com-
petent promoter to drive GUS expression (Figure 4)
and retains meristem preference (Atanassovaet al.,
1992) albeit with a reduced GUS expression ratio of
buds/leaves at 5± 1 (results not shown). In leaves
without meristem-associated transcription factors, the
activity from the short NarI promoter is raised by the
i2 intron to the same level as seen for the longer 748
promoter, enhanced by i2 (Figure 4C). In contrast, in
buds (Figure 4B) and roots (Figure 4A) with meris-
tems and replication-associated transcription factors,
GUS expression increased an additional 3–4-fold over
the level produced by the 748+i2 promoter. This con-
firmed that limited availability of transcription factors
for H4 regulatory promoter elements, largely iden-
tified as positive (Atanassovaet al., 1992), could
limit GUS expression. The pattern of tissue expres-
sion in Nar+i2 transgenic plantlets (Figure 5e–h) was
qualitatively identical to that of 748+i2 (Figure 3i–l).

Additional truncation of the promoter produces
construct EcoRV, retaining only the TATAcis-element
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Figure 4. Intron modulation of GUS expression from shortened hi-
stone H4 promoters. GUS enzyme activity in roots (A), buds (B)
and leaves (C) of mature F1 plants, transformed by plasmids listed
along the lower axes, are shown as averages with standard deviation
error bars for individual plants. The number of plants analysed for
each is noted in panel A. Intron-dependent changes, relative to the
preceding columns, are noted by x signs. For comparison purposes,
the tissue-specific level of GUS expression, driven by the general
35S promoter (see column 1, Figure 6), is indicated by dotted lines.

of the 748 promoter (Figure 1) (Atanassovaet al.,
1992). This EcoRV construct essentially fails to pro-
duce GUS (Figure 4 and 5d). Insertion of intron 2 be-
tween this very weak promoter and the GUS reporter
gene strongly increased GUS expression (Figure 4)
but it failed to produce expression levels obtained by
an effective but uninhibited promoter like NarI. His-
tochemical analysis of RV+i2 plantlets showed some
distinct features. The typical high root and root hair
expression was absent, as was the low GUS expres-
sion in the upper half of stage 1 hypocotyls seen
with all effective promoters when combined with i1
or i2 sequences (Figures 3e, i, 5e, 7e, m, u). Overall,
addition of i2 to the ineffective RV promoter (Fig-
ure 5d) increased GUS expression with remarkably
little variation between plantlet tissues (Figure 5i–k)
and without any effect on the low buds/leaves GUS
activity ratio of 3± 1 (results not shown).

Figure 6. GUS expression from 35S CaMV andArabidopsisre-
placement H3 promoters. GUS enzyme activity in roots (A), buds
(B) and leaves (C) of mature F1 plants, transformed by plasmids
listed along the lower axis, are shown as averages with standard
deviation error bars for individual plants. The number of plants
analysed for each is noted in panel A. Intron-dependent changes,
relative to the preceding columns, are noted by x signs. GUS
expression levels by the 35S plasmid are also shown by dotted lines.

Intron stimulation of constitutive 35S CaMV and
endogenous replacement H3 promoters

One gets the idea from the two sets of experiments
described above that the i1 and i2 intron sequences
facilitate the function of effective promoters, allowing
high expression in many tissue types, overriding the
meristem preference of the H4A748 promoter while
likely retaining the limiting effect of meristem tran-
scription factors. This suggested that promoters which
are less subject to limiting controls by tissue factors
might be enhanced even more by the intron sequences.
The strong 35S CaMV promoter, which typically
shows a relatively low degree of tissue specificity, was
chosen to test this idea.

The distribution of GUS expression, driven by the
35S promoter, differs less than a factor of 2 between
leaves and buds or roots (Figure 6). Limited variation
in reporter gene expression was also seen histochem-
ically (Figure 7a–d) with low levels in the upper part
of hypocotyls (Figure 7a, d) and a punctate pattern of
leaf expression with high expression at stomata (Fig-



25

Figure 5. Tissue localization of GUS expression from shortened histone H4 promoters. GUS activity in plantlets transformed by plasmids NarI
(a–c), RV (d), Nar+i2 (e–h) and RV+i2 (i–l). Plantlet stages and details as in Figure 3.

ure 7b). Combining the strong 35S promoter with the
i2 sequence increased GUS activity levels by more
than 10- and 20-fold, respectively, in buds (Figure 6B)
and roots (Figure 6A) with only a limited effect on
leaf expression (Figure 6C). This was also seen in the
histochemical analysis of this activity, which showed
no changes in the spatial patterns of GUS expression,
except for a lighter punctate staining in cotyledons
(Figure 7e–h).

The proper promoter of replacement H3 gene 1
(Pg1) was shown to be quite strong, exceeding 35S

function in roots (Figure 6A) and buds (Figure 6B)
with slightly less activity in leaves (Figure 6C). The
level of GUS expression, driven by Pg1, was simi-
lar in leaves and buds but 10-fold higher in roots of
mature F1 plants. This difference is clearly less in
plantlets with remarkably even distribution of GUS
staining across all tissues (Figure 7i–l). Thus, the
strength of the Pg1 promoter with fewercis elements
than the H4A748 promoter (Chaubenet al., 1992,
1996; Robertsonet al., 1997) appears less affected
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Figure 7. Tissue expression of GUS from modified 35S and endogenous replacement H3 promoters. GUS activity in plantlets transformed by
plasmids 35S (a–d), 35S+i2 (e–h), Pg1 (i–l), Pg1+i1 (m–p), Pg2 (q–t) and Pg2+i2 (u–x). Plantlet stages and details as in Figure 3.
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by differences in cell cycle-dependent transcription
factors.

The combination of the strong Pg1 promoter with
its endogenous intron i1 enhanced GUS expression
3–6-fold, resulting in levels of GUS expression very
similar to those obtained from the 35S promoter com-
bined with intron i2 (Figure 6). In both cases the
expression in roots and root hairs is extremely high
with relatively low GUS expression in the upper part
of the hypocotyl (Figure 7m–p). This pattern suggests
that the factor(s) that allow the very high promoter ac-
tivity in roots from either promoter (Figure 7e, h, m, p)
are present in limiting amounts in hypocotyls, only
sufficient for low levels of expression (Figure 7i, l).

The promoter of gene 2, Pg2, by itself is a weak
promoter in all parts of the plant (Figure 6) with very
light but even staining for GUS activity across all tis-
sues of young plantlets (Figure 7q–t). In combination
with its endogenous intron i2, Gus expression was
stimulated 60-fold, reaching levels equal to those seen
with the strong Pg1 promoter with intron i2 in all tis-
sues (Figure 6) and with similar tissue distributions
(Figure 7u–x).

Discussion

We have demonstrated that the 5′-UTR introns of
the two constitutive replacement histone H3 genes of
Arabidopsisare capable of increasing the promoter
strength of weak and strong promoters including the
strong 35S CaMV promoter. In addition, the meris-
tem specificity of the cell cycle-dependent histone
H4 promoter A748 ofArabidopsiswas diminished.
Apparently this was not caused by interference with
cell cycle-specific factors in meristems. GUS expres-
sion was equally intense in apical meristems when
driven by the A748 H4 promoter alone (Figure 3b, c)
or by this promoter in combination with intron i1
(Figure 3f, g) or i2 (Figure 3j, k). However, the ex-
pression in non-meristematic cells of buds was clearly
increased, leading to an overall 2–3-fold increase in
GUS activity (Figure 2B) and a characteristic drop
in the ratio of GUS expression in buds versus leaves
(Figure 2D) (Atanassovaet al., 1992). The increase
of GUS activity in leaves to 50 nmol per minute per
mg protein, half the level observed for the 35S pro-
moter (Figure 2C), may represent a limit imposed by
limiting transcription factors required for A478-based
promoters in this tissue.

Even the most basic, limited promoters are stim-
ulated by the 5′-UTR introns of the replacement H3
genes. For example, the RV promoter, a histone H4
promoter resected to remove almost all transcription
factor binding sites (Figure 1), reducing it to just more
than a TATA box, was stimulated to the level of the
35S promoter activity in buds (Figure 4B) and even
higher in roots (Figure 4A). Similarly, the Pg2 histone
H3 promoter, which by itself is almost incapable of
driving GUS reporter gene expression, is stimulated in
all tissues to levels above those of strong 35S or Pg1
promoters without introns. It reaches levels which are
also attained by these strong promoters if combined
with an intron (Figure 6). However, clear differences
exist between these two weak promoters. While the
Pg2+i2 combination becomes as active as the 35S+i2
system in every plant tissue (Figure 6), the RV+i2
strength never reaches these levels. Its GUS activity is
like that of 35S alone in buds and roots (Figure 4A, B)
and much lower than that in leaves (Figure 4C). Thus,
it gains a large part of A748 promoter strength but,
like the A748 promoter, remains limited. Apparently,
addition of a stimulatory intron cannot overcome the
inherent limited availability of required meristematic
transcription factors which are low in leaves. Their
limiting effect remains even within the shortened RV
promoter (Figure 4C).

Intron-mediated enhancement (IME) of gene ex-
pression has been described for reporter genes in
dicots and monocots alike, typically with up to 10-fold
stimulation in dicots while enhancement in monocots
can exceed 100-fold (Calliset al., 1987; Mascarenhas
et al., 1990; Tanakaet al., 1990; Luehrsen and Wal-
bot, 1991; Rethmeieret al., 1997; Rose and Beliakoff,
2000). IME is described as a post-transcriptional
mechanism which, through nuclear stabilization of
transcripts, leads to increased reporter gene expression
(Rethmeieret al., 1997; Rose and Beliakoff, 2000).
It appears to require an intron positioned between
promoter and coding sequence (Calliset al., 1987;
Snowdenet al., 1996) and the orientation of the intron
must be normal, compatible with RNA splicing, even
though completion of splicing reactions appears not
to be required (Luehrsen and Walbot, 1991; Rose and
Beliakoff, 2000). Constructs i2+748 and 748+2i (Fig-
ure 1) are the only intron-containing constructs tested
which fail to meet these two requirements. GUS ex-
pression was unaffected by the intron sequence in the
first case (Figures 2, 3m–p) and abolished in the sec-
ond one (Figures 2, 3q). Analysis inArabidopsishas
suggested that recognition of intron processing signals
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by the nuclear splicing machinery suffices and that
the sequence content of introns is irrelevant (Rose and
Beliakoff, 2000). However, it is quite clear that some
introns enhance reporter gene expression while others
do not (Mascarenhaset al., 1990; Luehrsen and Wal-
bot, 1991; Rose and Beliakoff, 2000). Gene enhance-
ment in excess of increases in mRNA levels has been
described (Mascarenhaset al., 1990). Also, introns
have been observed to affect other processes, such as
translation (Gallie and Young, 1994), or act as pro-
moters (Warneckeet al., 1999) or enhancers (Gidekel
et al., 1996; Bhattacharyya and Banerjee, 1999). We
have excluded that the replacement H3 introns have
intrinsic promoter activity (Figure 2, 3r–t) or that the i2
sequence can act as a position-independent enhancer
sequence in the i2+748 construct (Figures 2, 3m–p).

One major characteristic effect of the replace-
ment H3 introns presented here has not been observed
in systems where post-transcriptional IME was de-
scribed. IME enhances reporter gene expression in
general, without tissue or cell type modulation. In our
system, expression of GUS was not enhanced by in-
trons i1 or i2 in meristem cells (Figure 3). At the same
time, GUS levels in root tissues were 20-fold higher
than in buds or leaves, reaching the same level whether
driven by strong promoters like the CaMV 35S pro-
moter or the histone H3 Pg 1 promoter, or driven by
the weak Pg2 promoter (Figure 6). Loss of promoter
control over GUS expression was also obvious in non-
meristem tissues when intron i2 was combined with
the strong but cell cycle-dependent histone H4 A748
promoter, in the less restricted NarI construct or in
combination with the weak RV promoter (Figures 4
and 5). Especially the weak promoters demonstrate
clearly that a direct increase in transcription must oc-
cur as a result of the presence of intron sequences.
The strong increase in GUS expression from weak
promoters like RV and Pg2 can only result in high
GUS expression if the rate of transcription has be-
come significant. Without transcripts to act upon,
post-transcriptional mechanisms like IME could not
enhance reporter expression. The primary transcript
produced from 35S+i2, Pg2+i2, 748+i2, Nar+i2 and
RV+i2 constructs are all identical (Figure 1). Thus,
one would not expect differential processing and tran-
script stabilization, comparing results obtained in the
same plant tissue. The differences observed in changes
in GUS expression based on the presence of intron
sequences (Figures 4 and 6) must reflect changes in
gene transcription. Taking into account that the intron
sequences i1 and i2 affected the A748 promoter in a

similar fashion (Figures 2 and 3) the similarity of GUS
expression from Pg1+i1 and Pg2+i2 in all tissues
(Figures 6 and 7) supports the notion that transcrip-
tion rate from these two promoters has been equalized
by intron sequences. However, not all transcriptional
controls were abolished by intron insertion. Meristem
control of GUS expression was retained (Figure 3).
The levels of enhanced GUS expression from A748-
based promoters, for instance in roots (Figure 4A),
were 10-fold lower than from the other promoters
tested, irrespective of the promoter strength in the ab-
sence of introns (Figure 6A). The factors that enhance
GUS expression, which may include the contribution
of post-transcriptional processes like IME, also appear
to exist at different levels in distinct plant tissues. The
10–20-fold higher GUS expression levels, driven by
35S or replacement H3 promoters with introns (Fig-
ure 6), suggest that enhancement factors are more
abundant in roots.

The observation that the replacement H3 gene
introns enhance the activity of cell cycle-regulated,
weak and strong promoters can be exploited to en-
hance expression of transgenes, especially for root
tissues where apparent promoter strength is highest
(Figures 4A, 6A). This conclusion is useful even at a
time when the mechanism of promoter activation has
not been defined. We are currently pursuing the pos-
sibility that the presence of intron sequences i1 or i2,
immediately following a promoter sequence, activate
that promoter by excluding nucleosomes and other
repressive factors. This possibility was suggested by
the unusual high density of GAGA-like polypyrim-
idine sequence elements in both introns (Waterborg
and Robertson, 1996) and the capability of GAGA
factor in Drosophila to displace nucleosomes allow-
ing transcription factor access to transcription factor
binding sites and basal promoter alike (O’Donnell and
Wensink, 1994; Tsukiyamaet al., 1994; Wallet al.,
1995). The functional importance of polypyrimidine
sequences was suggested by the repeated polypyrim-
idine sequences in the intron-less 5′-UTRs of the
three highly and constitutively expressed replace-
ment H3 genes of alfalfa (Robertsonet al., 1996).
Polypyrimidine-binding factors have been shown to
exist in nuclear extracts (T. Kapros, unpublished) but
whether these are responsible for the intron-based en-
hancement of reporter gene expression reported here
awaits further study. The contributions of promoter
derepression and transcript stabilization to the ob-
served enhancement of GUS expression by introns i1
and i2 will be quantified.
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