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Abstract 

The NelF-4A 10 gene belongs to a family of at least ten genes, all of which encode closely related isoforms 
of translation initiation factor 4A. The promoter region of NelF-4A10 was sequenced, and four m R N A  
5' ends were determined. Deletions containing 2750, 689 and 188 bp of untranscribed upstream DNA 
were fused to the GUS reporter gene and introduced into transgenic tobacco. The three constructs 
mediated GUS expression in all cells of the leaf, stem and shoot apical meristem. Control experiments 
using in situ hybridization and tissue printing indicated that the observed GUS expression matches the 
expression patterns of NelF-4A m R N A  and protein. This detailed analysis at the level o fmRNA,  protein 
and reporter gene expression shows that NelF-4A10 is an ideal constitutively expressed control gene. 
We argue that inclusion of such a control gene in experiments dealing with specifically expressed genes 
is in many cases essential for the correct interpretation of observed expression patterns. 

Introduction 

In recent years the techniques o f /n  situ hybrid- 
ization and reporter gene analysis have provided 
a wealth of data on the organ, tissue and cell 
specificity of gene expression in plants [e.g. 2, 5, 
10, 24, 30]. However, there are relatively few re- 
ports on the expression of constitutively expressed 
genes. Constitutive genes may be defined as genes 
that are equally expressed in all cells of an organ- 
ism, and under most  if not all environmental con- 

ditions. From this definition it follows that a con- 
stitutive gene will not give an equally strong signal 
in all cells but, rather, that a lower apparent sig- 
nal is to be expected in large vacuolated cells than 
in small densely cytoplasmic cells. This phenom- 
enon is particularly evident in the phloem and the 
shoot apical meristem, which are both surrounded 
by much larger cells. In such cases, high signal 
density in the smaller cells may simply reflect the 
difference in cell size, and not at all be evidence 
for cell-specific expression of the gene under 

The nucleotide sequence data reported will appear in the GenBank, EMBL and DDBJ Nucleotide Sequence Databases under 
the accession number X79008. 
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study. In a number of cases genes have been re- 
ported as being specifically expressed in the shoot 
apical meristem [15, 23, 32]. However, it would 
have been preferable if such data had been pre- 
sented in conjunction with the expression pattern 
of a constitutively expressed gene. 

The cauliflower mosaic virus (CaMV) 35S pro- 
moter has often been used as a constitutive pro- 
moter. However, when fused to the GUS reporter 
gene it gives rise to intense staining of the vascular 
bundles relative to the adjacent parenchyma cells 
[4, 13]. This certainly is caused, at least in part, 
by the differences in cell size, but it could also 
indicate a preferential expression of CaMV in the 
vascular bundles. Whether any plant housekeep- 
ing genes are really expressed in each and every 
cell of an organ is not known with certainty. There 
are relatively few publications on the spatial ex- 
pression of housekeeping genes, and in these 
studies the tissues are analyzed by hand sections 
of variable thickness and resolution. Moreover, 
the available evidence tends to suggest that 
housekeeping genes are not expressed to identical 
levels in all cells. For example, in our work, we 
have studied gene expression in the shoot apical 
meristem by in situ hybridization [ 11 ]. We found 
that all genes expressed in the meristem gave a 
much higher signal in the meristem than in the 
subtending tissue. Control experiments showed 
that a probe for ribosomal RNA and a stain for 
general nucleic acid gave similar staining patterns, 
indicating that such patterns are indicative of 
constitutive expression. Among the genes studied 
were two housekeeping genes, one coding for ribo- 
somal protein L2 (rpl2), the other one encoding 
ribosomal protein L38 (rp138). The rpl2 gene was 
uniformly expressed in all cells of the meristem, 
whereas rp138 was preferentially expressed in the 
peripheral zone. This is a clear example of differ- 
ential expression of housekeeping genes. 

Genes coding for components of the transla- 
tional apparatus are likely to be expressed in all 
metabolically active cells, and may potentially 
serve as ideal constitutive genes. We previously 
performed a detailed characterization of the genes 
coding for translation initiation factor elF-4A [ 5, 
6, 21, 22]. elF-4A is an RNA helicase which is 

thought to unwind secondary structure in the 5'- 
untranslated leader, and thereby enable the 40S 
subunit of the ribosome to proceed from the cap 
to the initiator A U G  [20]. In tobacco, elF-4A is 
encoded by a large multigene family [21, 22]. 
Based on northern blot analysis, most genes are 
expressed in all tissues, but there are subtle dif- 
ferences in the quantitative expression levels of 
individual genes. One gene was found to be ex- 
clusively expressed in the male gametophyte [5]. 

Here we report on the cell specificity of elF-4A 
expression using a combination of in situ hybrid- 
ization, tissue printing, and high-resolution his- 
tochemical analysis of promoter-GUS fusions. 

Materials and methods 

Genomic cloning and constructions 

A genomic Bgl II fragment containing sequences 
matching the cDNA NelF-4A was previously 
isolated [6]. This fragment extended only 25 bp 
into the 5'-untranslated region, and did not con- 
tain any promoter sequences. Therefore, an over- 
lapping Asp718 fragment was isolated with an 
additional 5 kb of upstream DNA. Numbering of 
the sequence is such that the longest transcript 
begins at + 1 (see Fig. 1). Three fragments con- 
taining various amounts of 5'-untranscribed 
DNA were fused to a GUS-nos 3' end reporter 
gene. Naturally occurring Cla I (-2750), Eco RV 
(-989),  andBglI (-188) sites formed the 5' ends 
of the constructs. At the 3' end, an Nco I site in 
the second exon was fused in frame to the Nco I 
site at the ATG of the GUS gene, which was 
derived from pMOGEN18, and is followed by a 
nos terminator [26]. The constructs, depicted in 
Fig. 2, were recloned into the broad-host-range 
vector pMON505, and introduced into Nicotiana 
tabacum cv. Samsun, as previously described [5]. 
A fragment ( -410 to + 15) from the pea rbcS-3A 
gene 16 was similarly fused to the GUS reporter 
gene. The 35S-GUS construct has been described 
before [5]. Second-generation plants were used 
for all analyses. 



Determination of transcription start site 

Primer extension analysis was carried out essen- 
tially according to Sambrook et al. [25]. An 
end-labelled primer (GGAAAAGATCTGAG- 
GAATAG, nt + 143 to + 124 in Fig.l) was 
hybridized to 10 /~g leaf poly(A) + RNA, and 
extended using AMV reverse transcriptase. The 
reverse transcripts were run on a 6 ~o urea gel next 
to a sequencing ladder obtained with the same 
primer. 

Nuclease S1 protection was described previ- 
ously [10]. A uniformly 32p-labelled probe (nt 
+ 143 to -188), prepared using the same primer 
as above, was hybridized to 50/2g total RNA in 
80~o formamide at 37 °C, digested with 60 units 
nuclease S1 (Boehringer, Mannheim). The pro- 
tected fragments were run on a 6 ~o urea gel, and 
sized as above. 

In situ localization and reporter gene analysis 

The fluorometric GUS assay was performed es- 
sentially as described [5, 13]. For in situ localiza- 
tion of GUS activity, thin hand sections were 
incubated in a buffer containing 0.5 mg/ml X-gluc 
in 100 mM sodium phosphate buffer pH 7.5, 10 
mM EDTA, 0.1~o (v/v)Triton X-100, 5/~M fer- 
rocyanide, 5/~M ferricyanide at 37 °C for 16-72 
h. Samples were then washed in sodium phos- 
phate buffer before fixation for 1 h in 4~o (w/v) 
formaldehyde, 0.25 ~o (w/v) glutaraldehyde in 50 
mM sodium phosphate buffer (pH 7.2). Samples 
were then dehydrated through ethanol before em- 
bedding in Technovit 7100 according to the 
manufacturer's instructions (Kulzer, Wehrheim, 
Germany). Sections (10 #m) were mounted on 
slides and counterstained with 0.05~o safranin 
red. The indole precipitate was visualized either 
under bright field (GUS activity appears blue), or 
under dark field (GUS activity appears red to 
purple). 

In situ hybridization was performed as previ- 
ously described [10, 11]. The probes used con- 
tained the entire coding region of the NelF-4A10 
cDNA. For quantitation, silver grains were 
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counted on magnified prints. Background seen in 
the sense controls was subtracted. It must be 
pointed out that we do not know to what extent 
the response of the photographic emulsion to the 
radioactive signal is linear, and that consequently 
such quantitation can only give rough estimates of 
the relative expression levels. 

Tissue printing was performed as follows. Leaf 
and stem sections (0.5-1 mm) were placed onto 
a piece of nitrocellulose and, for a few seconds, 
gently pressed onto the paper with a glass slide. 
Endogenous peroxidase was inactivated by incu- 
bation in 20mM NaN3 for 15 min. The paper was 
blocked with TBS/5~o skim milk for 30 min at 
room temperature, and subsequently incubated 
overnight with a 1000-fold dilution of an antise- 
rum prepared against the C-terminal two thirds of 
a recombinant NelF-4A1 protein [22]. After 
washing with TBS, TBS/0.05~o Tween 20, TBS 
for 5 min each, the paper was incubated with goat 
anti-rabbit IgG conjugated to horseradish peroxi- 
dase. Color was developed with 4-chloronaphthol 
in the presence of 0.01 ~o H202. 

Results 

Characterization of the NelF-4AIO genomic clone 

A 2 clone was isolated from a tobacco library 
which contained a sequence exactly matching the 
NelF-4A10 cDNA [6]. Sequence analysis and 
comparison with the cDNA sequence indicated 
that this gene contains four introns, one of which 
is situated in the 5' UTR, two nucleotides up- 
stream of the initiator ATG (Fig. 1A). Based on 
the sequence of the cDNA, we infer that the 5' 
leader must be at least 100 nt long. A reliable 
determination of the transcription start site is 
complicated by the presence in tobacco of at least 
ten closely related elF-4A genes [5, 6, 22]. Primer 
extension analysis was performed using a 20 nt 
primer complementary to a sequence in the 5' 
UTR. Six major and several minor bands were 
detected (Fig. 1B). Some or most of these bands 
may not represent NelF-4A10 transcripts, but 
may be due to reverse transcription of other 
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obta ined,  four  o f  which  m a t c h e d  pr imer  extension 
p roduc t s .  These  four  sites, indica ted  in Fig. 1A, 

are likely to represent  the 5 '  ends  o f  four  m R N A s  

t ranscr ibed  f rom the N e I F - 4 A 1 0  gene. U p s t r e a m  

o f  these four  sites no  sequences  resembling T A T A  

boxes  are present .  

Construction and activities of promoter- G US fusions 

Trans la t iona l  fusions were cons t ruc t ed  be tween 
the G U S  repor ter  gene and  por t ions  o f  the N e I F -  

4A10  ups t r eam region (Fig. 2A). Transgen ic  to- 

b a c c o  plants  were ra ised and  G U S  activity was  

Fig. 1. Determination of the transcription start sites of the 
NeIF-4A10 gene. A (top). Sequence of the upstream region 
from the BglI site to the initiator ATG. The four major start 
sites are indicated by arrows. The first base of the longest 
transcript is designated + 1. B (bottom). Lanes A, C, G, T: 
sequencing ladder using a primer complementary to nt 143- 
124. PE: primer extension products obtained with the same 
primer. Sites matching those obtained by nuclease S 1 protec- 
tion analysis are indicated by arrows. 

N e l F - 4 A  m R N A s  with s tretches o f  identi ty but  
also short  delet ions and  inser t ions  relative to 
N e I F - 4 A 1 0  [22].  T o  ascer ta in  which  b a n d s  de- 
rive f rom the N e I F - 4 A 1 0  gene, nuclease  S 1 pro-  
tect ion analysis  was  carr ied ou t  (da ta  no t  shown) .  
Wi th  this m e t h o d  five p ro tec ted  f ragments  were 

A 
ATG NcoI 

B 

-9~9 
I 

-188 
I 

G U S  Ino=3"l 

A T C  Nco][ 
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0 
-2750 -989 -188 35Swt 

Fig. 2. Fluorometric determination of GUS activity in indi- 
vidual transgenic tobacco plants containing NeIF-4A10 
promoter-GUS constructs. A (top). Schematic drawing of the 
constructs used. The drawing is not to scale. B (bottom). GUS 
activity in extracts of leaves of individual plants, containing 
either the three NeIF-4A10 promoter deletions fused to the 
GUS reporter gene (-2750, -989, -188), a 35S-GUS con- 
struct (35S), or a wild-type control (wt). 
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measured in leaves using the standard fluoromet- 
ric assay (Fig. 2B). All three constructs were ac- 
tive, although the activity varied between indi- 
vidual transgenic plants. Such variation in activity 
has often before been observed, and is thought to 
reflect the influence of the position of integration 
of the transgene [14, 17]. All three constructs 
were active in all tissues tested (data not shown). 
Even the shortest 5' deletion, containing only 188 
bp of non-transcribed sequence, displayed a simi- 
lar pattern of expression as the -2750 construct 
in both fluorometric and histochemical (see 
below) GUS assays, although the absolute level 
of expression tended to be lower. These results 
show that sequences downstream of -188 are 
sufficient for correct expression of the NelF-4A10 
gene. The minimal sequence is AT-rich and de- 
void of potential Spl-binding sites. 

Histochemical analysis of NelF-4A I O-G US expres- 
sion 

The promoter-GUS system allows for a high- 
resolution cytological analyisis of gene expres- 
sion. In particular, we wanted to address the fol- 
lowing questions: (1) Is the NelF-4A10-GUS 
construct expressed in all cells derived from the 
shoot apical meristem? (2) What are the relative 
expression levels of the GUS enzyme in different 
cells? (3) Does the activity of the GUS enzyme 
correlate with the expression levels of the 
NelF-4A m R N A  and protein? (4) Can NelF-  
4A10-GUS serve as a model constitutive control 
gene for our studies on gene expression in the 
shoot apical meristem? 

Transverse sections through leaves and s tems  
of transgenic plants show that GUS activity is 

Fig. 3. NelF-4A gene expression in tobacco leaves and stems. A. Cross section through a leaf of a transgenic tobacco plant ex- 
pressing the -2750 NelF-4A10-GUS construct, stained with X-Gluc. Scale bar is 250 #m. B. Cross section through a transgenic 
leaf blade, stained as in A. Scale bar is 50/~m. C. Cross section through a transgenic stem, stained as in A. Scale bar is 50 #m. 
The G U  S expressing cells appear blue under the bright-field illumination. D. In situ hybridization of a wild type stem section probed 
with the antisense strand of a NelF-4A cDNA. E. NelF-4A sense control. F. Stem section hybridized with a rRNA probe. The 
signal in D and F is visible as free silver dots, not to be confused with the light reflection in the xylem, which is also seen in the 
sense control in E. Scale bar is 100/~m. Abbreviations: co, cortex; ed, epidermis; ep, external phloem; ip, internal phloem; la, lamina; 
le, lower epidermis; pa, parenchyma; pi, pith; pm, palisade mesophyll; s, stoma; sm, spongy mesophyll; t, trichome; ue, upper 
epidermis; va, vasculature; x, xylem. 
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present in all cells: lower and upper epidermis, 
trichomes, stomatal cells, cortex, pith, xylem pa- 
renchyma, various cells of the internal and exter- 
nal phloem, spongy and palisade mesophyll cells 
of the leaf (Fig. 3A-C). In general, small cells ap- 
pear more intensely blue than large cells. The 
large parenchyma cells in the stem often stain in 

the periphery, reflecting the fact that the enzyme 
is targeted to the cytoplasm, and not to the large 
central vacuole. Most xylem vessels do not stain, 
as expected of dead cells. We do not know why 
occasional xylem elements display rather promi- 
nent blue coloration. 

The GUS mRNA and GUS protein are quite 

Fig. 4. Visualization of the NelF-4A protein by tissue printing. A. Cross section through a leaf, incubated with anti-NelF-4A 
antibody. B. Cross section through a leaf, incubated with preimmune serum. C. Cross section through a stem, incubated with 
anti-NeIF-4A antibody. D. Cross section through a stem, incubated with preimmune serum. Scale bars are 200/~m. Abbreviations: 
co, cortex; la, lamina; pa, parenchyma; pi, pith; va, vasculature. 



stable, and consequently the image obtained with 
the GUS-reporter gene system only reflects the 
expression of the gene under study if this gene 
also codes for stable mRNA and protein. Dis- 
crepancies between the expression pattern ob- 
tained with the GUS reporter gene system and 
the patterns of mRNA and protein have been 
observed before, and it is generally assumed that 
the GUS system is not immune to artefacts [e.g. 
30, 31 ]. In order to determine whether the GUS 
staining pattern is a true reflection of NelF-4A 
gene expression, we determined the distribution 
of elF-4A transcript and protein directly. Trans- 
verse sections of wild-type tobacco stems were 
prepared for in situ hybridization and probed with 
the antisense and sense strands of an elF-4A 
cDNA (Fig. 3D, E). As a positive control, a stem 
section was hybridized with a probe for rRNA 
(Fig. 3F). Although resolution is not as high as in 
the histochemical GUS assays, it can be seen that 
the silver grains are present over all cells with the 
smaller cells of the vascular tissue having stron- 
ger apparent signals than the larger cells of the 
cortex. However, when the silver grains of the 
NelF-4A signal were counted, the outer cortex 
cells had 33 grains, the inner cortex cells had 60 
grains and the small cells in the vascular region 
had 40 grains per cell. Thus, on a per cell basis 
the expression levels vary no more than twofold 
between different cell types. Tissue prints incu- 
bated with an antibody raised against recombi- 
nant NelF-4A revealed staining of all cells in a 
pattern comparable to that seen in the in situ hy- 
bridization (Fig. 4). Therefore, the enzymatic ac- 
tivity conferred by the NelF-4A10-GUS con- 
struct, reflects the levels of NelF-4A mRNA and 
protein in stems and leaves. 
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influences of potentially very active young leaves, 
shoot tips were dissected, and apices containing 
five or six primordia were incubated with the 
X-Gluc substrate, plastic-embedded, and the blue 
precipitate visualized in thin sections. It can be 
seen that the NelF-4A10 promoter drives uni- 
form expression in all cells of the shoot apical 
meristem (Fig. 5A). In a control experiment 
(Fig. 5B), the pea rbcS-3A promoter was found 
not to mediate GUS expression in the meristem, 
substantiating our previous data from in situ hy- 
bridization experiments [ 11 ]. Hybridization of 
apex sections with NelF-4A probes (data not 
shown) gave a strong apparent signal in the small 
cells of the meristem and a less dense signal in the 
larger cells below, in agreement with the distribu- 
tion of the GUS signal seen in Fig. 5A. The small 

Gene expression in the shoot apex 

The vegetative shoot apical meristem consists of 
small, thin-walled cells with many cytoplasmic 
connections. In most reported experiments, GUS 
expression in the meristem was measured in hand 
sections, or even in whole uncut apices [4, 19]. In 
order to improve substrate penetration, but avoid 

Fig. 5. Gene expression in the shoot apical meristem. A. Lon- 
gitudinal section through the shoot apex of a transgenic to- 
bacco plant expressing the -2750 NelF-4A10-GUS con- 
struct. The GUS expressing cells appear purple under the dark 
field illumination. B. As A except that a transgenic tobacco 
plant expressing the pea rbcS-3A-GUS construct was em- 
ployed. Scale bars are 20 #m. Abbreviations: lp, leaf primor- 
dium; m, meristem. 
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meristem cells had on average 15 silver grains per 
cells, the larger cells below had 11 grains per cells. 
Thus, as in the stem sections (Fig. 3), the mRNA 
expression level on a per cell basis is fairly con- 
stant. 

Discussion 

The upstream region of the NelF-4A10 gene is 
somewhat unusual for several reasons. First, it 
contains an intron in the 5' UTR. Second, no 
TATA-box sequence is present. Third, primer ex- 
tension and nuclease S 1 protection analysis de- 
fine at least four mRNA 5' ends. Finally, the 5' 
UTR of NelF-4A10 and other tobacco elF-4A 
genes [22] is deficient in Gs, and rich in polypy- 
rimidine stretches. Introns have occasionally been 
found in the 5' UTRs of other plant genes, among 
them genes coding for other components of the 
translational apparatus [ 1, 8, 9]. TATA-box-less 
genes with multiple start sites are not well char- 
acterized in plants, but have been described for a 
number of animal genes [ 18, 27]. It is not known, 
however, what the functional significance of this 
alternative mode of transcription is. Polypyrimi- 
dine stretches also have precedents in non-plant 
genes, where it is thought that they regulate the 
turning off of translation when cells enter the qui- 
escent state [3, 12, 29]. Thus, the organization 
around the transcription start site may be related 
to the function of NelF-4A and other genes cod- 
ing for components of the translational machin- 
ery. 

One practical goal of this study was to gener- 
ate a promoter-GUS fusion which could be used 
as a constitutive control in our experiments on 
cell and tissue-specific gene expression. We chose 
NelF-4A because previous experiments had 
shown that the NelF-4A genes are expressed in 
all tissues [21, 22], and that expression is not 
influenced by any environmental factors so far 
tested [7, 28, our unpublished data]. There is a 
large body of high-quality data on the spatial ex- 
pression of genes expressed in specific cells or 
tissues, but histological analysis of constitutive 
gene expression is far less advanced, with virtu- 

ally no studies providing single-cell resolution. We 
feel that it is often essential to relate observed 
specific expression patterns to the pattern ob- 
tained with a constitutive control gene. In many 
cases authors might have reached very different 
conclusions had they included such a control. 
The data presented here show that the NelF- 
4A10-GUS construct is active in all cells tested, 
and that the signal generally appears stronger in 
small cells than in large cells. When silver grains 
were counted and mRNA levels were calculated 
on a per cell basis, the expression levels appeared 
fairly constant. However, it is difficult to quanti- 
tate in situ signals, whether mRNA, protein or 
GUS. In the absence of precise quantitation 
methods, we cannot argue that NelF-4A is ex- 
pressed to identical levels in all cells. 

The localization of the GUS protein in leaf, 
stem and meristem sections is in good agreement 
with the data on the expression of the NelF-4A 
mRNA and protein, as determined by in situ hy- 
bridization and tissue printing. This shows that 
stabilities of the elF-4A mRNA and protein are 
not radically different from the stability of the 
GUS mRNA and protein. Furthermore, it indi- 
cates that the NelF-4A10 gene is expressed in the 
same manner as the sum of the NelF-4A gene 
family members. The small cells of the vascular 
tissue stain darker than the surrounding large 
cells. However, the differences in staining inten- 
sity are not as striking as generally seen with 35S- 
GUS fusions [4, 13]. Perhaps the 35S mRNA is 
preferentially expressed in the vasculature. It 
would obviously be advantageous for the CaMV 
virus to synthesize its genomic RNA at high levels 
in the conducting system of the plant. 

NelF-4A appears to be uniformly expressed in 
the meristem, as judged both by the GUS stain- 
ing and by the in situ hybridization experiments. 
In contrast, the same techniques show that rbcS 

is not expressed in the meristem [ 11, Fig. 5]. This 
shows that the GUS technique can be used for 
studies on differential meristematic gene expres- 
sion. Taken together, the even distribution of the 
mRNA, protein and GUS reporter gene signal in 
all cells of the aerial organs makes the NelF4A10 
gene an ideal constitutive control gene, useful for 



many studies on cell-specific gene expression. 
Such a control becomes especially important 
when dealing with vascular- and meristem- 
specific gene expression. Finally, we intend to 
define regulatory sequences required for expres- 
sion in the meristem by adding fragments of the 
NelF-4A10 upstream region to the very well de- 
fined pea rbcS-3A promoter. The fact that 188 bp 
of untranscribed sequence are sufficient for cor- 
rect expression provides us with an attractive 
starting point for such experiments. 
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