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Abstract We investigated the efficiency of the 5'-untranslated region (UTR) of the tobacco alcohol dehydrogenase gene
(NtADH-5'UTR) as a translational enhancer in chrysanthemum (Chrysanthemum morifolium) and torenia (Torenia
fournieri). Three constructs were introduced: control, “ADH—,” caulifiower mosaic virus 35S RNA (CaMV 35S)
promoter:: f-glucuronidase (GUS); NtADH-5'UTR with a spacer, “ADH+S,” CaMV 35S promoter::NtADH-5"UTR::25-bp
spacer::GUS; and NtADH-5"UTR with no spacer, “ADH+,” CaMV 358 promoter::NtADH-5"UTR::GUS. The highest GUS
activity in ADH+S and ADH+ for chrysanthemum was about 45 and 190 times, respectively, and for torenia was 12 and 22
times, respectively, than that for the ADH— plants. NtADH-5"UTR enhanced translational efficiency in both species. With
the lowest translational efficiency set to 1, the relative translational efficiencies were 1 to 15 (ADH—), 47 to 568 (ADH+S),
and 267 to 1360 (ADH+) for chrysanthemum, and 1 to 3 (ADH—), 47 to 114 (ADH+S), and 85 to 226 (ADH+) for
torenia. NtADH-5'UTR would facilitate practical breeding and fundamental genetic research in chrysanthemum and torenia.
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Genetic transformation is a useful method for plant
breeding, and analysis using transgenic plants is also
useful for studies of plant physiology. For efficient
transgene expression, we require sufficient levels of
protein production by the transgenes to modify target
characteristics. The development of promoters of higher
transcriptional activity is a method for enhancing
transgene expression; however, the accumulation of
mRNA tends to induce post-transcriptional gene
silencing (Vaucheret et al. 1998). Moreover, in this
strategy, different promoters of higher transcriptional
activity are needed for tissue- and stage-specific
expression. On the other hand, the use of translational
enhancers would increase protein production with proper
amounts of mRNA. Thus appropriate promoters can be
used with translational enhancers for a wide range of
purposes, including the induction of tissue- or stage-
specific gene expression. Therefore, the use of
translational enhancers seems to be a desirable method
for increasing transgene expression in plants.

The 5'-untranslated region (5'UTR) located upstream
of the translational initiation site plays an important role
in the translation of the transgene. In one study, the Q
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sequence, which represents the 5'UTR region from the
tobacco mosaic virus, functioned as a translational
enhancer in tobacco protoplasts (Gallie et al. 1987). The
Q sequence also significantly enhanced the expression
of the B-glucuronidase (GUS) gene in tobacco and
rice plants (Mitsuhara et al. 1996); however, obvious
enhancement was not observed in torenia (Aida and
Shibata 1995) and chrysanthemum (R. Aida, National
Institute of Floricultural Science, Japan; unpublished
data). Other translational enhancers have been found in
viruses (Nicolaisen et al. 1992; Meulewaeter et al. 1998;
Turner et al. 1999; Matsuda and Dreher 2004; Batten
et al. 2006), bacteria (Hook-Barnard et al. 2007), and
plants (Yamamoto et al. 1995; Dansako et al. 2003).
In addition, the 5'UTR region of the tobacco alcohol
dehydrogenase gene (a 94-bp fragment; NtADH-5"UTR)
was reported to be an efficient translational enhancer in
Arabidopsis and tobacco (Satoh et al. 2004).
Chrysanthemum is one of the most popular and
important ornamental plants in the world. Genetic
transformation would be a powerful tool for breeding of
chrysanthemum for characteristics such as new colors.
However, transgene expression in chrysanthemum seems
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to be insufficient, for example, it has been shown that
transgene expression by the CaMV 35S promoter was
relatively less in chrysanthemum (Urban et al. 1994;
Sherman et al. 1998; Takatsu et al. 2000). The
development of a translational enhancer would thus be
an important solution to the difficulty of stimulating
transgene expression in chrysanthemum. Similarly,
torenia is a popular summertime bedding- or ornamental
pot-plant. Besides its ornamental use, torenia is a model
plant for transformation studies on ornamental characters
because it is easy to transform and can flower in vitro
(Aida and Shibata 2001). In this paper, we studied the
use of NtADH-5'UTR as a translational enhancer in
chrysanthemum and torenia.

Materials and methods

Plant materials and transformation

We used the chrysanthemum (Chrysanthemum morifolium)
cultivar ‘Sei-Marine’ and the torenia (7orenia fournieri)
cultivar ‘Crown Violet’ in our experiment. Transgenic
plants were obtained using an Agrobacterium-mediated
transformation system described previously (chrysanthemum,
Aida et al. 2004; torenia, Aida and Shibata 2001).

Vector plasmids

The vector plasmids used in this study were previously
constructed by Satoh et al. (2004). Derivatives of the binary
vector pBI121 (Clontech, Mountain View, CA, USA) were
used. To simplify the vector construction, the third codon of
GUS was changed to AGG instead of CGT to generate a Stul
site; this substitution has been reported to have less effect on
GUS activity (Satoh et al. 2004). As a control plasmid, we used
the cauliflower mosaic virus 35S RNA (CaMV 358S) promoter
to produce CaMV 35 promoter::GUS::nopaline synthase (nos)
terminator, described as “ADH-—" henceforth. We used a
plasmid containing NtADH-5'UTR and a 25-bp spacer derived
from the pBII21 cloning site to produce CaMV 35S
promoter::NtADH-5"UTR::25-bp spacer::GUS::nos terminator,
(described as “ADH+S” henceforth) and a plasmid containing
the NtADH-5'"UTR directly fused with the first codon of GUS,
to produce CaMV 35S promoter::NtADH-5'UTR::GUS::nos
terminator (described as “ADH+" henceforth).

GUS assay, Southern blot analysis, and real-time
PCR

A quantitative and histochemical GUS assay was performed
following the procedure reported by Jefferson et al. (1987). The
GUS assay buffer contained 20% methyl alcohol to eliminate
endogenous GUS activity, as reported by Kosugi et al. (1990).
For our quantitative assay, the protein concentration of the
plant extracts was determined by means of the dye-binding
method of Bradford (1976), using a kit supplied by Bio-
Rad Laboratories (Hercules, CA, USA). GUS activity was
expressed as picomoles of 4-methylumbelliferone (4-MU)
produced at 37 °C per milligram of protein per minute (pmol 4-
MUmg™! protein min~!). Plants with GUS activities of more

than 100 pmol 4MU mg ™' protein min~' were regarded as

GUS-positive, because untransformed wild-type plants
sometimes showed background levels of 20 to 30 pmol mg~"
protein min~' of GUS. For histochemical assay, several slits
were cut in each leaf before soaking in the buffer.

Total DNA was extracted from leaf tissue following the
method of Hasebe and Iwatsuki (1990). About 20 ug
(chrysanthemum) or 5 ug (torenia) of DNA digested with
HindIll was electrophoresed in 0.8% agarose gel and
transferred to a positively charged nylon membrane (Roche
Diagnostics, Mannheim, Germany). HindIII was used to cut the
plasmid at a single site outside the coding region of the GUS
gene. The coding region of the GUS gene was then used as a
probe. Southern hybridization was done with a DIG-High
Prime and DIG Luminescent Detection Kit for nucleic acids
(Roche Diagnostics). Blots were finally washed with 0.2X SSC
and 0.1% SDS at 68°C.

Total RNA was extracted from leaf tissue with an SV Total
RNA Isolation System (Promega, Madison, WI, USA) and
cDNA was synthesized using the SuperScript III First-Strand
Synthesis System (Invitrogen, Carlsbad, CA, USA). Levels of
GUS transcripts were then analyzed using real-time PCR with a
SYBR Premix Ex Taq system (Takara Bio, Otsu, Japan).
Reactions were carried out in a LightCycler system (Roche
Diagnostics). Chrysanthemum actin (AB205087) and torenia
actin (AB330989) were used as the respective constitutive
controls. Primer sequences used for the real-time PCR were as
follows: forward 5'-AGGGAGGCAAACAATGAATC-3' and
reverse  5'-TTGAACGATCGGGGAAATTC-3' for GUS,
forward 5'-ACATGCTATCTTGCGTTTGG-3" and reverse 5'-
CTCTCACAATTTCCCGTTCA-3' for chrysanthemum actin,
and forward 5'-TGCAGTAAAGTGTATTGTGGAAG-3' and
reverse  5'-GGAACTATCTGGGTAGGATC-3" for torenia
actin.

Results and discussion

Enhanced GUS activity with NtADH-5'UTR
In chrysanthemum, we obtained 14 (ADH-), 4
(ADH+S), and 16 (ADH+) transformants. Figure 1A
shows GUS activity in the leaves of chrysanthemum
transformants about 2 months after regeneration. The
number of GUS-positive plants were 4 (ADH-—), 4
(ADH+S), and 9 (ADH+). The activity of the GUS-
positive plants ranged from 231 to 492, 1090 to 22 000,
and 1330 to 93 400 for ADH—, ADH+S, and ADH+,
respectively. Figure 2 shows typical results from the
histochemical GUS assay of the chrysanthemum
transformants. Transformants containing the NtADH-
5'UTR showed dark precipitates, representing higher
levels of GUS activity. On the other hand, plants
containing ADH+ exhibited no visible precipitate.
Addition of NtADH-5'"UTR before the start codon of
the GUS gene obviously increased GUS activity in the
chrysanthemum transformants, with the highest activity
observed among the ADH+S and the ADH+ plants (at
levels about 45 and 190 times the value in the ADH—
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Figure 1. GUS activity in the leaves of (A) chrysanthemum and (B)
torenia transformants. ADH—, control plasmid (CaMV 35S
promoter::GUS::nos terminator); ADH+S, NtADH-5'UTR with a
25-bp  spacer (CaMV 35S  promoter:NtADH-5"UTR::25-bp
spacer::GUS::nos terminator); ADH+, NtADH-5'UTR (CaMV 35S
promoter::NtADH-5"UTR::GUS::nos terminator). Each dot represents
the GUS activity of a single transformant. Plants selected for further
analysis are indicated by numbers beside the dots, and these numbers
correspond to the plants shown in Figures 2 and 3 and in Table 1.
Addition of NtADH-5"UTR obviously increased the GUS activity in the
transformants.

plants, respectively). We confirmed the existence of the
GUS gene by PCR even in the GUS-negative plants (data
not shown). In a previous study, chrysanthemum
transformants tended to silence the integrated GUS gene,
with only 9.6% (11 of 115) of the putative transgenic
plants containing 35S/GUS exhibiting GUS activity
(Aida et al. 2004). In the present report, the proportions
of GUS-positive transformants were 29, 100, and 56%
for ADH—, ADH+S, and ADH+, respectively. Addition
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of NtADH-5'"UTR enhanced the level of GUS activity
and this seems to have increased the proportion of GUS-
positive plants.

In torenia, we obtained 24 (ADH—), 19 (ADH+S),
and 24 (ADH+) transformants. Figure 1B shows GUS
activity in the leaves of the torenia transformants 1 to 2
months after regeneration. All of the transformants
showed GUS activity, and the activities ranged from 275
to 37 200, 275 to 440 000, and 1520 to 825 000 for
ADH—, ADH+S, and ADH+, respectively. The GUS
activities of the torenia transformants were thus generally
higher than those of the chrysanthemum transformants.
In the torenia transformants, the presence of NtADH-
5'UTR also increased GUS activity, as was the case with
chrysanthemum. The highest GUS activity in torenia
transformants containing ADH+S and ADH+ was 12
and 22 times that in the ADH— plants, respectively.

Satoh et al. (2004) showed that transiently transformed
tobacco BY2 (or Arabidopsis T87) protoplasts
containing ADH+S and ADH+ constructs showed 29
(or 31) and 96 (or 61) times the GUS activity of the
corresponding ADH— transformants. In this paper, we
showed that NtADH-5'UTR also enhanced transgene
expression in chrysanthemum and torenia.

GUS activities varied among the transformants of
both chrysanthemum and torenia; however, the
chrysanthemum transformants showed relatively lower
GUS activity compared with the torenia transformants.
Even the chrysanthemum transformants containing
ADH+ showed GUS activity similar to or slightly higher
than torenia transformants containing ADH-—. In
chrysanthemum, previous reports indicated that the 35S
promoter had a low ability to stimulate transgene
expression (Urban et al. 1994; Sherman et al. 1998;
Takatsu et al. 2000). Several promoters for transgene
expression in the leaf tissues of chrysanthemum have
been proposed, such as potato Lica3.St.1 (Annadana et
al. 2001), chrysanthemum UEPI (Annadana et al. 2002),
chrysanthemum rbcSI (Outchkourov et al. 2003),
chrysanthemum cab (Aida et al. 2004), and tobacco
EFlo (Aida et al. 2005). All these studies reported a
higher expression than the 35S promoter. The reported
average and highest GUS activities in the leaf tissues of
chrysanthemum transformants were about 25 000 and
140 000 pmol mg ™! protein min~' for potato Lhca3.St.1
(the average was calculated using only GUS-positive
plants) (Annadana et al. 2001), 900 and 1400 for
chrysanthemum UEPI (Annadana et al. 2002), 17 000
and 70 000 for chrysanthemum rbcSI (Outchkourov et
al. 2003), 1100 and 27 000 for chrysanthemum cab
(Aida et al. 2004), and 570 and 14 000 for tobacco EF1 o
(Aida et al. 2005). In the present study, the level of GUS
activity in the chrysanthemum transformants containing
ADH+ (18 700 and 93 400 for the average and highest
activity, respectively) was comparable to that in plants
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Wild-type

ADH— (plant 4)

ADH+S (plant 4)

ADH+ (plant 4)

Figure 2. Histochemical GUS assay of the chrysanthemum transformants. Leaves about 10 mm wide were used for the assay. Blue precipitate
represents GUS activity. Transformants containing the NtADH-5"UTR clearly showed darker precipitates than the plants containing ADH—. Scale

bar stands for 5 mm.

containing potato Lhca3.St.1 promoter (Annadana
et al. 2001), which was the most efficient promoter
for transgene expression in the leaf tissues of
chrysanthemum that had previously been reported. Thus,
the CaMV 35S promoter containing NtADH-5"UTR will
be a useful tool for stimulating constitutive transgene
expression in chrysanthemum. The NtADH-5"UTR can
be used with many kinds of promoters, such as inducible
and tissue- or developmental-stage-specific ones. For
example, when modifying flower color, the expression of
pigment-related genes could be controlled using a petal-
specific promoter containing NtADH-5"UTR.

We previously reported that the highest level of GUS
activity (15 000 to 17 000 pmol 4-MU mg~' protein
min~") was similar in torenia transformants with or
without the Q sequence (Aida and Shibata 1995).
Similarly, the € sequence barely enhanced the
expression of GUS in chrysanthemum (R. Aida, National
Institute of Floricultural Science, Japan; unpublished
data). NtADH-5"UTR showed higher levels of transgene
enhancement than the € sequence in both
chrysanthemum and torenia. NtADH-5"UTR would thus
be wuseful for stimulating transgene expression in
chrysanthemum and torenia.

For both chrysanthemum and torenia, we selected four
lines from each group of transformants (i.e., ADH—,
ADH+S, and ADH+), and used these lines for
additional measurements of quantitative GUS activity,
Southern blot analysis, and real-time PCR. The GUS-
positive chrysanthemum in the ADH— and ADH+S
groups were used because we obtained only four
transformants in both groups. In the other groups, the
transformants with relatively higher GUS activity (Figure
1) were selected.

Copy number of the GUS gene in transgenic
plants

All the plants that we examined contained the GUS gene
(Figure 3). Digestion of each vector with HindlIII cuts the
plasmid at a single site outside the coding region of the
GUS gene (before the 35S promoter). The bands
detected might have been cut by HindlIl at sites in both
the vector and the genome. All the examined plants
showed one or more bands, indicating single- or
multiple-copy integration of the GUS gene into their
genome.

In chrysanthemums containing ADH— or ADH+S,
the plants with higher GUS activity tended to show more
bands. In contrast, all four transformants containing
ADH+, selected based on their higher GUS activity,
showed a single band. In chrysanthemum, it seems that
the ADH+ transgene was able to express higher GUS
activity even with a single copy, whereas overproduction
of GUS protein from multiple copies of the ADH+ gene
might result in a negative effect on the growth of
transgenic plants.

The torenia transformants containing ADH— showed
several bands; however, the plants containing ADH+S or
ADH+ showed only a single band. In torenia, we also
selected four transformants with higher GUS activity
from 24 (ADH—), 19 (ADH+S), and 24 (ADH+) GUS-
positive plants. Transformants containing ADH— should
have multiple copies of the transgene for higher GUS
activity; however, those containing ADH+S and ADH+
exhibit higher GUS activity in spite of containing only a
single copy of the transgene. It is possible that the
integration of multiple copies of ADH+S or ADH+
might lead to excessively high expression of GUS and
subsequent mortality of the transformants.
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Figure 3. Southern blot analysis of the GUS-positive plants of (A)
chrysanthemum and (B) torenia. The coding region of the GUS gene
was used as a probe. All the plants examined contained the GUS gene.
The numbers 1 to 4 represent the plants labeled with these numbers in
Figure 1.

Enhanced translational efficiency of transgene
with NtADH-5'UTR

Table 1 summarizes the GUS activity, relative amount of
GUS mRNA, and the absolute and relative translational
efficiencies of the selected transformants. The ratio of
GUS mRNA to actin mRNA (relative GUS mRNA)
varied among the transformants, and the ratio was
relatively low in the chrysanthemum transformants (0.02
to 1.52) compared with the torenia transformants (0.98 to
11.20). The values of GUS activity divided by the
relative amount of GUS mRNA was defined as the
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translational efficiency. When we normalized values by
setting the lowest translational efficiency to 1, the
resulting relative translational efficiencies were 1 to 15
(ADH-), 47 to 568 (ADH+S), and 267 to 1360
(ADH+) for chrysanthemum, and 1 to 3 (ADH—), 47 to
114 (ADH+S), and 85 to 226 (ADH+) for torenia. The
addition of NtADH-5"UTR between the promoter and the
coding region enhanced the translational efficiency in
both chrysanthemum and torenia. Previously, Satoh et al.
(2004) reported that the ADH+ construct increased
translational efficiency in tobacco transformants
(ADH—, 1.0 to 1.4; ADH+, 20 to 44). This suggests that
NtADH-5"UTR can work as a translational enhancer in a
range of plant species, especially dicots.

Based on our observations of the GUS constructs, the
distance between NtADH-5'UTR and the starting codon
seemed to be inversely correlated with the translational
efficiency. That is, the shorter the distance, the higher the
translational efficiency obtained. It is possible that the
sequence context around the initiation codon also affects
the translational efficiency; however, we did not identify
this context in the present study. We hypothesize that
NtADH-5'"UTR should connect directly with the start
codon to attain the highest translational efficiency. A site
for restriction enzymes is thus needed between NtADH-
5'UTR and the first codon to facilitate creation of such
constructs. In the present study, the distance of 25 bp
seemed to work well to enhance translation.

Conclusion

In this study, we demonstrated that NtADH-5'UTR
enhances the translational efficiency of transgenes in
both chrysanthemum and torenia. Such promoters of
high gene expression will be more efficient and will not
induce post-transcriptional gene silencing, which is
caused by the accumulation of excessive amounts of
mRNA (Vaucheret et al. 1998). Even promoters with
low efficiency can produce sufficient levels of the
target substance if NtADH-5'UTR is used. Using
NtADH-5"UTR would let us enhance the expression of
inducible or tissue- and developmental-stage-specific
promoters with poor efficiency, thereby facilitating
practical breeding and fundamental genetic studies in
chrysanthemum and torenia.

Satoh et al. (2004) found that NtADH-5'UTR
enhanced transgene expression at the translational level
in tobacco and Arabidopsis; however, it barely worked in
rice. In this report, we demonstrated that NtADH-5"UTR
works as a translational enhancer in two additional
species. We thus hypothesize that NtADH-5'UTR
enhances transgene expression at the translational level
in a broad range of plants, especially dicotyledons.
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Table 1. GUS activity, amount of GUS mRNA, and absolute and relative translational efficiency of the chrysanthemum and torenia transformants.

chrysanthemum

Construct Line GUS activity Relative GUS mRNA Translational efficiency Relative efficiency
ADH- 1 32884 1.35 243 1
ADH— 2 336*21 1.19 282 1
ADH— 3 475+38 0.13 3650 15
ADH- 4 722+201 1.49 485 2
ADH+S 1 569+452 0.05 11400 47
ADH+S 2 2760829 0.02 138000 568
ADH+S 3 143002470 0.31 46100 190
ADH+S 4 21500354 0.69 31200 128
ADH+ 1 2320012200 0.07 331000 1360
ADH+ 2 8190013600 0.98 83600 344
ADH+ 3 8230022500 0.87 94600 389
ADH+ 4 9850019300 1.52 64800 267
torenia

Construct Line GUS activity Relative GUS mRNA Translational efficiency Relative efficiency
ADH— 1 3320012200 5.20 6380 1
ADH— 2 3330019500 2.25 14800 3
ADH— 3 4460013800 7.62 5850 1
ADH-— 4 5700032500 11.20 5090 1
ADH+S 1 29700048200 1.23 241000 47
ADH+S 2 40400042100 1.00 404000 79
ADH+S 3 474000190000 1.08 439000 86
ADH+S 4 596000144000 1.03 579000 114
ADH+ 1 62900070300 1.46 431000 85
ADH+ 2 930000421000 1.61 578000 114
ADH+ 3 1030000220000 1.02 1010000 198
ADH+ 4 1130000528000 0.98 1150000 226

GUS activity (pmol 4-MUmg ™! protein min~!) was measured three times in leaves of the transformants and is presented as an average with
standard deviation of these measurements. Relative GUS mRNA was calculated as the ratio of GUS mRNA to actin mRNA. Translational efficiency
was calculated as the ratio of GUS activity to the relative amount of GUS mRNA. Relative efficiency was calculated based on the value for the
transformant with the lowest translational efficiency (chrysanthemum, ADH— plant 1; torenia, ADH— plant 4).
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