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Abstract Tomato fruit yield per area in Japan is 88% lower than that in The Netherlands, because higher-yielding tomato
cultivars are bred and cultivated in The Netherlands. In this study, we investigated differences between the Japanese
common cultivar ‘Reiyou’ and the Dutch high-yielding cultivar ‘Levanzo’ in fruit yield and components contributing to an
increase in fruit yield using the low-node-order pinching and high-density plant training system used in Japan. Fresh and
dry fruit yield of ‘Levanzo’ were significantly higher than those of ‘Reiyou’. Estimated leaf blade area of the whole plant
and solar radiation on individual leaves were higher in the ‘Levanzo’ canopy than in that of ‘Reiyou’. Although transpiration
rate and stomatal conductance were similar in the two cultivars during the latter half of the fruit development period, the
photosynthetic rate in ‘Levanzo’ was higher than that in ‘Reiyou’ during the fruit development period. The difference in
photosynthetic rate was because chlorophyll a and b content had not decreased in ‘Levanzo’ compared with that in ‘Reiyou’
at 50 days after flowering, corresponding to the latter half of the fruit development period. Transcriptional levels of LeSUT],
which determines sucrose loading activity in source leaves, did not differ between the two cultivars. The higher tomato fruit
yield of ‘Levanzo’ compared with that of ‘Reiyou’ was caused by a higher photosynthetic rate, increased solar radiation on

individual leaves, and the large sink size due to numerous fruits, but not by sucrose loading activity.
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Tomato (Solanum lycopersicum) is one of the most
important fresh vegetable crops in the world. China has
recently become one of the largest tomato producers in
the world. However, the leading tomato fruit—producing
country is The Netherlands. The average tomato fruit
yield per unit area in the world was 34,818 kgha™' in
2009, but tomato fruit yield per area in The Netherlands
was 500,000kgha™!, according to FAOSTAT (http://
faostat.fao.org/site/567/default.aspx#ancor, July 27, 2011).
In Japan, the total yield of tomato fruit was highest
among all vegetables, but tomato fruit yield per area in
2009 (57,815kgha™!) was 88% lower than that of The
Netherlands. This difference in tomato fruit yield per
area is caused by many factors, including improvements
in greenhouse transmissivity and developments in
cultivation techniques, such as a long-period cropping
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system, a high-wire training system, computerized
environmental control, and the successful breeding of
higher-yielding cultivars in The Netherlands (van der
Ploeg et al. 2007; Higashide and Heuvelink 2009).
Improvements in fruit quality in Japanese tomato
cultivars may be more important than increased yield for
tomato breeding (Higashide and Heuvelink, 2009). In
contrast, breeding has increased yields in modern Dutch
tomato cultivars (van der Ploeg et al. 2007; Higashide
and Heuvelink 2009).

Some researchers have investigated physiological
differences between Japanese and Dutch tomato cultivars
(Higashide and Heuvelink 2009; Matsuda et al. 2011a,
b). Higashide and Heuvelink (2009) reported that the
increased tomato fruit yield of Dutch modern tomato
cultivars was achieved by an increase in light-use
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efficiency (LUE) resulting from morphological and
physiological changes through breeding. Matsuda et al.
(2011a) investigated the effects of altered source/sink
ratio following leaf or fruit pruning on leaf
photosynthetic characteristics and whole plant growth in
Japanese and Dutch cultivars. Matsuda et al. (2011b)
found that fruit growth was limited by sink strength in
Japanese and Dutch tomato cultivars under enhanced
source conditions, and reported that the Japanese cultivar
‘Momotaro York’ had a lower sink strength relative to
source strength than did the Dutch cultivar ‘Dundee’.
However, these investigations were conducted under a
high-wire training system and constant planting density
in a Dutch-style greenhouse. Investigations using both
the Dutch and Japanese systems are required to
determine the difference in productivity between
Japanese and Dutch tomato cultivars.

In this study, we evaluated photosynthetic rate, leaf
parameters, and sucrose loading capacity at the source
leaves to clarify the difference in fruit yield between the
Japanese and Dutch tomato cultivars and to identify the
components contributing to an increase in fruit yield,
particularly from the aspect of source capacity under the
low-node-order pinching and high-density plant training
system of Japan. In order to evaluate the difference in
fruit yield, we use ‘Reiyou’ as Japanese cultivar, and
‘Levanzo’ as Dutch cultivar. Both cultivars are known as
high yielding cultivars and are grown widely in their
respective country.

Materials and methods

Plant materials and growing conditions

The tomato cultivars (Japanese cultivar ‘Reiyou’; Sakata Seed
Corporation, Kanagawa, Japan; Dutch cultivar ‘Levanzo’; Rijk
Zwaan, De Lier, the Netherland) were grown hydroponically
using the low-node-order pinching and high-density plant
training system. In this training system, main stems are pinched
after the third truss to allow high-density production and easy
handling.

Tomato seeds were sown in pots filled with a substrate
comprised of coconut husks (Cocobed; Kaneko Seeds
Company Ltd., Gunma, Japan) and germinated in a 30°C
temperature-controlled chamber. Seedlings were transplanted
into an ebb and flow system and irrigated with a commercial
nutrient solution (Otsuka-A; Otsuka AgriTechno Co. Ltd.,
Tokyo, Japan). The electrical conductivity (EC) level was 1.2
dSm™', and pH was adjusted to 6.0-7.0. After 2 weeks, 20
seedlings of each cultivar were transplanted into a nutrient film
technique system in a greenhouse at the Agricultural and
Forestry Research Center of the University of Tsukuba in
Japan. The planting density was six plants m ™~ (150-cm ridge
widths, 11-cm plant spacing). All measurement data were
shown as average of three to four plants and nine fruits as
replication. When the first flower of the first truss on each plant
bloomed, each flower was treated with a vibrator and sprayed
with an A4-chlorophenoxy acetate-containing solution (Tomato

Tone; ISK Biosciences K. K., Tokyo, Japan) to promote
pollination. All lateral shoots were removed as they appeared,
and the plants were pinched above the third truss, leaving two
true leaves above the truss. After the first flower of the first
truss appeared, another commercial nutrient solution (Otsuka-B
nutrient solution; Otsuka AgriTechno Co. Ltd.), set at an EC of
2.4dSm™" and a pH of 6.5-7.0 and containing 20 ppm NH,",
210 ppm NO,~, 93 ppm PO,*~, 377 ppm K™, 219 ppm Ca**, 89
ppmMg?*, 1.0ppm Mn?*, 1.0ppm B~, 2.9ppm Fe’*, 0.02
ppm Cu?*, 0.04ppm Zn?*, and 0.02 ppm Mo™, was irrigated
for 15min/h from 6:00 until 17:00. Air temperature in the
greenhouse was controlled by ventilation and maintained at
>10°C by heating during winter.

Experiments 1 and 2 were conducted in a greenhouse in
Tsukuba, Ibaraki, Japan, from March 27 to August 12, 2009
and from February 12 to June 10, 2010, respectively.

Fruit yield and quality analysis

Fruits were harvested at the red stage, and the total weight and
number of fruits were recorded. The harvested fruits were
classified as marketable or unmarketable; the unmarketable
fruit was characterized by blossom-end rot and cracking.
Approximately 10g of homogenized fruit was dried in an
electric oven at 80°C for 48h to determine its dry matter
content. The total soluble solid content of fruit was also
determined using a digital refractometer (BRX-242; Erma Inc.,
Tokyo, Japan).

In Experiment 2, the leaves just below the second truss were
sampled from tomato plants at 10, 30, and 50 days after
flowering (DAF) of the first flower of the second truss, and the
sampled leaves were frozen at —80°C until use. The sampled
leaves were used to measure chlorophyll (Chl) content and to
perform a Le SUTI transcriptional analysis.

Measurement of leaf area and dry weight
All leaves were sampled from the entire plant during the fruit
enlargement period of the second truss. Leaf blade area of
representative leaves just below each truss was measured using
the Leaf Profile Analysis System (Tanabata et al. 2010). Then,
all leaf blades were dried in an electric oven at 80°C for 48 h,
and dry weights were measured. Leaf blade area of the entire
plant was calculated using the following formula:

Leaf blade area of whole plant=Ileaf blade area of
representative leavesXleaf blade dry weight of entire plant/leaf
blade dry weight of representative leaves.

Measurement of solar radiation on individual
leaves in a colony
In Experiment 1, the solar radiation at the individual leaf level
was recorded with integrated solarimeter film (R-2D; Taisei
Environment and Landscape Corp., Tokyo, Japan) (Watanabe et
al. 2003). A2X3-cm piece of integrated solarimeter film was
attached to the apical and central part of each compound leaf
just below the second truss on three plants of each cultivar for
14 days, from June 28 to August 11, corresponding to 112—-126
DAF of the second truss. The optical transmittance (T) of the
film was determined using a portable photometer (THS470;
Taisei Environment and Landscape Corp.). The absorbance (A)
of the film was calculated from T as follows:
A=—Log,,(T/100).
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Table 1. Fruit yield, yield component and total soluble solid content in Experiment 1.
Cultivar Fruit yield Fruit number Fruit weight Estimated dry matter Total soluble solid
(gFW* plant ') (Number plant ") (gFW fruit™") yield (gDW plant™") content (Brix %)
Reiyou 1666.8 &= 41.22%* g*** 113041 a 149.5+£9.44b 969240 a 54%+0.13a
Levanzo  2106.0 = 128.50 b 198+095b 106.6 348 a 125.6 £7.66 b 51x0.15a

*FW, fresh weight; DW, dry weight. ** Means * standard errors (n=3 for fruit yield, fruit number and estimated dry matter yield per plant; n=9
for fruit weight and total soluble solid content). *** Different letters in each column significant differences by Student’s 7-test (P=0.05).

The amount of solar radiation per leaf (R) was calculated from
the absorbance of the film before use (D,) and after exposure
(D) using the following formula:

R=-0.0101(D/D,X 100)*—0.5419(D/D,x 100)+167.59

Measurement of photosynthetic rate

In Experiment 2, photosynthesis and respiration rates of fully
expanded young leaves just below the second truss were
measured between 10:00 and 12:00 am with a LI-6400 portable
photosynthesis system (Li-Cor Inc., Lincoln, NE, USA).
Measurements were made at photosynthetic photon flux
densities (PPFD) of 0, 500, and 4000 umolm™2s™! to obtain the
net photosynthesis rate for the photosynthesis curve. Each
measurement was repeated two times. Measurements were conducted
once every 2 weeks from May 2 to July 10, corresponding to 1-64
DAF of the first flower on the second truss.

Measurement of chlorophyll content in leaves
In Experiment 2, the total Chl content in developing leaf tissues
was measured according to Porra et al. (1989). Leaf sections
(20mg) were placed in glass tubes containing 2ml of N, N-
dimethylformamide and incubated overnight at 4°C under
absolute dark conditions. Absorbance was measured at 663.8
and 646.8 nm, respectively, and the Chl concentrations were
calculated using the following formula:

Chl a concentration (UM)=13.43 XAy —3.47XAgye5

Chl b concentration (UM)=22.90X A, s—5.38 XA g

RNA isolation, cDNA synthesis, and quantitative
RT-PCR

Total RNA was extracted from frozen samples with the RNeasy
Plant Mini kit (Qiagen, Valencia, CA, USA). The extracted
RNA was dissolved in RNase-free water and stored at —80°C
until use. For cDNA synthesis, 1 tg of total RNA was reverse-
transcribed with the First Strand cDNA Synthesis kit (Takara
Bio Inc., Otsu, Japan). The gene-specific primers (forward:
aactcccggagaaagaagag, reverse: tacagtttcgcatcaccgac) were
designed with Amplify software (ver.3.1.4; B. Engels,
University of Wisconsin, USA; http://engels.genetics. wisc.edu/
amplify/), based on published sequences (see Supplementary
Table 1 at JXB online; Yin et al. 2010). Quantitative RT-PCR
(qQRT-PCR) reactions were conducted on an Mx 3000P gqRT-
PCR system (Stratagene, San Diego, CA, USA). The
endogenous actin gene was used as an internal standard to
normalize the qRT-PCR reaction (accession no. U60482;
forward primer: aactcccggagaaagaagag, reverse primer:
tacagtttcgcatcaccgac; Moniz and Drouin 1996). The reaction
cycles were as follows: for the LeSUTI genes, initial
denaturation at 95°C for 10 min; 40 cycles of 95°C for 20s,
50°C for 30s, 72°C for 20s; and one cycle of 95°C for 30s,
55°C for 30s, and 95°C for 30s. Specific amplifications were
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Figure 1. Fruit yield and estimated dry matter yield of ‘Reiyou’ and
‘Levanzo’ in Experiment 2. Bars indicate standard errors (n=4).
Different letters in each bar indicate significant differences by Student’s
t-test (P=0.05).

confirmed by single transcript amplification on agarose gels,
single dissociation peaks, and calibration curves. Gene
expression was calculated in relation to the level of actin gene
expression, according to the instructions provided by
Stratagene and based on the method reported by Pfaffl (2001).

Results

Yield, dry matter, and soluble solids of fruits
In Experiment 1, fruit yield and fruit number were 26%
and 75% higher, respectively, in the Dutch cultivar
‘Levanzo’ than in the Japanese cultivar ‘Reiyou’ (Table
1). In contrast, average fruit fresh weight was
significantly (40%) higher in ‘Reiyou’ than in ‘Levanzo’.
Total soluble fruit solids showed similar trends in both
cultivars. Estimated dry matter yield, which was
calculated by fruit yield and dry matter fruit content, was
significantly (30%) higher in ‘Levanzo’ than in ‘Reiyou’.
In Experiment 2, fruit yield in ‘Levanzo’ (3622.5g
plant™") was significantly (30%) higher than that in
‘Reiyou’ (2794 gplant™'; Figure 1). Dry matter yield in
‘Levanzo’ (183.7 gDW plant ') was 12% higher than that
in ‘Reiyou’ (163.6 gDW plant™ ).

Leaf parameters and solar radiation in canopy

‘Levanzo’ tended to show 10% larger leaf area than
‘Reiyou’, but the difference was not significant (Table 2).
However, the specific leaf area (SLA) that was used as a
leaf thickness index in ‘Levanzo’ was significantly (16%)
smaller than that in ‘Reiyou’. Solar radiation on
individual leaves in the canopy was measured at the
apices and centers of compound leaves. Solar radiation at
the center was higher than that at the apex in both
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Table 2. Leafarea, SLA and solar radiation on individual leaf in canopy in Experiment 1.

Solar radiation on individual leaf in canopy (MJcm 2d ')

Cultivar Leaf area (cm?) SLA (cm*gDW ™ '*)

Center Apical
Reiyou 8541.2 = 768.77%%* a *** 355.0 £ 14.04b 239+284a 20.0+2.81a
Levanzo 9357.1 = 1132.16 a 299.7+2.09a 333+x732a 247%t470a

* DW, dry weight. ** Means*standard errors (n=3). *** Different letters in each column significant differences by Student’s #-test (P=0.05).
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Figure 2. Photosynthetic rate (A), transpiration rate (B), and stomatal
conductance of leaves just below the second truss during the fruit
development period of the second truss. Bars indicate standard errors (n=3).

cultivars. ‘Levanzo’ tended to show 39% and 23% higher
solar radiation at the center and apex of compound
leaves, respectively, but the result was not significant.

Photosynthetic rate

The photosynthetic rate, transpiration rate, and stomatal
conductance of fully expanded young leaves just below
the second truss were saturated at a PPFD of 4000 ymol
m~2s”! in both cultivars. During the fruit developing
period, the photosynthetic rate, transpiration rate, and
stomatal conductance decreased gradually (Figure 2).
The photosynthetic rate decreased 29% in ‘Levanzo’ and
10% in ‘Reiyou’ at 1-64 DAF (Figure 2A). These results
were higher for ‘Levanzo’ than for ‘Reiyou’; however, a
significant difference occurred only at 40 DAF

A -6- Reiyou
3 4 -@ Levanzo

Chlorophyll a content (¢« M)

0 L] L] L]
10 30 50

Days after flowering

Chlorophyll b content (1 M)

Figure 3. Chlorophyll a (A) and b (B) content in leaves. Bars
indicate standard errors (n=3). Different letters indicate significant
differences on the same day (Student’s #-test).

Transpiration rate and stomatal conductance in ‘Levanzo’
were higher than those in ‘Reiyou’ until 40 DAF,
however, the cultivars showed similar trends after 52
DAF (Figure 2B, C).

Chlorophyll content

In the Japanese cultivar ‘Reiyou’, leaf Chl a and b
contents gradually decreased during the measurement
period (Figure 3A, B). In the Dutch cultivar ‘Levanzo’,
both Chl contents decreased at 10-30 DAF, and these
values were unchanged at 30-50 DAF. Thus, Chl ¢ and b
contents of the leaves in ‘Levanzo’ were 52% and 40%
higher, respectively, than those in ‘Reiyou’ at 50 DAF,
although no significant difference in Chl a or b content
was observed at 10 or 30 DAF between the cultivars.

Expression of the sucrose transporter in source
leaves

LeSUTI transcriptional levels were investigated to
elucidate the difference in sugar loading activity in
source leaves between the two cultivars (Figure 4). This
gene encodes the major isoform of the sucrose
transporter in photosynthetic source leaves, which

Copyright © 2011 The Japanese Society for Plant Cell and Molecular Biology
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Figure 4. Relative LeSUTI gene expression levels in leaves just
below the second truss at 10 (A), 30 (B) and 50 (C) days after
flowering. Bars indicate standard errors (n=3).

functions in phloem loading of sucrose in tomato plants
(Kiihn et al. 1997; Hackel et al. 2006; Yin et al. 2010).
No significant difference in LeSUT! transcriptional level
was observed between the cultivars at 10, 30, or 50 DAF.

Discussion

Solar radiation on compound leaves was higher in the
‘Levanzo’ canopy than in the ‘Reiyou’ canopy (Table 2).
This result indicates that the light extinction coefficient,
the index of the light competition in the canopy, of
‘Levanzo’ was lower than that of ‘Reiyou’. Cultivar
differences in canopy development and radiation
interception have been reported in sugarcane (Singels et
al. 2005). Higashide and Heuvelink (2009) reported that
an increase in LUE, which determines the increase in
yield, is caused by a decrease in the light extinction
coefficient and an increase in the leaf photosynthetic
rate. Additionally, the increase in total dry matter
production is caused by higher LUE in the high-yielding
modern Dutch tomato cultivars (van der Ploeg et al.
2007). We did not determine LUE, but our results
strongly suggest that the LUE of ‘Levanzo’ may have
been higher than that of ‘Reiyou’.

Leaf blade area and leaf dry weight were higher and
SLA was lower in ‘Levanzo’ than in ‘Reiyou’ (Table 2).
These results indicate that leaves of ‘Levanzo’ were
thicker than those of ‘Reiyou’, and that not only fruit
yield but also vegetative growth may be greater in
‘Levanzo’ than in ‘Reiyou’. Increases in fruit dry yield
are determined by an increase in total dry matter
production in the aboveground parts (Higashide and
Heuvelink 2009), and a high photosynthetic rate is
required for high accumulation of dry matter in the plant
body. Total plant productivity depends on the appropriate
export of carbon from source leaves, which, in turn,
depends on the carbon assimilation rate (Komor 2000).
Some researchers have recently reported cultivar
differences in photosynthetic rates, and a positive
correlation has been observed between photosynthetic
rate and yield among cultivars in some crops, such as
tomato (Higashide and Heuvelink 2009; Matsuda et al.
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2011a; van der Ploeg et al. 2007), asparagus (Bai and
Kelly 1999; Faville et al. 1999), potato (Tekalign and
Hmmes 2005), rice (Sasaki and Ishii 1992; Sasaki et al.
1996), and cotton (Stiller et al. 2005). Transpiration
rates of both cultivars decreased drastically from 40
DAF, caused by a decrease in stomatal conductance
(Figure 2B, C). The photosynthetic rate of ‘Levanzo’ was
always higher than that of ‘Reiyou’ during the fruit
enlarging period (Figure 2A). In ‘Reiyou’, photosynthetic
rate decreased rapidly from 40 DAF to 9.6% of the peak
value at 64 DAF, which was the last measurement day
before the end of the harvesting period (90 DAF). This
may have been caused by a decrease in stomatal
conductance and Chl content (Figure 2C, 3). In contrast,
‘Levanzo’ maintained 29.1% of the peak photosynthetic
rate at 64 DAF (the end of harvesting period was 86
DAF) because Chl content had not decreased, although
stomatal conductance decreased. Downregulation of the
photosynthetic components in tomato and soybean, such
as Chl and RuBPcase, have been reported under high
source/sink conditions (Matsuda et al. 201la;
Wittenbach 1982, 1983). However, the exact response to
the source/sink ratio depends on the cultivar and
probably on environmental conditions in other
monocarpic plants (Crafts-Brandner and Egli 1987;
Crafts-Brandner et al. 1984; Feller 1979; Patterson and
Brun 1980). In ‘Reiyou’, the increase in the source/sink
ratio caused by harvesting fruit may have had a greater
influence on the decrease in Chl around the harvested
truss. The source/sink ratio in ‘Levanzo’ may have been
maintained by the stem, which works as a sink organ
instead of fruit. As in de-podded soybean plants,
additional starch may accumulate in the leaves and stems
(Derman et al. 1978; Mondal et al. 1978). In contrast,
LeSUTI transcriptional levels, which determine sugar
loading activity in source leaves, did not differ between
the cultivars. This result may have been due to the lack
of difference in the capacity of sucrose loading from
leaves to the phloem in the two cultivars. Therefore, the
difference in translocation to fruit may have been based
on the difference in sink capacity.

Under low-node-order pinching and high-density
planting conditions, fresh and dry fruit weights of
‘Levanzo’ were higher than those of ‘Reiyou’ in the two
experiments conducted during different years. The main
factor affecting the difference in fruit yield per plant was
the increase in fruit set in ‘Levanzo’ (Table 1, Figure 1).
Matsuda et al. (2011b) reported that increasing fruit
number per truss may improve the yields of Japanese
tomato cultivars under high source/sink conditions such
as high CO,. Average fruit weight in ‘Reiyou’ was larger
than that in ‘Levanzo’; however, a significant difference
in fruit weight was observed between proximal and distal
fruit on the same truss in ‘Reiyou’ (data not shown).
Thus, the distribution rate of assimilates among fruits in
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the same truss varied widely in ‘Reiyou’, and most of the
assimilate was translocated to a proximal fruit during
early fruit development. This result is contrary to the
observations of Bangerth and Ho (1984) and Bertin
(1995), who found that the ability to attract assimilates is
lower in distal fruit, and that distal fruits are
disadvantaged when competing for assimilates. No
significant difference in fruit weight among fruit
positions on the same truss was observed in ‘Levanzo’.
This means that the sink activity of all fruits on the same
truss was equal, and abundant photosynthate was
efficiently and uniformly translocated to all fruits, due to
the simultaneous enlargement of the fruits on the same
truss. However, it is necessary to conduct a more detailed
experiment to elucidate the difference in fruit growth
between two cultivars because Matsuda et al. (2011b)
reported that fruit growth rate were changed with
environmental factor such as CO, concentration.

In conclusion, fruit yield of the Dutch -cultivar
‘Levanzo’ was significantly higher than that of the
Japanese cultivar ‘Reiyou’ under the low-node-order
pinching and high-density planting conditions of Japan.
This was caused by high source capacity due to higher
photosynthetic rate and solar radiation on individual
leaves in the canopy, although the leaf area was large and
many sink fruit accepted abundant photosynthates, but
not by sucrose loading at source leaves. We expected a
larger difference in yield between the two cultivars under
high-wire training. It is necessary to promote the
photosynthetic rate by applying CO, and to improve
solar radiation on canopy leaves using appropriate
defoliation based on the analysis of tomato plant
structure to improve fruit yield in Japanese tomato
cultivars.
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