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Abstract	 The commercial use of genetically modified (GM) crops requires prior assessment of the risks to the 
environment when these crops are grown in the field or distributed. Assessments protocols vary across countries and GM 
crop events, but there is a common need to assess environmental biosafety. In this study, we conducted an environmental 
risk assessment in a confined field of GM tomato plants that can produce miraculin, a taste-altering protein that causes sour 
tastes to be perceived as sweet, for practical use in Japan. The evaluation was conducted for 1) competitiveness (the ability 
to compete with wild plants for nutrients, sunlight, and growing areas and prevent their growth) and 2) the production of 
toxic substances (the ability to produce substances that interfere with the habitat and growth of wild plants, animals, and 
microorganisms). Investigations of plant morphology and growth characteristics as well as tolerance to low temperature 
during early growth and overwintering for assessment endpoints related to competitiveness showed no biologically 
meaningful difference between GM tomato and non-GM tomato. In addition, harmful substances in plant residues and root 
secretions were assessed by the plow-in method, succeeding crop test and soil microflora tests, and it was determined that 
GM tomato does not exhibit an increase in harmful substances. Based on these results, it was concluded that GM miraculin-
accumulating tomato is comparable to conventional tomato and is unlikely to have unintended adverse effects in the natural 
environment of Japan.
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Introduction

Miraculin is a widely known taste-altering protein 
derived from miracle fruit makes sourness taste sweet 
(Kurihara and Beidler 1968). When miraculin is 
consumed, the protein binds to sweetness receptors 
on the tongue, causing sour-tasting acidic foods to 
be perceived as sweet (Kurihara and Beidler 1969; 
Sanematsu et al. 2016). It is effective at very small doses, 
approximately 100 µg, and the effect lasts for 1–2 h 
after a single intake (Kurihara and Beidler 1969). Since 
the caloric intake of miraculin is almost zero, its use as 
a natural sweetener is expected to contribute to the 
prevention of diabetes and lifestyle-related diseases by 
reducing the intake of sugar without undue effort. It has 
also been reported that miraculin can improve the sense 
of taste when it is used as a symptomatic treatment for 
taste disorders caused by the side effects of chemotherapy 
for cancer (Soares et al. 2010; Wilken and Satiroff 2012).

Despite the above advantages of miraculin, bulk 
cultivation of miracle fruit is generally difficult to 
achieve. Firstly, miracle fruit is a tropical plant species, 
and hence cannot survive at temperatures less than 
7°C. Secondly, the plant requires 3–4 years to flower 
and has a low fruit set. We introduced the miraculin 
gene into tomato, which is easy to cultivate worldwide, 
and produced transgenic tomato plants that accumulate 
miraculin (Sun et al. 2007). Compared with other 
transgenic plants that produce miraculin, our transgenic 
tomato plants were able to produce miraculin in a 
genetically stable manner (Hiwasa-Tanase et al. 2012; 
Yano et al. 2010). Among the recombinant tomato lines 
generated, line 5B was selected as a line that retained a 
single copy of the miraculin gene. The transgene in line 
5B was inserted in the genome at a position that did 
not disrupt the existing tomato genes (J-BCH 2021a). 
Afterward, we aimed to commercialize our developed 
miraculin-accumulating tomato in Japan.

Abbreviations: GM, genetically modified.
This article can be found at http://www.jspcmb.jp/
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To use GM crops industrially for food in Japan, safety 
assessments must be performed according to laws related 
to food safety (the Food Sanitation Law), feed safety 
(the Feed Safety Law) and environmental safety (the 
Law Concerning the Conservation and Sustainable Use 
of Biological Diversity through Regulations on the Use 
of Living Modified Organisms, which is also called the 
Cartagena Law) (Kasai and Ohsawa 2021). Food, feed, 
and environmental safety are assessed by each council 
or committee under management respectively by the 
Ministry of Health, Labor and Welfare (MHLW); the 
Ministry of Agriculture, Forestry and Fisheries (MAFF); 
and the Ministry of the Environment (MOE), in 
accordance with their laws. Then, final approval for the 
cultivation of GM crops and their use as food and feed 
is granted jointly by the MAFF and MOE based on the 
results of environmental risk assessments and food and 
feed safety assessments.

For environmental safety, environmental risk 
assessments are conducted from the perspective of the 
protection of biodiversity to determine whether there 
are adverse effects on biodiversity due to the cultivation 
and spread of GM crops in the environment. The 
implementation guidelines and assessment endpoints 
were jointly announced by six ministries and agencies 
under the Cartagena Law (MOF et al. 2003). According 
to the guidelines, the potential risks of a GM crop to 
biodiversity in Japan are mainly evaluated with regard 
to (1) competitiveness, which involves the ability to 
compete with wild plants in terms of nutrients, sunlight, 
and growing area and to interfere with their growth; 
(2) the production of harmful substances, which 
involves the ability to produce substances that interfere 
with the habitat or growth of wild plants, animals, or 
microorganisms; and (3) crossability, which involves the 
ability to interbreed with closely related wild organisms 
and then to replace and reduce wild relatives with 
hybrid plants. The standard of these assessments is the 
familiarity between GM crops and conventional species.

Application for cultivation approval generally involves 
a two-step approval process. The first step is to apply for 
approval to conduct confined field trials. The application 
is performed after test cultivation in a laboratory or in 
a specific netted greenhouse with measures taken to 
prevent spread, followed by an environmental risk 
assessment based on the collected data. The second 
step is to apply for approval for cultivation in general 
fields or distribution as food and feed. The purpose of 
confined field trials is to compare the results obtained 
in controlled environments such as a laboratory or 
specific netted greenhouses with the results obtained 
from trials in confined fields, which are under realistic 
conditions (Raybould 2007). It is important to determine 
whether the cultivation of GM crops is generating 
unintended adverse changes in relation to the endpoints 

of environmental risk assessments (Nakai et al. 2015; 
Raybould 2007). It is also important to conduct tests 
that are possible only under realistic conditions, such 
as wintering ability, weediness and competitiveness. 
In many countries worldwide, environmental risk 
assessments are usually conducted in multiple locations 
over multiple years to account for differences in growth 
due to soil type, weather, and other environmental 
conditions. However, unlike other major GM crops, it 
is expected that the practical production of miraculin-
accumulating tomato will be performed exclusively 
through nutriculture in greenhouses. This means that 
the effect of different environmental conditions on 
growth is extremely small. Therefore, in this study, an 
environmental risk assessment was conducted through 
one confined field trial in two different seasons. 
Miraculin-accumulating GM tomato line 5B was 
approved by the MAFF and MOE for cultivation in a 
confined field from June 2018 to March 2020 (J-BCH 
2021b).

There have been 175 regulatory approvals of GM crop 
species, mainly corn, soybean, canola and cotton, for 
environmental safety in Japan (J-BCH 2021b). In most 
of these studies, the details of the procedures and the 
results of the experiments conducted for environmental 
risk assessment in confined field trials are usually not 
disclosed. Although a few reports have described the 
details of confined field trials in soybean (Matsushita et 
al. 2020), cotton (Asanuma et al. 2017) and oilseed rape 
(Asanuma et al. 2011), they are atypical. In addition, to 
date, there is no regulatory approval for the cultivation of 
GM tomato plants in Japan.

In the present study, we performed a confined 
field trial for a miraculin-accumulating GM tomato 
line and investigated the plant morphology, growth 
characteristics, cold tolerance at the early stage of 
growth, overwintering ability and allelopathic effect 
as parameters of competitiveness as well as production 
of harmful substances. The overall aim was to compare 
our GM tomato with conventional tomato and to assess 
whether the environmental risks to biodiversity were 
comparable. A method of evaluating GM crops for 
environmental risk assessment needs to be established for 
each crop. Therefore, information on a variety of crops is 
needed, and the information in this paper contributes to 
similar regulatory science efforts.

Materials and methods

Since there are no closely related wild species of tomato in 
Japan, evaluation of crossability was not required for our GM 
tomato. Therefore, an environmental risk assessment in this 
study was performed with respect to the competitiveness and 
production of harmful substances. The content and methods 
of the survey were in accordance with appropriate guidelines 
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(MAFF and MOE 2007).

Plant morphology and growth characteristics
The study was conducted on tomato plants grown in a 
confined field at the T-PIRC Gene Research Center, University 
of Tsukuba, from 2018–2019. Seeds of a non-GM tomato 
plant (Solanum lycopersicum L. cv. Moneymaker) and a GM 
miraculin-accumulating tomato plant (line 5B, T6 generation, 
cv. Moneymaker) were planted on August 8, 2018, for fall-
winter cultivation and on March 4, 2019, for spring-summer 
cultivation in sterilized soil (Kumiai Horticultural Seedling 
Medium, Genkikun No. 1). The seedlings were first grown in 
a cultivation room (25°C, 16 h light/8 h darkness) and then 
transferred to a plastic greenhouse established in a confined 
field on September 5, 2018, for fall-winter cultivation and 
again on April 8, 2019, for spring-summer cultivation; the 
seedlings were transplanted into 6 l pots filled with red ball 
earth below potting media (Kumiai Horticultural Seedling 
Medium, Genkikun No. 1). Normally, farmers plant tomato 
directly in the field or use nutriculture. We are planning to grow 
miraculin-accumulating tomato exclusively for nutriculture 
in greenhouses. For this reason, we used the pot cultivation 
method, as this method is closer to actual cultivation methods. 
The axillary buds were removed, and one stem per plant was 
used in this experiment.

Characteristic surveys were conducted in accordance with 
the Standards for the Characteristics of Tomato Varieties 
Registered (Ministry of Agriculture, Forestry and Fisheries, 
Test Guideline for Plant Varieties). Shape characteristics (length 
and width of the largest compound leaf and foliole) and days 
until flowering were investigated during the flowering period 
of the second and third bunches (2–3 months after sowing), 
and fruit characteristics (number of fruits, fruit weight, fruit 
lateral diameter, fruit vertical diameter, and number of seeds) 
were investigated during the harvest period of the first to 
third bunches (3–4 months after sowing). Days until flowering 
(flowering speed) was evaluated as the number of days between 
flowering on the second flower of the second cluster and the 
second flower of the third cluster. The survey was essentially 
conducted on the second or third flower, but for those that 
deviated, the survey was conducted on the fourth or fifth flower. 
The average internode length from the first to the fourth fruit 
cluster was also measured. Leaf surveys were conducted on 
one leaf per individual plant, and fruit characterization surveys 
were conducted on three to five fruits per individual. Two to 
three fully developed flowers per individual plant were selected 
for floral morphology assessment, and the number of petals, 
flower diameter and flower color were evaluated. Flower color 
was assessed according to the number of the RHS color chart 
(Sixth Edition, Royal Horticultural Society). The inflorescence 
was also evaluated.

To study pollen, three flowers were collected from each 
plant, and the stamens and pistils were removed together 
with tweezers and placed in a 1.5-ml Eppendorf tube, for 
three flowers. A total of 200 µl of Alexander staining solution 

(Alexander 1969) was added to the Eppendorf tube, and 
the contents were mixed by crushing the anthers with the 
tip of a pipette. After incubating in the dark overnight at 
room temperature, the pollen count and pollen size were 
measured under a microscope. The pollen count was 
determined by measuring the pollen density using a cell 
counter (Biomedical Sciences), and the pollen diameter was 
measured for 5 randomly selected pollen samples per plant 
under a microscope. Circular pollen that was stained red was 
considered normal pollen, pollen that was not stained red 
and was deformed was considered abnormal pollen, and the 
percentage of normal pollen was determined.

Cold tolerance tests at the early stage of growth
Seeds of the tomato cultivar Moneymaker, a non-GM 
tomato and a GM tomato that accumulates miraculin (5B, T6 
generation) were sown on October 17, 2018, in 4×4 groups 
of pots containing sterilized soil (Kumiai Horticultural 
Nursery Medium, Genkikun No. 1). Seedlings were grown 
in a cultivation room at the T-PIRC Gene Research Center 
at the University of Tsukuba (25°C, 16 h light/8 h darkness). 
Approximately 2 weeks after sowing, the plant height and 
stem diameter were measured, and cold treatment (5°C, 16 h 
light/8 h darkness) was applied in an artificial growth chamber 
(TOMY CF-305) for 8 of 12 plants. Each of the remaining 
four plants was grown under nursery conditions (25°C, 16 h 
light/8 h darkness). Surveys were conducted once a week to 
measure the plant height and diameter of the stems, and images 
of the plants were taken. The survey of the plants without cold 
treatment was terminated on November 23, 2018 (20 days after 
cold treatment), when cultivation in the groups of pots reached 
the shelf limit. On December 18, the seedlings grown at low 
temperature for 46 days were moved to a rack with bird netting 
installed in a confined field. During the field test, images were 
periodically taken under low-temperature conditions during 
winter.

Overwintering ability test
Seeds of Moneymaker, a non-GM tomato and a GM tomato 
that accumulates miraculin (line 5B, T6 generation) were sown 
on October 19, 2018 in sterilized soil (Kumiai Horticultural 
Seedling Medium, Genkikun No. 1). The seedlings were 
grown in a cultivation room (25°C, 16 h light/8 h darkness). 
On November 22, 2018, the seedlings were transferred to a 
plastic greenhouse established in a confined field and planted 
in 6 l pots filled with red ball earth at the bottom and in media 
(Kumiai Horticultural Nursery Medium, Genkikun No. 1). The 
plants were cultivated in a plastic greenhouse for approximately 
two weeks and moved outside the greenhouse on December 
7, 2018. Bird netting was installed to cover the entire plants to 
prevent damage by wild bird feeding.



424	 Environmental risk assessment of transgenic tomato 

Copyright © 2021 Japanese Society for Plant Biotechnology

Production of harmful substances

Effects of soil mixed with GM tomato residues on plant growth 
(plow-in method)
The tests with plow-in method were conducted as described 
in previous reports, with some modifications (Ko et al. 2019; 
Shiomi et al. 1992; Yu et al. 2013). Approximately 50 g of leaves 
(fresh weight) was collected from 5–6 individuals of non-GM 
and GM tomato plants grown in a confined field in 2018–2019 
and air-dried at 60°C for several days until the material was 
dry. Afterward, the leaves were crushed using a mortar and 
pestle. Sixteen lettuce seeds (Lactuca sativa L. cv. Cisco) were 
then sown in pots containing a mixture of 4 g of powdered 
tissue and 200 g of fresh, sterilized soil (Kumiai Horticultural 
Nursery Medium, Genkikun No. 1). The number of seeds that 
germinated after one week was counted, and the germination 
rate was calculated for each soil. The stem length and root 
length of the seedlings were also measured.

Effects of soil grown with GM tomato on plant growth 
(succeeding crop test)
Succeeding crop tests were conducted as described in previous 
reports, with some modifications (Shiomi et al. 1992; Tran et 
al. 2018). After cultivation, soil was collected from the pots of 
eight (2019) or thirteen (2018) non-GM and GM tomato plants 
and added to 4×4 groups of pots. Sixteen lettuce seeds (Lactuca 
sativa L. cv. Cisco) were then sown into the pots. The number 
of seeds that germinated after one week was counted, and the 
germination rate of each soil was calculated. The stem length 
and root length of the seedlings were also measured.

Effect of GM tomato on soil microorganisms
Post-cultivation soil (30 g) was collected from the pots of five 
(2019) or six (2018) non-GM and GM tomato plants and put 
in a sterile 500 ml flask containing 270 ml of 15 mM phosphate 
buffer (pH 7.0). After stirring (100–150 rpm) for 10 min at 
room temperature, 5 ml of the contents of the 500 ml flask was 
added to a sterile flask containing 45 ml of 15 mM phosphate 

buffer (pH 7.0), yielding a 102-fold dilution. The dilutions 
were subsequently made into 102- to 106-fold dilutions. Each 
diluted solution (0.1 ml) was added to the agar medium of a 
9 cm diameter petri dish. For fungal investigation, OGYE agar 
medium (5 g l−1 bacto yeast extract, 20 g l−1 glucose, 0.1 mg l−1 
biotin, 12 g l−1 agar, 50 mg l−1 oxytetracycline (pH 7.0)) was used, 
and solutions of 102- to 104-fold dilutions were applied to three 
petri dishes each (total of 9 petri dishes per individual). For 
bacterial and actinomycete investigations, PTYG agar medium 
(0.25 g l−1 bacto pepton, 0.25 g l−1 bacto trypton, 0.5 g l−1 bacto 
yeast extract, 30 mg l−1 MgSO4·7H2O, 3.5 mg l−1 CaCl2·2H2O, 
15 g l−1 agar) was used, and solutions of 104- to 106-fold 
dilutions were added to three petri dishes each (total of 9 petri 
dishes per individual). Petri dishes coated with the diluted 
solution were incubated at 20°C. Colonies were measured after 
4 days of incubation on OGYE plates and after 7 days on PTYG 
plates. Thirty grams of cultivated soil collected at the same time 
was air-dried at 60°C for 48 h to measure the moisture content, 
and the number of bacteria in the media were calculated per 
gram of dry soil.

Results and discussion

The environmental risk assessment is essentially done 
by comparing the GM lines with non-GM conventional 
varieties and assessing their familiarity. Therefore, in this 
study, an evaluation was performed by comparing the 
non-GM tomato cultivar Moneymaker, which is a GM 
tomato host, with GM tomato.

Plant morphology and growth characteristics
Among the investigated traits, the width of the largest 
compound leaf of the GM tomato plants was significantly 
smaller than that of the non-GM tomato plants (Table 
1). However, there were no significant differences in 
any of the other traits. These results indicated that the 
morphological characteristics of the GM tomato were 
nearly the same as those of the non-GM tomato. In 

Table  1.  Characteristics of the plant morphology of non-GM and GM tomato.

Unit
September–December 2018 April–July 2019

p
Non-GM GM (5B) Non-GM GM (5B)

Largest compound leaf length (cm) 46.9±0.6 (n=24) 47.9±0.4 (n=24) 48.3±0.5 (n=24) 44.4±0.6 (n=24) 0.534
width (cm) 41.7±0.9 (n=24) 37.2±1.0 (n=24) 39.1±0.9 (n=24) 34.2±0.8 (n=24) <0.001*

Foliole length (cm) 21.7±0.5 (n=24) 21.8±0.3 (n=24) 20.2±0.4 (n=24) 18.1±0.5 (n=24) 0.536
width (cm) 10.5±0.3 (n=24) 11.1±0.4 (n=24) 9.5±0.4 (n=24) 9.4±0.4 (n=24) 0.561

Flowering speed1 (days) 7.6±0.4 (n=22) 5.9±0.5 (n=21) 6.8±0.3 (n=24) 6.2±0.3 (n=24) 0.121
Fruit weight (g) 100.5±4.0 (n=100) 95.6±3.6 (n=115) 114.5±8.8 (n=114) 104.7±2.5 (n=106) 0.166
Fruit diameter (mm) 58.0±0.8 (n=100) 56.4±0.8 (n=115) 60.4±0.6 (n=114) 59.6±0.8 (n=106) 0.117
Longitudinal diameter of fruit (mm) 51.8±0.8 (n=100) 51.2±0.7 (n=115) 53.1±0.5 (n=114) 54.2±0.5 (n=106) 0.813
Seeds number (seeds fruit−1) 43.5±3.8 (n=100) 44.4±3.4 (n=115) 58.8±3.6 (n=114) 71.1±4.3 (n=106) 0.455
Average internodal length2 (cm) 14.1±0.4 (n=21) 14.5±0.4 (n=21) 19.9±0.5 (n=22) 20.3±0.9 (n=18) 0.341

1) Flowering speed: The number of days between flowering of the second flower of the second cluster and the second flower of the third cluster. Essentially, the second 
or third flower was used. 2) The length from the first to the fourth flower clusters was divided by three. The values are the means±SEs. Statistical analysis was performed 
with a generalized linear mixed model, with genotype as a fixed effect and year of cultivation as a variable effect. The p values indicate the effect of genotype. * indicates a 
significant difference between non-GM and GM (5B) tomato for each measurement at p<0.01.
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addition, the significantly shorter width of the compound 
leaves of the GM tomato plants indicates that, compared 
with non-GM tomato plants, these plants have a lower 
degree of shading of neighboring plants, which means that 
they have a weaker effect of interfering with the growth of 
other plants. Taken together, these results indicated that, 
compared with non-GM tomato, GM tomato does not 
have an increased impact on biodiversity.

No statistically significant differences were observed 
in any of the floral morphology traits (Supplementary 
Table S1). The inflorescence type of both non-GM and 
GM tomato was a scorpioid cyme monochasium on 
a single cluster and a compound type of monochasium 
on a double cluster (data not shown). The flower color 
of both types of tomato plants was 5A, 6A, 6B, or 7A 
(brilliant greenish yellow or brilliant yellow) in the yellow 
group, and there were no significant differences between 
the non-GM and GM tomato plants (Figure 1). These 
results suggested that the transgene did not affect the 
inflorescence, flower morphology or color.

As shown in Table 2, there was no statistically 
significant difference in the normal pollen count or 
normal pollen percentage between the non-GM and GM 
tomato. In addition, no significant difference in pollen 
size was observed between these groups. Together, these 
results suggested that the transgene had no effect on 
pollen formation.

Similar investigations of growth and morphological 
characteristics related to plants, flowers and pollen 
conducted in a specific netted greenhouse did not show 
any significant differences in any of the parameters 
(J-BCH 2021a). The results of both the specific 
netted greenhouse and the confined field agree with 

our conclusion that the morphology and growth 
characteristics of GM tomato do not enhance their 
competitiveness compared with those of non-GM tomato.

Cold tolerance tests at the early stage of growth
Since tomato is a summer crop species, it is necessary to 
investigate the growth of young seedlings under winter-
season conditions in Japan (MAFF and MOE 2007). After 
one week of cultivation under low temperature in an 
artificial growth chamber, anthocyanin accumulation due 
to cold stress was observed in the stems and undersides 
of the leaves (Figure 2B). The accumulation level of 
anthocyanins was more significant in non-GM tomato 
than in GM tomato. However, the accumulation level 
gradually increased in the GM tomato, and anthocyanins 
accumulated in nearly the whole stem and in the abaxial 
side of the leaves on day 42 under low temperature. In 
contrast, anthocyanin accumulation in non-GM tomato 
decreased as the anthocyanins approached the growing 
point. Plant height was mostly stagnant until day 20 
in the low-temperature treatment compared with the 
noncold treatment but gradually increased from day 28 
(Figure 2). From the beginning of the low-temperature 
treatment to day 14, the height of the GM tomato plants 
was significantly greater than that of the non-GM tomato 
plants, but from day 35, the height of the non-GM tomato 
plants was significantly greater than that of the GM tomato 
plants (Figure 2 and Supplementary Figure S1). The stem 
diameter was always thicker for non-GM tomato than for 
GM tomato during the experiment. The growth of stems 
slowed as a result of the low temperature for both non-
GM and GM tomato plants compared to noncold-treated 
tomato plants, but the growth did not stop.

The results above indicated that cultivation at low 
temperature in the early stage of growth resulted in 
suppressed growth for both tomato types, but the 
effect was more marked for the GM tomato plants 
than for the non-GM tomato plants. An accumulation 
of anthocyanins in leaf and stem tissues at low 
temperature was also observed in GM tomato, although 
the accumulation was delayed by one to two weeks 
compared to that in non-GM tomato. Gene expression 
of enzymes important for anthocyanin biosynthesis 
has been found to increase during the latter half of 
tomato cold acclimation, resulting in an increase in 

Figure  1.  Flower color of non-GM and GM tomato plants. Flowers 
of tomato cultivated in a confined field in 2018 are shown. Flower color 
was assessed by the number of the RHS color chart (Sixth Edition, 
Royal Horticultural Society).

Table  2.  Characteristics of pollen morphology and maturation for non-GM and GM tomato.

Unit
September–December 2018 April–July 2019

p
Non-GM GM (5B) Non-GM GM (5B)

Normal pollen count (pollens µl−1) 3,860±199 (n=12) 3,432±149 (n=12) 3,235±221 (n=9) 3,452±288 (n=9) 0.724
Normal pollen rate (%) 95.2±0.5 (n=12) 95.2±0.4 (n=12) 88.0±2.8 (n=9) 87.2±1.9 (n=9) 0.814
Pollen diameter (µm) 21.2±0.2 (n=30) 21.3±0.1 (n=30) 18.8±0.2 (n=35) 18.7±0.2 (n=35) 0.871

The values are the means±SEs. Statistical analysis was performed with a generalized linear mixed model, with genotype as a fixed effect and year of cultivation as a 
variable effect. The p values indicate the effect of genotype.
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anthocyanins (Barrero-Gil et al. 2016). This means that 
GM tomato plants were also cold acclimatized. In GM 
tomato, the 35S promoter constantly produces miraculin 
throughout the growth period in all tissues (J-BCH 
2021a; Kim et al. 2010; Sun et al. 2007). It is possible, 
therefore, that the delayed response to low temperature 
may be related to an adjustment in the metabolic balance 
or load of miraculin production. The possible effect of 
miraculin on the cold response is also discussed. The 
physiological reasons for the presence of miraculin in 
miracle fruit are unclear; nonetheless, on the basis of 
sequence similarity, miraculin is classified as a member 
of the Kunitz-type soybean trypsin inhibitor family 
(Takai et al. 2013; Theerasilp et al. 1989). Kunitz-type 
inhibitors of soybean act as plant defense mechanisms, 
inhibiting the enzymatic activity of digestive proteases 
that are important for the survival of pests and pathogens 
(Selvakumar et al. 2011). The miraculin-like proteins 
of tomato (Brenner et al. 1998), rough lemon (Tsukuda 
et al. 2006), and coffee (Mondego et al. 2011), which 
belong to the same family as miraculin, have trypsin 
inhibitor activity and have been reported to be involved 
in defensive functions to protect plants from pests 
and injury stress. However, miraculin does not exhibit 
trypsin inhibitor activity (Takai et al. 2013). Therefore, 
it is unlikely to have the same defensive function as 
miraculin-like proteins. Reactive oxygen species (ROS) 
that accumulate in cells under various stresses affect 
the expression of cold-regulated genes (Chinnusamy et 
al. 2007). Although miraculin may not have a defensive 
function, it may be possible that miraculin itself acts as 
a stress signal, resulting in a chronically stressed state 
and accumulation of ROS, which in turn affects the cold 
stress response. However, further research is needed to 
verify this hypothesis. GM tomato in the early stages 
of growth showed lower tolerance to high temperature 
than non-GM tomato did, as their growth points died by 
day 28 of the 35°C high-temperature treatment, whereas 
all the growing points of the non-GM tomato plants 
survived (data not shown). Based on these results, it was 

suggested that GM tomato in the early stage of growth 
was less adaptable to environmental stresses than non-
GM tomato.

In the indoor tests, neither type of plant died during 
the experiment. In other words, the results suggested 
that they had acclimated to low temperatures. The 
nursery plants grown in an artificial growth chamber at 
5°C for approximately 6 weeks in the above experiment 
were moved outdoors to evaluate their tolerance to low 
temperatures. The average temperature in the confined 
field throughout the test period was 5.6°C, which was 
comparable to the conditions of the indoor cultivation, 
but the minimum temperature was approximately 0°C 
on many days, with the lowest temperature of –1.2°C 
being recorded one day. On days 2 and 5 of cultivation, 
the leaves of every plant withered from the bottom; on 
day 8, the stems were bent, and the growing points had 
died (Supplementary Figure S2). On day 2 of cultivation, 
the GM tomato plants seemed to be more affected by low 
temperature, but on days 5 and 8, there was no difference 
between the plant types.

These results revealed that both non-GM and GM 
tomato plants in the early stage of growth have difficulty 
growing outdoors in winter when the minimum 
temperature is below 0°C. Taken together with the indoor 
test results, these results suggested that although the 
acclimation ability of non-GM tomato was better than 
that of GM tomato under low-temperature conditions 
where they could acclimate, there was no difference in 
low-temperature tolerance in environments where the 
minimum temperature was below 0°C.

Overwintering ability test
In this study, we examined the potential of GM tomato 
to overwinter under field conditions. The tomato plants 
were moved outdoors on December 7, 2018, and three 
days later, both the non-GM and GM tomato plants 
appeared wilted (Figure 3). At this stage, the lateral 
shoots remained alive, but 11 days later, on December 
18, the stems had completely turned brown and died. 

Figure  2.  Effect of low temperature on early growth of tomato seedlings. (A) Day 0 (2 weeks after sowing), (B) day 7, (C) day 14, (D) day 20, (E) day 
28, (F) day 35, and (G) day 42 of the low-temperature treatment (5°C, 16 h light/8 h darkness) in an artificial climate chamber. Scale bars shows 5 cm.
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During the test period, the average temperature was 
4.6°C, and the minimum temperature was −5.3°C. There 
were 8 days when the minimum temperature was below 
0°C until the end of the test, and frost columns were also 
observed in the field. Tomato can survive at temperatures 
in the range of 5 to 40°C but require minimum 
temperatures above 18°C for vegetative growth, are 
they very sensitive to temperatures below 10°C and 
can freeze to death at 1–2°C (Lyons 1973; OECD 2017; 
Tomato Dictionary 2015). Moreover, tomato does not 
tolerate frost (OECD 2017). Tomato plants can be 
acclimatized to low temperatures to a certain extent, but 
even cold-acclimated tomato plants are still sensitive to 
freezing temperatures (Barrero-Gil et al. 2016). Since 
the minimum temperature was below 0°C, the tomato 
plants were considered to have not survived. According 
to the above results, this GM tomato line did not have 
overwintering ability, nor did the non-GM tomato.

Plant growth on soil mixed with GM tomato 
residues (plow-in method)
The plow-in method was used to evaluate the effects of 
substances in the leaves and other parts of GM plants 
after they died on other plants. In the experiment using 
leaves of plants under fall-winter cultivation in 2018, 
statistically significant differences in the hypocotyl length 
of lettuce seedlings were observed between the non-GM 
and GM tomato treatments (Table 3). However, there 
was no significant difference in lettuce root length. In 
the experiment using leaves from plants under spring-
summer cultivation in 2019, there was no statistically 
significant difference in either hypocotyl length or 
root length of lettuce seedlings. Similarly, there was no 
statistically significant difference in the germination rate 
of lettuce seeds between the 2018 and 2019 trials.

In the 2018 trial, the hypocotyl length of lettuce 
seedlings in soil mixed with GM tomato leaves was 
significantly longer than in soil mixed with non-GM 
tomato leaves. However, this result does not indicate 
that our GM tomato has increased production of 
harmful substances. Instead, it leads to the conclusion 
that residues of the GM tomato had little or no effect 
on both the germination of lettuce seeds and growth of 
young seedlings. Tomatine is one of the major harmful 
substances in tomato plants, especially in the leaves 
(Friedman 2002). Therefore, the present study suggests 
that harmful substances such as tomatine do not over 
accumulate in our GM tomato. Separately, we found 
no significant difference between the tomatine content 
in red ripe fruits of GM and non-GM tomato (data 
not shown), which may further support the present 
conclusion.

With respect to our experiment using the sandwich 
method (Fujii et al. 2003; Itani et al. 1998) conducted 
during cultivation in a specific netted greenhouse, there 
was no significant difference in the hypocotyl length of 
lettuce on agar media embedded with leaves of GM or 
non-GM tomato (J-BCH 2021a). In contrast, the root 
length of lettuce in media including the young leaves of 
GM tomato plants was significantly shorter than that of 
in media including the young leaves of non-GM plants. 
However, there was no significant difference in the 
root length of lettuce in media including the leaves of 
Momotaro, which is a Japanese domestic cultivar, grown 

Figure  3.  Conditions of tomato plants cultivated in the winter in a 
confined field. (A) December 7, 2018 (day 0), (B) December 10, 2018 
(day 3), (C) December 18, 2018 (day 11). After sowing, the seedlings 
were grown for one month in a cultivation room and then transferred 
to a plastic greenhouse in a confined field. Two weeks after planting, the 
plants were moved outside of the plastic greenhouse for the experiment. 
Scale bars shows 20 cm.

Table  3.  Effects of soil mixed with GM tomato residue on lettuce growth.

September–December 2018
p

April–July 2019
p

Non-GM GM (5B) Non-GM GM (5B)

Hypocotyl (cm) 0.71±0.03 (n=71) a 0.80±0.02 (n=75) 0.013* 1.00±0.03 (n=83) 0.99±0.04 (n=85) 0.875
Root (cm) 2.78±0.11 (n=72) 2.93±0.09 (n=75) 0.295 1.59±0.07 (n=83) 1.70±0.08 (n=85) 0.316

Germination rate (%) 90.0±4.2 (n=5) b 93.8±2.8 (n=5) 0.481 86.5±3.0 (n=6) 88.5±3.0 (n=6) 0.632

The values are the means±SEs. a: The number of lettuce seedlings that germinated and used for the measurements. b: The number of pots whose soil was mixed with 
each plant residue. Sixteen lettuce seeds were sown in each pot, and the germination rate was determined. Statistical analysis was performed by the F-test followed by 
Student’s t-test for equal variances and Welch’s t-test for unequal variances. * indicates a significant difference between the non-GM and the GM tomato at p<0.05.
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in the same way, indicating that the significant difference 
in the root length in the media including young leaves 
compared with that of non-GM was within the range of 
differences between tomato varieties.

The results of the specific netted greenhouse did not 
match the results of the confined field trials, but the 
conclusion coincided in that there was no increase in 
harmful substances in the plant residues of GM tomato 
compared to common tomato cultivars.

Plant growth on soil pre-cultivated with GM 
tomato (succeeding crop test)
Succeeding crop tests were used to evaluate the effects of 
secretions from the roots of GM plants on other plants. 
The root length of lettuce seedlings was significantly 
shorter in soils pre-cultivated with GM tomato than 
soils pre-cultivated with non-GM tomato, regardless of 
the growing season (Table 4). On the other hand, there 
were no significant differences in the germination rate 
of lettuce seeds or their hypocotyl length. Tomato plants 
have an inherent allelopathic effect, and it was reported 
that lettuce germination and seedling growth are 
inhibited when grown near tomato (Kim and Kil 2001). 
This inhibitory effect could be attributed to tomatine, 
one of the allelopathic compounds secreted from tomato 
roots (Rial et al. 2018), and whose phytotoxic effect 
towards lettuce and two weeds (Echinochloa crusgalli 
and Lolium perenne) has been clearly demonstrated. 
Indeed, the growth of lettuce hypocotyls was significantly 
suppressed in soils pre-cultivated with either non-
GM and GM tomato plants compared with fresh soil 
(Supplementary Table S2). However, lettuce grown in 
fresh soil had shorter roots than those grown in soils 
pre-cultivated with GM and non-GM tomato plants. This 
finding is inconsistent with previous reports that lettuce 
root growth is more sensitive than the hypocotyl to the 
inhibitory effects of tomatine (Rial et al. 2018). While 
fresh soil is free of contaminants such as plant roots, it 
has smaller pores, making it more difficult for roots of 
subsequent plants to physically grow compared with 
plants in pre-cultivated soil. Asanuma et al. (2017) also 
pointed out that the roots of test plants are susceptible to 
external factors and thus, they eliminated soil pores by 
using a 5-mm mesh screen to remove plant residues and 

make the soil particle size uniform. In the present study, 
we removed the major root residues visually. Therefore, 
root contamination of the soil and the difference in soil 
particle size may affect the root length of lettuce. To 
evaluate the harmful substances secreted from the roots 
of GM plants based on the length of the test plant roots, 
it is essential to eliminate physical differences in the soil 
as much as possible.

Lettuce root lengths were longer in soils in which 
GM and non-GM tomato plants were grown than in 
fresh soils, while hypocotyl growth was significantly 
reduced in both tomato plant types compared with 
that in fresh soils. This means that both tomato plants 
have allelopathic effects. In addition, the root length 
does not reflect the impact of allelopathic effects on 
this experiment. Moreover, the hypocotyl lengths were 
not significantly different between non-GM and GM 
tomato, suggesting that this allelopathic effect was not 
enhanced in GM tomato plants. Neither root length nor 
hypocotyl length of lettuce were significantly different in 
the succeeding crop test where soils in which GM and 
non-GM tomato plants were grown in a specific netted 
greenhouse, which is consistent with the present results 
showing no increase in allelopathic effects (J-BCH 
2021a).

Effects of GM tomato on soil microorganisms
Various metabolites are secreted from plant roots into 
the rhizosphere, which is the zone of soil closest to the 
roots (Hartmann et al. 2008; van Dam and Bouwmeester 
2016). Plants use these secreted metabolites to improve 
the soil conditions and contribute to interactions 
such as symbiosis, attraction, and repulsion with 
soil microorganisms (Guerrieri et al. 2019; Haichar 
et al. 2014; Massalha et al. 2017; Parniske 2008). As 
stated earlier, tomatine is one of the major inhibitory 
compounds secreted from tomato roots and it displays 
toxicity to a broad range of fungi and bacteria (Nakayasu 
et al. 2021; Rial et al. 2018; Sandrock and VanEtten 1998).

To evaluate the environmental risk of the root 
secretions of GM tomato, we investigated the effect on 
soil microorganisms by dilution plating, which is widely 
used for the assessment of GM plants in Japan (Ko et al. 
2019; Shiomi et al. 1992; Tran et al. 2018; Yu et al. 2013). 

Table  4.  Effects of soil in which GM tomato was grown on lettuce growth.

September–December 2018
p

April–July 2019
p

Non-GM GM (5B) Non-GM GM (5B)

Hypocotyl (cm) 0.84±0.03 (n=85)a 0.83±0.04 (n=55) 0.904 1.18±0.03 (n=116) 1.16±0.03 (n=115) 0.615
Root (cm) 3.73±0.19 (n=85) 3.01±0.24 (n=55) 0.020* 4.56±0.12 (n=116) 3.95±0.11 (n=113) <0.001**

Germination rate (%) 40.9±10.6 (n=13)b 26.4±10.1 (n=13) 0.336 90.6±4.1 (n=8) 89.8±3.5 (n=8) 0.887

The values are the means±SEs. a: The number of lettuce seedlings that germinated and were used for the measurements. b: The number of pots filled with soil after 
tomato cultivation. Sixteen lettuce seeds were sown in each pot, and their germination rates were determined. * indicates a significant difference between the non-GM and 
the GM tomato at p<0.05 according to Student’s t-test. ** indicates a significant difference between non-GM and GM individual tomato plants at p<0.01 according to 
Student's t-test.
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There were no significant differences in any type of soil 
microbial count between soils cultivated with non-GM 
tomato and GM tomato in 2018 (Table 5). There were 
also no statistically significant differences in fungal or 
bacterial counts in cultivated soils in 2019. On the other 
hand, the number of actinomycetes was significantly 
higher in the soils cultivated with GM tomato than 
in those cultivated with non-GM tomato. This result 
indicates that, in comparison with non-GM tomato, 
GM tomato does not secrete substances that reduce the 
number of soil microorganisms.

In the cultivation tests conducted in a specific netted 
greenhouse, the soil of GM tomato had significantly 
fewer actinomycetes during fall-winter cultivation 
and significantly more fungi during spring-summer 
cultivation (J-BCH 2021a). These results were not 
consistent between the two cultivation tests conducted 
or with the results of the present tests in the confined 
field. Unlike direct planting in the field, all the trials were 
performed in pots, which may have contributed to the 
high variability. However, since no consistent effects on 
soil microorganisms were identified, which did not lead 
to the conclusion that GM tomato secrete more harmful 
substances than non-GM tomato. In other words, the 
results suggest that there was no increase in harmful 
substances like tomatine affecting soil microorganisms in 
GM tomato.

Conclusion

By evaluating the competitiveness and production 
of harmful substances, this confined field trial 
aimed to test the hypothesis that GM tomato is not 
different from conventional tomato with respect to its 
potential impact on domestic biodiversity. As shown 
by the investigation of morphological and growth 
characteristics, cold tolerance tests at the early stage 
of growth and overwintering tests, there were no 
biologically meaningful differences between GM tomato 
and non-GM tomato for assessment endpoints related 
to competitiveness. According to the results concerning 
harmful substances in plant residues and root secretions 
of GM tomato, there were some significant differences 
compared to those of non-GM tomato in the assessment 
endpoints related to the production of harmful 

substances, but they did not indicate any unintended 
adverse effects on the environment. Furthermore, these 
results were compared with those of previous tests 
conducted in a specific netted greenhouse, which aligned 
with the conclusion that this GM tomato is comparable 
to conventional tomato in terms of its environmental risk 
to biodiversity. Based on these results, we concluded that 
it was unlikely that the GM tomato line would increase 
the environmental risk in Japan.

To date, one confined field trial of GM tomato 
has been conducted in Japan (Shiomi et al. 1992). 
However, since the Cartagena Law was enforced in 
2004, no confined field trials of GM tomato have been 
conducted, and no applications for general cultivation 
and distribution have been submitted. This is the first 
environmental risk assessment of GM tomato in Japan 
using a confined field conducted under the Cartagena 
Law and has provided knowledge on environmental risk 
assessments of other GM tomato plants. Additionally, 
the evaluation method used in this study might be able 
to be applied for the evaluation of future GM tomato 
events. In Japan, there are 175 regulatory approvals for 
the environmental safety of genetically modified crop 
species, mainly corn, soybean, rapeseed, and cotton 
(J-BCH 2021b). However, in most of these approvals, the 
procedures and details of the experimental results of the 
confined field trials conducted to assess environmental 
risks were not disclosed. In recent years, some of these 
product experiments have been published in scientific 
papers, such as those concerning soybean (Matsushita et 
al. 2020), oilseed rape (Asanuma et al. 2011), and cotton 
(Asanuma et al. 2017), but the information available 
to the public is limited. Therefore, we hope that the 
information in this paper will contribute to regulatory 
science efforts for other crop species, including GM 
tomato.
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Table  5.  Effects of GM tomato on soil microorganisms.

Unit
September–December 2018

p
April–July 2019

p
Non-GM GM (5B) Non-GM GM (5B)

Fungus (×105 CFU g−1) 3.58±0.77 2.59±0.52 0.317 0.19±0.02 0.37±0.08 0.078
Bacteria (×107 CFU g−1) 2.20±0.10 1.99±0.17 0.322 2.53±0.41 2.22±0.30 0.556
Actinomycete (×106 CFU g−1) 1.39±0.27 1.29±0.24 0.796 0.70±0.07 1.54±0.18 0.007*

CFU: colony forming unit. The values (means±SEs) are indicated as CFUs per dried soil (n=5–6). Statistical analysis was performed by the F-test followed by Student’s 
t-test for equal variances and Welch’s t-test for unequal variances. * indicates a significant difference between non-GM and GM (5B) tomato for each measurement at 
p<0.01.
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