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ABSTRACT
Transgenic plants occupy an important place in modern agriculture in many countries. The global area under genetically modi-
fied crops continues to increase each year and currently exceeds 200 million hectares. Increasing attention in the scientific 
data is devoted to assessing the potential environmental consequences of cultivating transgenic plants. Particular concern is 
associated with the possible effects of insecticidal proteins on non-target fauna and on microbial communities of the rhizo-
sphere and phyllosphere. Another important issue is the escape of transgenes into the environment, which may occur through 
the uncontrolled introduction of seeds of transgenic crops into biocenoses, as well as through cross-pollination between 
transgenic plants and non-transgenic varieties of the same species or related plant species. The emergence and spread of 
spontaneous hybrids of transgenic varieties have been monitored by several researchers over multiple years of experiments; 
however, conducting long-term studies of these processes remains problematic.  In this context, naturally transgenic plants, 
which originated in nature as a result of genetic transformation hundreds of thousands to millions of years ago, may serve as 
an interesting model for studying the evolutionary fate of transgenes, both under stabilizing selection in their favor and in its 
absence. Recent studies have expanded the list of naturally transgenic plants. It currently includes more than two hundred. 
Of particular interest in this context are genera in which the diversity of natural transgene sequences has been studied in 
detail across a large number of species, ecotypes, and populations. These include Nicotiana, Camellia, Arachis, Vaccinium, 
Cuscuta, Ipomoea, and several others. Within representatives of these genera, different evolutionary trajectories of natural 
transgenes can be observed. Some transgenes remain intact and expressed, leading to the emergence of new biosynthetic 
pathways in plants. Others gradually lose their integrity, accumulate point mutations, and over time undergo more substantial 
rearrangements, up to complete elimination. Such trends have been reported for certain genes in species belonging to the 
genera Nicotiana, Camellia, Arachis, and Vaccinium. Taken together, these findings suggest that in the absence of selective 
pressure favoring traits controlled by transgenes, plants not only accumulate point mutations but may also gradually eliminate 
transgenes.
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АННОТАЦИЯ
Трансгенные растения занимают важное место в современном сельском хозяйстве многих стран. Посевные площа-
ди под генно-инженерно-модифицированными культурами увеличиваются год от года и ныне составляют более 
200 млн га. В научной литературе всё больше внимания уделяют оценке возможных экологических последствий воз-
делывания трансгенных растений. Наибольшую обеспокоенность вызывают вопросы, связанные с возможностью дей-
ствия инсектицидных белков на нецелевую фауну и сообщества микроорганизмов ризосферы и филлосферы, а так-
же проблемы утечки трансгенов в окружающую среду вследствие бесконтрольного попадания семян трансгенных 
культур в биоценозы  и вследствие переопыления трансгенных растений с нетрансгенными сортами того же вида 
или представителями родственных видов растений. Мониторинг возникновения и распространения спонтанных ги-
бридов трансгенных сортов был исследован рядом авторов в течение нескольких лет эксперимента, однако прове-
дение более долгосрочных исследований проблематично. В этой связи природно-трансгенные растения, возникшие 
в природе в результате генетической трансформации сотни тысяч – миллионы лет назад, могут выступать интересной 
моделью эволюционной судьбы трансгенов в случае стабилизирующего отбора в их пользу и в отсутствие такового. 
Исследования последних лет позволили расширить список природно-трансгенных растений. Сейчас он насчитыва-
ет более двухсот. Особый интерес в контексте данной проблемы представляют рода, в которых наиболее детально 
оценено разнообразие последовательностей природных трансгенов у большого количества видов, экотипов, популя-
ций. К ним относятся Nicotiana, Camellia, Arachis, Vaccinium, Cuscuta, Ipomoea и некоторые другие. У представителей 
данных родов можно проследить различные эволюционные судьбы природных трансгенов. Часть из них остаётся ин-
тактной, экспрессируется, приводя к появлению у растений новых биосинтетических путей. Другая часть теряет свою 
интактность, накапливает точковые мутации, а со временем претерпевает более существенные перестройки, вплоть 
до полной элиминации. Такие тенденции отмечены для некоторых генов у видов в пределах родов Nicotiana, Camellia, 
Arachis, Vaccinium. Эти данные в совокупности наводят на мысль, что в отсутствие селективного отбора в пользу при-
знаков, контролируемых трансгенами, растение не только накапливает точковые мутации, но и пытается избавиться 
от трансгенов.

Ключевые слова: трансгеные растения; экологические риски; природные трансгены; мутации.
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INTRODUCTION
Transgenic plants have become a significant as-

pect of modern global agriculture, as demonstrated by 
the annual increase in the area dedicated to genetically 
modified (GM) crops, which now exceeds 200 million hec
tares1, 2 (Fig. 1). Transgenic plants (GMOs) can help solve 
global problems because they have a number of signifi-
cant advantages over traditional varieties and hybrids, 
including: resistance to pests and diseases, resistance 
to herbicides, increased yield and stability, improved 
nutritional and consumer qualities, resistance to abiotic 
stress. This large-scale shift to biotechnological solu-
tions has led the scientific community to focus not only 
on productivity but also on a thorough evaluation of po-
tential environmental impacts. Key areas of concern in-
clude: 1) the effects of plant-produced insecticidal pro-
teins on non-target organisms, such as beneficial insects 
and microorganisms in the rhizosphere and phyllosphere; 
2) the risk of uncontrolled transgene spread in the environ-
ment. This can happen through mechanical seed dispersal 
outside of agroecosystems and through cross-pollination 
between GM, traditional varieties, and their wild relatives, 
posing a threat of genetic contamination to natural popula-
tions [1]. The consequences of such flow can be evaluated 
by examining natural GMOs plants whose ancestors under-
went Agrobacterium-mediated transformation hundreds of 
thousands or even millions of years ago. Let’s look at this 
topic in more detail.

GENE FLOW IS A KEY ECOLOGICAL RISK 
OF GMO CULTIVATION

One of the key environmental risks associated with GM 
crops is transgene escape (also known as “gene flow” or 
“genetic pollution”)—the uncontrolled spread of genetically 
engineered traits from intended crops into natural ecosys-
tems or traditional farmland. The main causes of transgene 
escape can be categorized into two broad groups: biological 
mechanisms and agronomic/anthropogenic factors. Biologi-
cal mechanisms include cross-pollination (via pollen) and the 
dispersal of vegetative parts and seeds [2–4]. The riskiest 
scenario involves cross-breeding with wild relatives [3, 4]. 
If the region where the GM crop is grown contains wild or 
weedy relatives capable of cross-breeding, the transgene 
can “escape” into the wild population [4–6]. Agronomic and 
anthropogenic causes, including errors and accidents, in-
volve mistakes occurring at various stages of agricultural 
production and regulatory violations. The consequences of 

transgene escape include the emergence of hybrids with in-
creased resistance, which can become difficult-to-eradicate 
weeds, a reduction in the genetic diversity of wild ancestors 
of cultivated plants, and changes in competitive relationships 
between species [1].

All of the above highlights the importance of conduct-
ing monitoring studies and developing strategies to prevent 
transgene leakage. However, current research is limited 
to only a few years of observation. In 2015, we proposed 
a model, based on naturally transgenic plants, for studying 
the delayed risks of GMO cultivation [7]. A substantial body 
of evidence has since accumulated, allowing us to revisit this 
topic.

NATURALLY TRANSGENIC PLANTS
The term “naturally transgenic plants” refers to plants 

that have acquired foreign genes from a species other 
than their direct ancestors through a natural, horizontal 
gene transfer (HGT) process, without human intervention. 
The most famous and well-documented examples of natu-
rally transgenic plants are species that were transformed by 
Agrobacterium/Rhizobium, the very same bacterium that sci-
entists use as a tool to create transgenic plants in the lab [8]. 
Hundreds of species of naturally transgenic plants are cur-
rently known, and it is generally accepted that traces of 
Agrobacterium/Rhizobium—mediated transformation (called 
cT-DNA, cellular T-DNA) exist in the genomes of seven per-
cent of dicotyledons [9–11]. The rapid development of next-
generation sequencing and bioinformatics methods enables 
large-scale genome sequencing of various species within 
specific genera, providing invaluable data for assessing the 
diversity of natural transgenes. This analysis can be used to 
track the fate of natural transgenes in evolutionarily related 
plant groups [12–15].

EVOLUTIONARY FATE OF NATURAL 
TRANSGENES

Research conducted by our group shows that transgenes 
integrated into plant genomes millions or hundreds of thou-
sands of years ago can follow varying evolutionary paths. 
Our analysis reveals that most natural transgenes accumu-
late mutations that render them nonfunctional, leading to 
their gradual deletion. In contrast, some natural transgenes 
persist under stabilizing selection, resulting in groups of spe-
cies that retain functional transgenes [16–18].

Now, let’s examine specific examples of natural trans-
genes with different evolutionary outcomes.

In a study by Bogomaz et al. [17], 23 species of the 
genus Arachis were characterized, with some species rep-
resented by various forms. Within this genus, virtually all 
studied accessions contained in their genomes at least 
one intact copy of a gene homologous to the cucumopine 

1 AgbioInvestor GM Monitor Report [Internet]. 2025. Available from: https://
gm.agbioinvestor.com (Accessed 01.12.2025).
2 ISAAA. GM Approval Database [Internet]. 2025. Available from: https://
www.isaaa.org/gmapprovaldatabase/default.asp (Accessed 01.12.2025).

https://gm.agbioinvestor.com
https://gm.agbioinvestor.com
https://www.isaaa.org/gmapprovaldatabase/default.asp
https://www.isaaa.org/gmapprovaldatabase/default.asp
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Fig. 2. Biosynthetic reactions of cucumopine and agropine (based on data from [19]).
Рис. 2. Реакции синтеза кукумопина и агропина (по материалам [19]).
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Fig. 1. Area under genetically modified crops (a) and countries cultivating them (highlighted in yellow) (b) (based on data from ISAAA).
Рис. 1. Площади под генномодифицированными культурами (а) и страны, выращивающие их (помечены жёлтым) (b) (по материалам ISAAA).
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synthase gene. This gene catalyzes the production of cu-
cumopine (Fig. 2), a low-molecular-weight compound uti-
lized by some bacteria for nutrition. Additionally, fragments 
of genes were identified in some peanut genomes, whose 
Agrobacterium homologs encode enzymes involved in the 
sequential synthesis of mannopine and agropine. Notably, 
none of the species retained all three genes, and none of 

the detected fragments were intact. In 14 species, the genes 
encoding the mannopine-agropine synthetase enzymes were 
completely absent. It can be inferred that the cucumopine 
synthase gene was preserved under the influence of stabi-
lizing selection, while the genes for other opines lost their 
significance for the ancestor of peanuts and were gradually 
eliminated.
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Another interesting example involves representatives 
of the genus Vaccinium [18]. Among the 22 species stu
died within this genus and its related species, damaged co
pies of the transgene were predominant only in V. oxycoc-
cos. In  the  other species, the transgenes remained intact. 
The mutations in the damaged gene consisted of extensive 
deletions. This suggests that the species may have activated 
mechanisms to eliminate foreign DNA.

More extensive studies were conducted on plants from 
the Nicotiana and Camellia genera.

In the genus Nicotiana, eight distinct types of cellular 
T-DNA were analyzed (inside Tomentosae section they were 
named TA, TB, TC, TD, TE; in Noctiflorae section they are gT, 
NnT-DNA1, NnT-DNA) [12–14]. Attempts to trace their phylo-
genetic relationships during speciation revealed that cultiva
ted tobacco did not inherit all copies of T-DNA from a single 
ancestral genome. One T-DNA (TC) was completely lost.

In addition to TC, TE also experienced chromosomal rear-
rangements throughout its evolution [14].

Within the genus Camellia, 12 variants of cellular T-DNA 
have been described. The most ancient of these are TA 
and TD. Phylogenetic studies suggest that the ancestral form 
that gave rise to the sections Thea, Tuberculatae, Longipedi-
cellatae, and Calpandria lost TD. The stages of occurrence of 
deletions within TA were reconstructed based on a compara-
tive analysis of the TA insertion in C. fangchengensis and the 
majority of representatives of the Thea section. Modern TAs 
do not contain intact genes; however, the mutation pattern 
indicates that species from the Thea section and C. fangchen-
gensis diverged from an intact sequence, subsequently ac-
cumulating point mutations, followed by an inversion and two 
deletions of TA fragments in C. fangchengensis.

Together, these data suggest that the plant eliminates 
non-functional sequences while preserving intact genes that 
confer a selective advantage.

CONCLUSION
Similar consequences cannot be ruled out for transgenic 

plants created by humans, especially given their uncontrolled 
spread in the environment. Brassica napus, Medicago sativa, 
and Agrostis stolonifera warrant particular attention in this 
context, as all three crops are found in the wild worldwide. 
Transgenic lines resistant to herbicides have been developed 
from each of these species. When exposed to a selective 
agent, transgenic forms and their hybrids gain an advantage 
over non-herbicide-tolerant plants [1].

Consequently, monitoring is essential to prevent ad-
verse developments. In recent years, new information has 
emerged regarding the spread of transgenes through cross-
pollination within a species and interspecific hybridization. 
Although interspecific hybridization occurs infrequently, it can 
have significant consequences for the fixation of transgenes 
within new genome [7]. The history of naturally occurring 
transgenic plants shows that unwanted transgenes can be 

eliminated from populations by removing the influence of 
the selective agent. This can be accomplished by abandoning 
the use of pesticides to which specific GMOs are resistant in 
favor of other pesticides to which the escaped GMOs are not 
resistant.
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