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Gene technology regulators receive applications seeking permission for the

environmental release of genetically modified (GM) plants, many of which

possess beneficial traits such as improved production, enhanced nutrition

and resistance to drought, pests and diseases. The regulators must assess

the risks to human and animal health and to the environment from releasing

these GM plants. One such consideration, of many, is the likelihood and

potential consequence of the introduced or modified DNA being transferred

to other organisms, including people. While such gene transfer is most likely to

occur to sexually compatible relatives (vertical gene transfer), horizontal gene

transfer (HGT), which is the acquisition of genetic material that has not been

inherited from a parent, is also a possibility considered during these

assessments. Advances in HGT detection, aided by next generation

sequencing, have demonstrated that HGT occurrence may have been

previously underestimated. In this review, we provide updated evidence on

the likelihood, factors and the barriers for the introduced or modified DNA in

GM plants to be horizontally transferred into a variety of recipients. We present

the legislation and frameworks the Australian Gene Technology Regulator

adheres to with respect to the consideration of risks posed by HGT. Such a

perspective may generally be applicable to regulators in other jurisdictions as

well as to commercial and research organisations who develop GM plants.
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1 Introduction

Horizontal or lateral gene transfer (HGT) is the stable and heritable acquisition by an

organism, of genetic material that did not originate from a parental donor (Keese, 2008).

Any DNA sequence, including endogenous sequences or foreign DNA introduced into a

genetically modified (GM) organism, has the potential to undergo HGT. This potential is

only fulfilled when the genetic material stably integrates into the genome of the recipient

and is then transmitted to its offspring (Hülter and Wackernagel, 2008; Brigulla and

Wackernagel, 2010; Huang, 2013). HGT can benefit the recipient by enabling the

acquisition of a beneficial pre-existing trait from another organism, regardless of
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phylogenetic distance. It thereby, like vertical gene transfer,

accelerates evolution (Fournier et al., 2015).

In Australia, the Gene Technology Regulator (the Regulator)

receives applications for the intentional environmental release of

GM plants and, as part of the assessment process of these

applications, must consider the risks to human and animal

health and to the environment from gene technology posed

by the proposed activities. GM plants may have genetic

elements sourced from other organisms imparting desired

traits, e.g., increased nutritional value; drought, pest and

disease resistance; or increased productivity. While gene

transfer is most likely to occur to sexually compatible relatives

through vertical gene transfer, the likelihood of gene transfer to

non-sexually compatible organisms via HGT also needs to be

considered as part of the risk assessment.

Similarly, in Europe, the Commission Regulation (EU) 503/

2013 of 3 April 2013 (on applications for authorisation of

genetically modified food and feed) states that “The applicant

shall assess the probability of horizontal gene transfer from the

product to humans, animals and microorganisms and any

potential associated risk when intact and functional nucleic

acid(s) remains in the genetically modified food and feed.” In

the United Kingdom, the independent Advisory Committee of

Releases into the Environment (ACRE) also considers HGT in

their assessment for application for the release of genetically

modified organisms (GMOs) (ACRE, 2013). Other regulatory

authorities may also need to consider HGT before issuing an

authorisation or licence. In this review, we discuss the recent

advances in detecting HGT events and present updated evidence

of the likelihood, factors, barriers and pathways for HGT to take

place from GM plants to a variety of other organisms.

2 Legislative context and risk analysis
applicable to considering risks
imposed by HGT

In Australia, Regulations 9A and 10 of the Gene Technology

Regulations 2001 (OGTR, 2020) specify the risks and matters

that must be considered in the risk assessment for an

environmental release of GMOs (Figure 1). Considerations

relating to gene flow are 1) the potential for spread and

persistence of a GMO’s genetic material in the environment

and 2) the potential of the GMO to transfer genetic material to

another organism. The risk assessment seeks to evaluate the level

of risk from the activities with a GMO if HGT from the GMO

into other organisms was successful, compared to the status quo.

In Australia, the Risk Analysis Framework (RAF) (OGTR,

2013), in accordance with Australia’s Gene Technology Act

2000 and Regulations, outlines the approach that the

Regulator takes to conduct the risk assessment of proposed

activities with a GMO. Such activities include the proposed

environmental release of the GMO. The RAF describes the

three essential components needed for a scenario (set of

circumstances) that might give rise to harm as a result of

activities conducted with the GMO. The three components

are: 1) a source of potential harm, which may be a new or

altered property/trait of the GMO; 2) a potential harm to people

or the environment; and 3) a plausible causal linkage between

components 1) and 2). If a plausible causal linkage or potential

harm cannot be described, then the source of potential harm

poses no risk (OGTR, 2013).

While HGT per se is not considered a risk, it fits into the

pathway component of risk as it can link the introduced or

modified DNA to a potential harm to people or the environment.

Therefore, the likelihood of HGT occurring determines the

potential for any harm. As the number of steps in a pathway

leading to harm increases, the likelihood of harm occurring

decreases. The Regulator considers the likelihood of

occurrence of HGT and the severity of adverse outcomes if

HGT was successful. If the level of risk is increased compared

to the status quo, then the Regulator may include specific risk

management measures to interrupt steps in a pathway and

reduce the likelihood of harm occurring or refuse to approve

the proposed intentional environmental release. For example, as

a measure to limit the likelihood of gene flow by vertical gene

transfer from GM plants, an exclusion zone can be imposed

where sexually compatible plants are not permitted to be grown.

It should also be noted that risk analysis on a proposal for the

release of GM plants occurs in the context of the receiving

environment. For example, if a GM (transgenic) DNA

sequence was sourced from a ubiquitous bacteria or fungi,

then this forms part of the context as the DNA sequence is

already in the environment. If HGT from the bacteria or fungi is

more likely than HGT from the proposed activities with the GM

plant, then the potential of HGT resulting in harm from the

release of the GM plant can be no greater than the risk from the

parent organism. Similarly, the likelihood of harm occurring as a

result of the GM plant release is compared to that of harm

occurring in the absence of the genetic modification, i.e., the non-

GM plant.

3 Advances and limitations of new
HGT detection methods

Until recently, comparative analysis for detection of HGT

events relied on very limited databases of manually annotated

genes (Dupont and Cox, 2017). However, the expansion of next

generation sequencing has allowed an ever-increasing number of

whole genomes from a vast range of species to be readily available

for multiple genome comparisons. As a result, detection of HGT

events for all annotated genes can now be performed

bioinformatically. By using this approach, HGT can be

inferred by either the parametric or phylogenetic methods

(Ravenhall et al., 2015). The parametric methods look for
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sections that significantly differ from the average composition;

these include GC content and codon usage (Ravenhall et al.,

2015). The phylogenetic methods compare the evolutionary

histories of a gene of interest and its homologues across

multiple species, to identify conflicting phylogenies (Ravenhall

et al., 2015; Soucy et al., 2015; Wybouw et al., 2018).

Advances in computational algorithms have also helped in

the identification of additional HGT events from genomes that

were previously analysed. For example, Wybouw et al. (2018)

using refined bioinformatics parameters, identified 25 additional

horizontally transferred genes in the spider mite (Tetranychus

urticae) genome, seven years after HGT was first analysed in this

species (Grbic et al., 2011). In the grass species, Alloteropsis

semialata, initially two genes were identified to be horizontally

transferred. Using next generation genome resequencing and

strict phylogenetic comparisons amongst 146 other grass species,

Dunning et al. (2019) were able to detect 57 additional

horizontally transferred genes, some of which are associated

with disease resistance and abiotic stress response loci

(Dunning et al., 2019). In another example, ToxA, a fungal

virulence protein, which is associated with diseases in wheat

and barley was shown to reside on a horizontally transferred

genomic cluster. The presence of this virulence protein provides a

selective advantage to the fungus. Using long-read sequencing

technologies, with the available genomes of fungal pathogens in

the Pleosporales order, McDonald et al. (2019) were able to

confirm the HGT origin of ToxA and define the boundaries of the

transferred genomic cluster.

Other examples of HGT events that have been identified

between species, using both bioinformatics and experimental

methods, include: HGT of genes originating from bacteria, fungi,

and plants to bdelloid rotifers (Gladyshev et al., 2008); HGT of

carotenoid genes from fungi to pea aphids, causing a red colour

polymorphism that provides selective advantage to avoid

parasitism compared to green aphids (Losey et al., 1997;

Moran and Jarvik, 2010); HGT of a photoreceptor gene from

hornworts to ferns, allowing ferns to thrive under low-light

conditions (Li et al., 2014); HGT from bacteria and fungi to

silkworms of genes thought to confer disease resistance, nutrient

and energy metabolism and toxin degradation (Zhu et al., 2011);

HGT of an antifreeze protein gene between fish living in icy

seawater (Graham et al., 2008), which the authors propose to

naturally occur by sperm-mediated HGT during external

fertilisation, where the sperm “absorbs” “naked” DNA from

the environment; HGT of mitochondrial DNA from the

parasite Trypanosoma cruzi to humans (Hecht et al., 2010);

and HGT from humans to the strictly human pathogen

Neisseria gonorrhoeae (Anderson and Seifert, 2011). Although

far less frequent than HGT between bacteria, HGT from bacteria

to eukaryotes has also been described, including the transfer of

genes from the bacterium Wolbachia to insects and nematodes

(Dunning Hotopp et al., 2007; Nikoh et al., 2008), from bacteria

and fungi to plant parasitic nematodes (Noon and Baum, 2016)

and fromAgrobacterium to plants (Matveeva and Otten, 2019). It

is to note that the aforementioned HGT examples have non-

neutral or advantageous impacts, see section 5 below. A

FIGURE 1
Summary of matters prescribed in the Australian Gene Technology Regulations 2001 that the Australian Gene Technology Regulator must
consider in the risk assessment for a proposal to release a genetically modified (GM) organism, including a (GM) plant, into the environment (OGTR,
2020). Prescribed matters with a background shading of red may include consideration for horizontal gene transfer.
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horizontally transferred gene is unlikely to be maintained in a

population if it has a negative impact in the recipient.

Given the automated nature of genome data collection and

gene prediction annotation in the contemporary setting, it is

impractical to manually validate all genes within a genome.

Therefore, concerns relating to whether the inferred HGT

events in eukaryotes are statistically supported have been

raised (Dupont and Cox, 2017). In addition, the short reads

produced by many modern sequencing platforms raises concerns

about microorganism contamination, especially involving the

putative HGT between these microorganisms (Boothby and

Goldstein, 2016; Wickell and Li, 2019). Even though new

techniques allow HGT in eukaryotic genomes to be detected

with greater frequency than a few years ago, HGT in complex

eukaryotes is relatively rare when compared with the observed

rates in simpler organisms such as viruses or prokaryotes

(Andersson, 2005; Keese, 2008; Vogan and Higgs, 2011; Crisp

et al., 2015; Qiu et al., 2016; Sieber et al., 2017).

4 Pathway considerations for HGT
from GM plants

Direct or vector-mediated pathways can facilitate HGT. In

direct pathways, the recipient organism either “takes up” DNA

from another living cell or uptakes “free” or “naked” DNA

present in the environment. Vector-mediated pathways are

those where DNA is first taken up from the donor by an

intermediate recipient that acts as a vector, such as a virus or

prokaryote, and then passed on to a different recipient.

There are a number of factors that affect the likelihood of the

introduced or modified DNA sequences in GM plants being

successfully horizontally transferred and then retained in the

final recipient. These include: the proportion of introduced DNA

in the GMplant as a source for HGT; the availability and integrity

of the introduced DNA sequence; the physical proximity of

introduced DNA and a potential recipient organism; whether

the recipient organism has a dedicated mechanism for uptake of

DNA; whether homologous DNA sequences are present in the

recipient organism; whether the donor and recipient are

genetically compatible; and whether the horizontally

transferred GM DNA sequence gives an advantage to the

recipient organism. These factors will be discussed in the

following sections.

4.1 Proportion of introduced DNA in GM
plants

The likelihood of HGT of the introduced or transgenic DNA

from GM plants to other organisms depends on its proportion in

relation to the amount of total plant DNA. This proportion can

be calculated when both the size of the transgenic insert and the

size of the unmodified plant genome are known. As the

proportion of the introduced transgenic DNA increases

relative to the unmodified genome, so does the likelihood for

it to be horizontally transferred.

Crops with single transgenic events, which have been

approved for commercial release in Australia, such as altered

fatty acid content safflower (GOR-73226-6 and GOR-7324Ø-2)

and Roundup Ready™ canola (MON-ØØØ73-7) possess

approximately 8.0 kb and 5.05 kb of transgenic DNA in a

genome of approximately 2.75 and 1.13 Gb, respectively

(Garnatje et al., 2006; Schreiber et al., 2018; Biosafety

Clearing-House, 2019). Thus, the transgenic DNA component

would account for approximately 0.00029–0.00045% of the total

DNA in these crops.

Commercially released crops with stacked transgenic events,

such as the six-stacked Agrisure® Duracade™ 5222 corn1 (SYN-

Ø53Ø7-1 × SYN-IR6Ø4-5 × SYN-BTØ11-1 × DAS-Ø15Ø7-1 ×

MON-ØØØ21-9 × SYN-IR162-4) and four-stacked Bollgard®

III × Roundup Ready™ Flex™ cotton (SYN-IR1Ø2-7 ×

MON-15985-7 × MON-88913-8 × MON 887Ø1-3) possess

approximately 40 kb and 30 kb of transgenic DNA,

respectively (Biosafety Clearing-House, 2019). With a genome

size of corn and cotton at approximately 2.4 Gb (Schreiber et al.,

2018), the transgenic DNA would account for approximately

0.0013–0.0017% of total DNA. Therefore, in these stacked event

examples, the transgenic DNA occupies a greater proportion of

the total crop DNA, and as such an increase in the likelihood of

HGT, compared to GM crops with a single transgenic event. That

stated, this proportion would be reduced in plants with a larger

size genome, such as bread wheat with approximately 17 Gb

(Schreiber et al., 2018), than in the previously mentioned stacked

transgene examples.

While these GM crops provide examples where the

transgenic DNA is introduced at a low copy number into the

nuclear genome, other options include introducing transgenic

DNA into the mitochondrial or chloroplast genome of plants.

Depending on the plant tissue, multiple mitochondria and

chloroplast organelles are present within an individual plant

cell. Typically, 10 s–100 s of these organelles are present in

Arabidopsis and tobacco leaf cells (Maliga and Bock, 2011;

Sakamoto and Takami, 2018; Shen et al., 2019), with each

organelle possessing multiple copies of its genome (Sakamoto

and Takami, 2018). For example, if transgenic DNA was

introduced into chloroplasts, 100 s–1000 s of copies of the

gene are likely to be present per leaf cell (Pontiroli et al.,

2010; Sakamoto and Takami, 2018), thereby increasing the

proportion of transgenic DNA in the GM plant. Overall, the

proportion of transgenic DNA in GM plants, both with single

1 No application has been received for the environmental release of
Agrisure

®
Duracade™ 5222 corn in Australia by the publication date of

this manuscript.
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and stacked transgenic events, currently authorised for

environmental release in Australia represents a minute

fraction of the total plant genome.

4.2 Availability and integrity of DNA
for HGT

4.2.1 DNA in living plant cells
Plants are frequently exposed to harmful UV radiation, physical

shearing and other forces that can damage and alter their DNA.

However, DNA in living plant cells is protected through a variety of

checking and repair mechanisms. These processes ensure that DNA

is maintained to a very high integrity (reviewed in Bray and West,

2005). If the integrity of DNA is not maintained, DNA

fragmentation could occur. Should fragmented DNA be

horizontally transferred to another organism, it is unlikely to

encode a functional protein product. All plant DNA, whether

originating in the nucleus, mitochondrion, or chloroplast, is

compartmentalised to their respective organelles. In addition to

the plant cell wall, this compartmentalisation serves as a physical

barrier to limit the availability of DNA to be horizontally transferred

from living cells. These physical characteristics would be the same

for both GM and non-GM plant DNA.

4.2.2 Naked DNA
When the DNA is no longer contained within cells it is

known as “free” or “naked” DNA. Naked DNA is accessible to

microorganisms which possess mechanisms to uptake it from

their surroundings. Such DNA can arise when: 1) plants

deliberately release extracellular DNA, e.g. from their root tips

as a defence strategy against soil microbial pathogens (Hawes

et al., 2012); and/or 2) after cell death or damage, where the DNA

is no longer protected by cell components and is released due to

cellular degradation.

The integrity of naked DNA depends on many biotic and

abiotic factors (Pontiroli et al., 2007) and most naked DNA is

degraded within hours to weeks due to the adverse influence of

the surrounding environment. However, small amounts of naked

DNA may associate with smaller substrate particle sizes, such as

minerals in sand and clay, thereby increasing DNA survival and

therefore its availability for HGT (see review by Sand and Jelavić,

2018). It is worth noting that DNA fragments of any size can be

internalised by competent prokaryotes and may become

incorporated into their genome.

Examples of testing for persistence of naked transgenic DNA

are available in the literature. In one experiment the fate of GM

transplastomic tobacco DNA and the likelihood of HGT under

ideal environmental conditions was investigated. Here the

antibiotic resistance gene, aadA, which is commonly found in

soil bacteria was inserted into the DNA of chloroplasts (Pontiroli

et al., 2010). Non-GM and GM tobacco leaf tissue (0.05 g or 0.5 g;

whole and ground) and purified GM tobacco DNA were placed

into test tubes containing soil and maintained for approximately

4 years. After 4 weeks the amount of total DNA recovered was

similar across all samples, however, only 0.002% of total plant

DNA was recovered after 4 years. With respect to the transgene,

the number of aadA gene fragments decreased by more than 104-

fold over the first 2 weeks, and then by a further 10-fold over the

remainder of the experiment. Furthermore, extracted DNA from

the soil treatments was transformed into Acinetobacter modified

to facilitate homologous recombination. Transformed

Acinetobacter were obtained using total DNA from soil

samples containing purified GM tobacco DNA at 0 weeks, but

not at later time points. In GM leaf samples, transformants were

only obtained using DNA from soil samples that were

supplemented with ground 0.5 g of GM leaf discs, but not

other leaf treatments.

In another experiment, 2 years after GM sugar beets were

harvested, shredded, and disposed, transgenic DNA was detected

by PCR in the soil from the disposal site (Gebhard and Smalla,

1999). Although these examples may demonstrate that naked

DNA (either intact genes or fragments) can survive for long

periods of time, it is currently unknown what this length of time

is and the percentage of DNA that would become fragmented.

That said, transgenic DNA has the same physical properties as

endogenous DNA, resulting in the same likelihood of transgenic

DNA being horizontally transferred as that of non-GM plant

DNA. A small percentage of naked DNA may therefore be

available for HGT not only across time, but also across space

as soils and sediments are subject to geological events (noting the

degrading effects of abiotic and biotic interactions on DNA

integrity).

4.3 Dedicated DNA uptake mechanisms in
potential recipients for GM plant DNA

HGT can either occur through a vector-mediated pathway,

such as via bacteria, viruses, viroids, plasmids or transposons, or

via a direct pathway, such as exchange and uptake of naked DNA.

HGT is most prominent in prokaryotes, especially in bacteria,

who utilise it as a mechanism for adaptation, particularly for the

acquisition of beneficial traits such as antibiotic resistance when

placed under selective pressures (Soucy et al., 2015). HGT in

prokaryotes usually occurs via conjugation, transformation and

transduction. Other mechanisms for HGT include: prokaryotic

cell fusion, exchange via gene transfer agents, intracellular or

endosymbiotic gene transfer, which predominantly pertains to

eukaryotes, and introgression. These vast array of mechanisms

are thoroughly reviewed in a number of publications, e.g., Soucy

et al. (2015) and De Santis et al. (2018).

4.3.1 Conjugation
HGT via conjugation requires the physical association

between the donor and the recipient cell. A well-characterised
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conjugation system occurs between Agrobacterium and plants.

Agrobacterium sp. are soil-based plant pathogens that possess a

type IV secretion system (T4SS), allowing the natural transfer

and integration of part of its DNA, known as transfer-DNA, or

T-DNA to the plant genome (Gelvin, 2017). The presence of

historical HGT taking place from naturally occurring

Agrobacterium has been described in sweet potato (Kyndt

et al., 2015), in several Nicotiana species (reviewed by Chen

and Otten, 2017) and recently in banana and over 30 dicot

species, including commonly consumed foods such as peanuts,

walnuts, guava, hops (used in beer production) and tea (Camellia

sinensis, which is used for most teas) (Matveeva and Otten, 2019).

In a process known as Agrobacterium-mediated transformation,

biotechnologists ‘disarm’ the natural genes on the T-DNA and

transform the Agrobacterium with a plasmid containing

transgenes of interest. As the T4SS can act in trans, this

modified Agrobacterium can be used as a vector to produce

GM plants (Gelvin, 2003). However, both biotechnologists and

gene technology regulators need to consider genetic elements

outside the T-DNA, such as those on the Agrobacterium

chromosome (Ülker et al., 2008) or on mobile genetic

elements (Philips et al., 2017), which in some cases, have also

been shown to be horizontally transferred into the plant genome

during the Agrobacterium-mediated transformation process.

4.3.2 Transformation
Transformation provides another mechanism for HGT,

whereby naked DNA is “taken up” from the environment by

naturally competent cells, which are predominantly bacteria

(Blokesch, 2016). It has been shown under laboratory

conditions that approximately 1% of bacterial species can take

up DNA from the environment (Mao and Lu, 2016).

Transformation can occur in environments where the donor

or the intact donor DNA and the receiving organism are in close

proximity. With respect to GM plant material, such

environments include, but are not limited to, the

gastrointestinal tract (GIT) of consumers and the plant

phytosphere, which is a complex plant micro-ecosystem

comprising of both the exterior and interior of plants that are

aboveground and belowground (Yang et al., 2013).

4.3.3 Transduction
Transduction is a process whereby bacteria and archaea

acquire DNA via HGT, and this process is mediated through

phages (Soucy et al., 2015). Transduction can be either

generalised or specialised. In generalised transduction, a

random piece of the host DNA is incorporated by the phage

during lytic phage replication in place of the viral genome. In

specialised transduction, an integrated prophage imprecisely

excises itself from a host genome and incorporates some of

the flanking host DNA (Soucy et al., 2015; Schneider, 2017).

These “mistakenly” packaged host DNA can then be horizontally

transferred via phages to the next bacterium and are likely to

occur in environments where phages and bacterium are

abundant, such as in waterways and the human GIT

(Schneider, 2017).

4.3.4 Gene transfer agents
Gene transfer agents (GTAs) are phage-like particles, found

in bacteria and archaea, that can randomly incorporate a piece of

the donor’s host genome for delivery upon cell lysis to other

nearby recipient hosts and as such, can also facilitate HGT (Lang

et al., 2012; Soucy et al., 2015). However, GTAs have lost their

ability to target their own DNA for packaging. Therefore, they

cannot transfer all the genes needed to encode their particle in the

new recipient host, creating a distinction from phages

participating in transduction (Lang et al., 2012; Soucy et al.,

2015).

4.4 Homologous DNA sequences and
genetic compatibility

The phylogenetic relationship between the donor and the

recipient could also be a major determinant for HGT frequency.

Despite the fact that all organisms have a history of HGT (Keese,

2008; Crisp et al., 2015; Fournier et al., 2015), the phylogenetic

distance between non-related organisms increases the

possibilities of genetic incompatibility, making them less likely

to undergo HGT when compared with closely related organisms

with compatible genomes (Bertolla and Simonet, 1999; Keese,

2008; Boto, 2010; Hibdige et al., 2021). Conversely, there is a

greater likelihood of HGT if homologous regions are present

between the donor and recipient (de Vries et al., 2001). Such

homologous regions are more likely to be present in closely

related organisms, such as between bacteria (Soucy et al., 2015).

HGT between bacteria occurs frequently (McAdams et al., 2004).

However, based on experimental data, HGT from purified DNA

or ground GM plant tissue material to bacteria that lack flanking

homologous DNA regions has also been shown to occur.

Estimates indicate that this event occurs at a low frequency of

7 × 10–23 per cell. This frequency, as expected, increases if short

homologous DNA sequences are present between the donor (GM

plant material) and recipient bacteria (7 × 10–13 per cell), but it is

still a few orders of magnitude (1014) lower to the naturally

occurring rates of HGT between bacteria in the environment

(10–1 to 10–8 per cell) (Dröge et al., 1998; Brigulla and

Wackernagel, 2010).

Transgenes which have not originated from plants are

generally codon optimised for improved expression when

introduced into the GM plant. Prominent examples of

bacterial transgenes that have been codon optimised and used

in GM plants include the cry genes from Bacillus thuringiensis

imparting insect resistance (Latham et al., 2017) and the

CP4 epsps gene from Agrobacterium sp. strain CP4 imparting

resistance to the herbicide glyphosate (Heck et al., 2003). Codon
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optimisation can reduce the likelihood of GM plant to bacteria

HGT due to the reduction in homology between the optimised

transgene and endogenous bacterial sequences. Additionally, if

HGT of the intact codon optimised transgene to bacteria were to

take place, the encoded protein product would be sub-optimal in

expression and may not be retained within the population.

4.5 Proximity of donor DNA to a potential
recipient organism

The proximity between the recipient and the donor or the

donor’s intact DNA is another factor in the likelihood of HGT

being successful. Therefore, the relationship between a donor and

a symbiont, commensal, epiphyte, pathogen, predator or pest,

that facilitate a close physical contact, increase this likelihood

(Rumpho et al., 2008; Nikoh and Nakabachi, 2009; de la Casa-

Esperón, 2012; Soanes and Richards, 2014; Qiu et al., 2016; Yin

et al., 2016; Shinozuka et al., 2017). For plants, the micro-

ecosystem comprised by the phytosphere is considered a

hotspot for HGT between plants and bacteria (Pontiroli et al.,

2009).

Wastewater treatment facilities, where wastewater from a

variety of sources, including municipalities, hospitals, and

industry converge, are also potential hotspots. This potential

is due to the close contact of microorganisms from the variety of

different sources, which may form biofilms and the selective

pressures caused by pollutants such as heavy metals and

antibiotics that can promote HGT (Hultman et al., 2018). The

potential for HGT from GM plants to bacteria in wastewater

treatment facilities in United States has been described (Gardner

et al., 2019).

With respect to GM plants, other hotspots include the GITs

of animals and humans after GM plant consumption. For

example, the human GIT provides an excellent environment

for HGT, with its stable physicochemical conditions and

temperature, continuous food supply, high concentration of

bacteria and their bacteriophages, and plenty of opportunities

for conjugation on the surfaces of food particles and host tissues

(Lerner et al., 2017). During the digestive process, consumed food

is broken down and fragments of DNA are released in the GIT

(see section 4.6.3 for HGT to bacteria in the gastrointestinal tract

of humans and animals) and become available for transformation

by naturally competent cells. In addition to co-localisation of GM

plant DNA and the potential recipient, sufficient time needs to be

available for HGT to take place. Bacteria are considered the most

likely recipients of HGT from GM plants, because they possess

several mechanisms facilitating DNA uptake (see section 4.3

above) and they have many opportunities to form close physical

proximity with plants and/or their DNA.

The following sections will describe the likelihood, factors

and the barriers for HGT to take place from plants, including GM

plants, to a variety of recipients.

4.6 HGT from plants to bacteria

4.6.1 HGT to bacteria in the phytosphere
Despite the fact that potential recipients for transgenic DNA

have been identified among soil bacteria (Monier et al., 2007),

there is no evidence in the published literature of HGT from a

GM plant to soil bacteria under field conditions (Badosa et al.,

2004; Demanèche et al., 2008; Ma et al., 2011). For example, the

root-associated microbiota was studied in a field 6 years after

planting with virus-resistant GM grapevine. In addition to a viral

coat protein, the GM grapevine also possessed the nptII antibiotic

resistance gene (conferring resistance to kanamycin) as a marker.

The analysis showed that the presence of GM grapevine did not

increase the level of nptII-resistant bacteria in the soil, as similar

levels of naturally nptII-resistant bacteria were found in soil

planted with non-GM grapevine (Hily et al., 2018).

4.6.2 HGT to bacteria in aquatic environments
Similar to the considerations for naked DNA in the terrestrial

environment, naked DNA in the aquatic setting also needs to

remain intact for the likelihood of aquatic microorganisms to

incorporate this DNA into their genome and then produce its

functional protein product. The persistence of naked DNA in

water samples (groundwater and river water) originating from

GM corn (event MON-ØØ863-5) and purified plasmid DNA,

both containing the nptII antibiotic resistance gene, was

measured by the ability of Pseudomonas stutzeri to naturally

take up the naked DNA (Zhu, 2006). The results, based on P.

stutzeri’s natural uptake, showed the presence of the plasmid

DNA in intact or filter sterilised water but that this decreased to

undetectable levels within 4 days (Zhu, 2006), indicating that

elements in these water samples aided DNA degradation.

Likewise, in the same study, the stability of GM plant DNA

was assessed by real-time PCR. The results demonstrated that the

concentration of GM plant DNA reduced by two orders of

magnitude within 4 days in intact and filter sterilised water

(Zhu, 2006). Thus, material such as pollen, leaves, fruit and

other plant detritus, originating from GM plants could

potentially make its way to the aquatic environment and

become available for HGT should its DNA maintain integrity

(Poté et al., 2009).

4.6.3 HGT to bacteria in the gastrointestinal tract
of humans and animals

In their diets, humans and animals are regularly exposed to

DNA from a variety of sources, including from plants, animals

and microorganisms. Nawaz et al. (2019) reviewed that as part of

a normal human diet, the daily dietary intake of DNA ranged

between 0.1 and 1 g. The likelihood of HGT of transgenic DNA

from GM plants to gut bacteria or tissues of animals and humans

is very low when considering the total pool of all available DNA

in the GIT (Jennings et al., 2003; Netherwood et al., 2004;

Sieradzki et al., 2013; Korwin-Kossakowska et al., 2016).
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Estimates for the percentage of GM DNA in a theoretical

Austrian daily diet were performed by Jonas et al. (2001). As

part of their daily average diet, Austrians would consume 170 g of

soybean, maize, and potato. Based on a total daily dietary DNA

intake of 0.6 g, and considering the consumption of purely GM

crops, approximately 0.00006% of the total DNA would be GM

(Jonas et al., 2001). Similarly, in dairy cows consuming 60% GM

maize, approximately 0.000094% of the total daily DNA intake

would be GM (Beever and Phipps, 2001). However, these

estimated percentages are based on intact DNA prior to

consumption and have not considered the fate of the DNA

during the digestive process. As the DNA from GM

organisms, including GM animals, insects and plants is

chemically equivalent to DNA from other sources, the fate of

GM DNA in the GIT is similar to that of non-GM DNA (Rossi

et al., 2005; Van Eenennaam and Young, 2014). This fate is purely

for the DNA and there would be separate considerations for

regulators for any consumed proteins encoded by the GM DNA,

which is beyond the scope of this review.

There are several factors that detrimentally affect the

integrity and availability of DNA. These include the process of

food preparation, cooking, and digestion of DNA in the GIT, all

of which fragment the DNA (these factors have been reviewed in

Rizzi et al. (2012) and Nawaz et al. (2019)). Thus, only in rare

circumstances is it likely that an intact gene or a transgene is able

to participate in HGT from dietary sources to consumers or to

the bacteria in their GIT.

In insects, the discovery of incompletely digested leaf

fragments in the faeces of tobacco hornworm fed on GM

transplastomic tobacco carrying the nptII gene raised the

possibility that gut bacteria could uptake GM plant DNA

(Deni et al., 2005). However, this could not be confirmed in

the gut bacteria of the species tested so far, which include

tobacco hornworm and bees (Deni et al., 2005; Mohr and

Tebbe, 2007; Hendriksma et al., 2013; Niu et al., 2017).

Experiments to investigate HGT to the bacteria in the GIT

of birds and mammals have also been undertaken. For

example, GM corn, GM rice, GM soybean or purified

plasmid DNA were introduced in the diets of rats, broilers,

laying hens, pigs, piglets and calves. No instances of HGT of

the introduced DNA to bacteria in the GIT was observed in

these experiments (Nemeth et al., 2004; Zhu et al., 2004;

Deaville and Maddison, 2005; Calsamiglia et al., 2007; Wilcks

and Jacobsen, 2010; Yonemochi et al., 2010; Walsh et al.,

2011; Nordgård et al., 2012; Sieradzki et al., 2013;

Świątkiewicz et al., 2013; Zhao et al., 2016).

Overall, HGT from GM plants to bacteria has rarely been

reported (Nielsen et al., 1998; Andersson, 2005; Pontiroli et al.,

2009; Miyashita et al., 2013). This is likely to be a consequence of

the small percentage of introduced DNA in GM plants (see

section 4.1 above) combined with the low HGT frequency from

plants to prokaryotic recipients (Pontiroli et al., 2009; Brigulla

and Wackernagel, 2010).

4.7 HGT from plants to eukaryotes

4.7.1 Direct HGT to humans and animals
Animals are multicellular eukaryotes whose cells lack walls.

Most animals cannot synthesise their own nutrients, but instead

rely on obtaining these by digesting other organisms as food. If

plant material is consumed, its DNA will be present in the

animal’s GIT (Broaders et al., 2013). For HGT to become a

reality, the consumed DNA would have to maintain its integrity

after digestion, be horizontally transferred to the reproductive

cells and then be passed on to the recipient’s offspring. This could

be achieved by consumed DNA being transferred into germline

cells either directly, if these are physically close to the digestive

system, or via a circulation system, such as the blood in

vertebrates, or the haemolymph in lower animals.

The presence of GM DNA in a variety of higher animals who

have consumed GM plants as part of their diet have been tested.

For example, herbicide tolerant Roundup Ready® soybean (event

MON-Ø4Ø32-6) and insect resistant corn (event MON-

ØØ81Ø-6) were used in feeding experiments that were carried

out over ten generations on Japanese quails. The results showed

no signs of GM DNA in tissue samples, including the breast

muscle, eggs and internal organs (Korwin-Kossakowska et al.,

2016). In other studies, fragments of ingested DNA have been

detected in the blood of humans and a variety of higher animals,

which have been extensively reviewed (e.g., Parrott et al., 2010;

Nicolia et al., 2014; Nadal et al., 2018). Small amounts of

fragmented DNA have also been shown to be absorbed into

the gut epithelial tissues of mammals (Rizzi et al., 2012). It is to

note that fragmented DNA may no longer be able to encode a

protein in its entirety and as such is unlikely to be functionally

active. In other reports, small fragments of GM DNA have been

detected in some tissue samples from pigs, sheep and birds

(Jennings et al., 2003; Mazza et al., 2005; Rossi et al., 2005;

Sharma et al., 2006). Albeit present in some tissues, there was no

evidence of GM DNA integration into the genome of somatic

cells, or its transfer into the germ cell DNA in these animals.

In addition, there has been no GM DNA or protein detected

in consumed products such as milk, meat or eggs from livestock

that have been with fed GM plants (reviewed by Van Eenennaam

and Young, 2014; De Santis et al., 2018). Nawaz et al. (2019)

suggest that uptake of fragmented DNA into the bloodstream of

consumers is a common occurrence. Testing in these studies was

generally conducted within 24 h after consumption and detection

of the ingested DNAwasmost likely to originate from high-copy-

number genes, such as those present in the chloroplast (reviewed

in Nadal et al., 2018; Nawaz et al., 2019). However, after 24 h, the

ingested DNA present in the blood was difficult to detect,

indicating that there are mechanisms in place to eliminate

them (Nawaz et al., 2019).

An important consideration for multicellular eukaryotes is

that the horizontally acquired genes would need to reach the

germ line and then be transferred to the next generation. This
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entails an extra barrier for HGT and chances of transmission of

horizontally transferred genes to offspring are rare, even if

transmission happens during unicellular or early

developmental stages (Huang, 2013). In an alternative

pathway, a fetus may be exposed to DNA fragments when the

pregnant mother consumes DNA-containing material. In studies

conducted in the late 1990s, pregnant mice were fed with high

levels of purified phage M13 and plasmid DNA. The presence of

this foreign DNA was then tested in the fetuses and in new-born

mice, where fragmented phage M13 DNA was detected

(Schubbert et al., 1997; Schubbert et al., 1998). The results

showed that not all cells in the fetuses or new-born mice

contained this foreign DNA. It was concluded that the DNA

fragments were most likely transferred across the placenta from

the mother. It was not clear if DNA fragments integrated into the

genome of the somatic cells of the offspring or if they were

present transiently. The limitations and conclusions of this study

have been extensively critiqued by Beever and Kemp (2000). A

follow-up study by the original researchers found no transfer to

the germline cells when mice were fed transgenic DNA daily over

eight generations (Hohlweg and Doerfler, 2001).

In summary, if an animal diet includes the consumption of

GM plants, there are several barriers that need to be overcome for

HGT of the transgene to take place (Figure 2). These include: The

extremely low percentage of the GM DNA in the overall dietary

intake, which is chemically equivalent to non-GM DNA; the

fragmentation of DNA due to digestion, reducing the likelihood

of the GM DNA to code for a functional product; the additional

hurdle of the GM DNA crossing the gastrointestinal barrier; and

persisting in the bloodstream for it to be available for

FIGURE 2
A selection of pathways and barriers for the horizontal gene transfer (HGT) from (GM) plants to a selection of recipients. Black arrows indicate
direct HGT, grey arrows indicate a secondary HGT event fromplant viruses and/or bacterium. [Images courtesy of: (A) canola by Pixabay/Jenő Szabó,
(B) Agrobacterium by Jing Xu, Indiana University, (C)Cowpeamosaic virus, PDB ID: 1NY7 (Lin et al., 1999), created using NGL viewer (Rose et al., 2018)
at RCSB PDB, (D), (E) and (F) sourced from iStock].
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incorporation into germline cells. If all these challenges could be

overcome, and for HGT to be successful, the GM DNA would

then have to be passed onto the consumer’s offspring.

4.7.2 HGT between plants
Plants are multicellular eukaryotes, most of which are

capable of synthesising their own nutrients. Plant cells possess

a cell wall that is made up of cellulose, which adds a physical

barrier in accessing the DNA within living cells or taking up

DNA from other plants. The intimate contact required for HGT

between plants may occur in natural or artificial grafts, or via

parasitic interactions. During these interactions, an exchange of

substances, including nucleic acids can occur. Although

epiphytic plants are in contact with their host throughout

their lives, there is only superficial contact with the surface of

the host rather than tight interaction between the two. This is a

barrier to direct HGT between epiphytes and their hosts.

4.7.2.1 Direct HGT of nuclear plant DNA to other plants

The strongest evidence of plant-to-plant HGT occurring are

those between parasitic plants and their hosts (Xi et al., 2013;

Davis and Xi, 2015; Yang et al., 2016; Yoshida et al., 2016; Yang

et al., 2019). This is most likely due to formation of amulticellular

organ called the haustorium when the parasitic plant encounters

the host. The haustorium creates an intimate physical association

by penetrating into the host stem or root and then connecting to

the host vasculature, which allows the exchange of a wide range

of materials including DNA and RNA (Yoshida et al., 2016).

Some recent studies of HGT involving plants, predominantly

in grasses, have been described. Such examples include: multiple

HGTs of nuclear ribosomal genes between grass lineages

(Mahelka et al., 2017); HGT between distantly related grasses

of a second enzymatic gene that aids in microhabitat variation

(Prentice et al., 2015); and evidence of the contribution of nuclear

HGT to C4 evolution in grasses (Christin et al., 2012). More

recently, genomes of a diverse set of 17 grass species that span

more than 50 million years of divergence were analysed for grass-

to-grass protein-coding HGT events. The results indicated that

major crops, such as maize and wheat were recipients to

horizontally transferred genes (Hibdige et al., 2021).

4.7.2.2 Direct HGT of non-nuclear plant DNA to other

plants

In general, HGT of non-nuclear DNA, i.e., mitochondrial

and chloroplast DNA, between individual plants is considered to

be more likely than nuclear DNA transfer due a variety of factors

including; their high copy number and a process known as

organelle capture (Stegemann et al., 2012). For example, in

natural grafts, where two plant stems or roots are in contact

with each other, or under laboratory grafting experiments, the

transfer of entire chloroplast genomes or even full mitochondria

organelles have been detected (Stegemann and Bock, 2009;

Stegemann et al., 2012; Thyssen et al., 2012; Gurdon et al.,

2016). However, some authors suggest that heritable changes

might only be possible if the formation of lateral shoots occurs

within the graft site (Stegemann and Bock, 2009), certainly

heritable changes can be induced following grafting under

laboratory conditions (Fuentes et al., 2014). As such, the

stability of horizontally transferred genes via natural grafting

(regarding integration, expression, and inheritability) requires

additional analysis (Gao et al., 2014).

Transfer of non-nuclear DNA has also been shown to occur

independently of grafting. For example, the whole genome analysis

of Amborella trichopoda, which is thought to be the most basal

extant flowering plant revealed six genome equivalents of historical

horizontally acquired mitochondrial DNA. These were acquired

from green algae, mosses, and other angiosperms and some

transferred as intact mitochondria (Rice et al., 2013). Non-

nuclear DNA transfer also occurs in parasitic interactions (Xi

et al., 2013; Davis and Xi, 2015; Yoshida et al., 2016; Sanchez-

Puerta et al., 2019; Sinn and Barrett, 2019) andmitochondrial HGTs

in both directions have been detected in 10 of 12 parasitic lineages

(Yoshida et al., 2016).

The number of chloroplasts per plant cell is highly variable,

with approximately 100–120 chloroplasts per cell in the leaves of

tobacco and Arabidopsis (Maliga and Bock, 2011). Thus, GM

plants possessing the transgene in the chloroplast, for example,

have a much higher transgene copy-number than nuclear-

modified plants. In addition, as the chloroplast is prokaryotic

in origin, it is more likely to share homologous regions with other

prokaryotes. Therefore, transgenes within the chloroplasts of GM

plants have been proposed to increase the likelihood of HGT to

bacteria compared to transgenes integrated into nuclear DNA

(Kay et al., 2002; Monier et al., 2007). However, studies

comparing plasmid DNA, PCR products and chloroplast-

transformed tobacco, containing ~7,000 copies of the

transgene per plant cell, all of which contained the same DNA

construct concluded that there was no indication that these high-

copy-number chloroplast transformed GM plants could cause

higher rates of HGT than nuclear-transformed GM plants

(Demanèche et al., 2011).

Currently, to the best of our knowledge, there have been no

reports of HGT from a GM to a non-GM plant.

4.8 HGT from plants to viruses

Plant viruses could also be recipients of genes horizontally

transferred from GM plants. Viruses frequently evolve by

recombination between homologous viral sequences (Keese,

2008). Therefore, GM plants carrying virus-derived sequences,

such as viral promoters, might be more likely to act as an HGT

donor for plant viruses capable of infecting these GM plants

(Keese, 2008).

An in vivo study of HGT fromGM grapevine was carried out by

assessing its root-associated microbiota 6 years after planting (Hily
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et al., 2018). The grapevine was modified by introducing the coat

protein from Grapevine fanleaf virus (GFLV) strain F13 (F13-cp) to

confer resistance against the virus as well as the nptIImarker gene as

previously discussed. For the viral transgene, analysis of the GFLV

population showed a large number of natural recombination events

within the virus; however, none of these recombinants contained the

F13-cp or nptII transgene sequence (Hily et al., 2018).

Under laboratory conditions, plant viruses demonstrate the

ability to incorporate plant DNA or RNA into their genome. For

example, experiments were conducted with Cucumber necrosis

virus (CNV), which is a positive-sense, single-stranded RNA

virus. When Nicotiana benthamiana leaves were infiltrated with

the transcript of CNV coat protein, virus-like particles were

produced that carried a variety of host RNAs, including

retrotransposons and chloroplast-specific RNAs (Ghoshal

et al., 2015). In the case of retrotransposons, the authors

concluded that it would be possible for these to be

horizontally transferred via the virus to new hosts (Ghoshal

et al., 2015). Likewise, the Beet curly top Iran virus (BCTIV), a

single-stranded DNA virus, can incorporate DNA from its sugar

beet host to form hybrid virus-plant minicircles. These can then

be packaged and have been shown to replicate and be transcribed

in other plant species sensitive to BCTIV infection (Catoni et al.,

2018).

4.9 HGT from plants to other organisms
and facilitation via vectors

The introduced DNA in GM plants has the potential to be

horizontally transferred to other classes of organisms that have

not been mentioned in this review, either through a direct or a

vector-mediated pathway. Such organisms include, but are not

limited to, algae, fungi, or nematodes. For example, rare HGT

events from plants to fungi have been reported (Richards et al.,

2009; Nikolaidis et al., 2013; Li et al., 2018). Should HGT from

plants to recipients, such as fungi and bacteria take place, the

possibility of the recipient itself acting as a secondary HGT

donor/vector becomes available.

Other potential recipients include arthropods and nematodes,

which also have a history of horizontally acquiring genes from

bacteria and fungi (Mitreva et al., 2009; Haegeman et al., 2011;

Wybouw et al., 2016). Similarly, viruses could act as a HGT vector

facilitating gene transfer from plants to bacteria. However, viruses

that function in both plants and bacteria are rare (Nielsen et al., 1998),

although certain plant viruses, such as geminiviruses, have been

shown under experimental conditions to replicate in the bacterium,

Agrobacterium tumefaciens (Rigden et al., 1996). If HGT was to then

take place between the virus and bacterium under field conditions, a

secondary vector-mediated pathway could become available, with

bacteria then acting as a HGT donor to other plants. Thus, in this

scenario, HGT via two vectors could take place between GM and

non-GM plants.

Likewise, bacteria could horizontally transfer DNA that it has

acquired from GM plants viaHGT to other organisms. However,

these successive processes would most likely require several more

barriers to be overcome, each reducing the likelihood for

successful HGT, and would most likely need to be carried out

over an evolutionary timescale.

5 Considerations regarding the
potential for adverse outcomes as a
consequence of HGT

As previously discussed, while the acquisition of a new gene

by HGT is not considered harm per se, it has the potential to lead

to genetic variation within a population, and thus, its impact on

driving the evolutionary function of organisms has been

considered (Keese, 2008; Boto, 2010). With respect to GM

plants, for HGT-induced harm, the acquisition of the genetic

material must result in a non-neutral change for the recipient, be

maintained in the population and result in an adverse outcome to

humans, animals and/or the environment (Keese, 2008).

Occasionally, the function of the transferred genes could strongly

affect the severity of the adverse consequences or the likelihood of a

HGT event (Keese, 2008).When a population is under strong selective

pressures or environmental stresses, HGT can be stimulated. In the

recipient, the transferred gene can either confer a detrimental, neutral,

or advantageous trait. If this novel trait is advantageous, the recipient

can overcome its pressures and stresses, outcompete its neighbours or

adapt to a new ecological niche (van Elsas et al., 2003; Keeling, 2009;

Raz and Tannenbaum, 2010; Vogan and Higgs, 2011; de la Casa-

Esperón, 2012). For example, under intensive agricultural production,

the coffee berry borer beetle, Hypothenemus hampei, horizontally

acquired a mannanase gene from bacteria that helped it adapt to

enzymatically digest the polysaccharides of coffee beans, converting it

into an invasive pest (Acuña et al., 2012). Similarly, the whitefly,

Bemisia tabaci, horizontally acquired a phenolic glucoside

malonyltransferase gene from plants allowing it to neutralise the

plant-produced phenolic glycosides that would otherwise kill the

whitefly after herbivory. This to our knowledge is the first known

example of a HGT event between a plant and an animal and is

thought to have occurred ~86 million years ago (Xia et al., 2021).

There are also instances that illustrate how novel genes acquired by

HGT contributed to parasite adaptation to a new host in different

organisms, for example: HGT of cellulase genes, allowing cellulase

activity, from several microbial donors to nematodes, which enhances

their parasitism and pathogenicity of plants (Danchin et al., 2010);

HGT of genes associated with disease resistance and abiotic stress

response in spidermites (Grbic et al., 2011;Wybouw et al., 2018); and

HGT of fungal genes involved in the metabolism of plant sugars and

genes involved in the breaking down of cell walls to increase the

parasitism of oomycetes (Richards et al., 2011).

Even when an organism horizontally acquires a gene that

leads to a selective advantage, the advantage might not have a
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short-term impact on the recipient’s ecology, and changes might

only be significant when considered in an evolutionary timescale

(Hiltunen et al., 2017). Similarly, the ecological benefits of an

adaptation acquired by a sporadic HGT event could dissipate

over time (Hiltunen et al., 2017). In these cases, the impacts to the

ecosystem of a casual HGT event are difficult to assess, and risk

assessments cannot rely on considering just HGT frequency, as

this is not a good prognostic tool for long term effects of HGT

(Pettersen et al., 2005).

Many adverse effects owing to the potential of HGT of the

transgene fromGMplants to other organisms, including humans, are

gene dependent. These effects include their potential role in

allergenicity, pathogenicity, virulence, toxicity and other

environmental effects. Therefore, these potential effects should be

evaluated on a case-by-case basis in the context of the proposed

activities in the risk assessment of each GM plant if occurrence of

HGT is considered more likely than when dealing with the non-GM

plant.

For example, one of the most common concerns regarding GM

plant safety is the potential environmental and health consequences

of HGT with regards to prokaryotic-derived antibiotic resistance

genes, which are predominantly used as markers to select for the

transformation event. ShouldHGT and subsequent integration occur

to the gut microflora of consumers, including humans, the concern

relates to the proliferation of antibiotic resistant strains of harmful

bacteria which would be harder to control (Rizzi et al., 2012). These

concerns have been previously assessed (see EFSA (2017) and

references within Woegerbauer et al. (2015)) and there is no

account of such an event occurring from a GM plant source

under field conditions (Demanèche et al., 2008; Pilate et al., 2016;

EFSA et al., 2017; Tsatsakis et al., 2017; Hily et al., 2018). In addition,

the presence of these resistance genes has not significantly increased

antibiotic resistance in the clinical setting (Breyer et al., 2014).

Furthermore, natural antibiotic and herbicide resistance genes are

found in widely dispersed soil microorganisms, often on mobile

genetic elements (Pontiroli et al., 2007) and the HGT of these

naturally occurring genes has previously been described by

Domingues et al. (2012). Therefore, these naturally occurring

microorganisms, as well as the vast pool of available antibiotic

resistance genes already naturally present in the intestinal

microflora in the human GIT, are far more likely to be the HGT

source for these resistance genes than GM plants (Pontiroli et al.,

2007; Tothova et al., 2010; Huddleston, 2014).

That stated, the evaluation of antibiotic resistance genes in GM

plants needs to be considered on a case-by-case basis and regulators

at the European Food Safety Authority (EFSA) have adopted the

classification of these genes into three risk groups. These groups class

antibiotic resistance genes based on their abundance in the

environment and their significance to human and veterinary

medicine, reviewed in De Santis et al. (2018). Regulators in

Europe have also issued a directive to phase out antibiotic

resistance genes used in GM plants that have adverse effects on

human health and the environment [Directive 2001/18/EC of the

European Parliament and of the Council (on the deliberate release

into the environment of genetically modified organisms)] (Garcia,

2006). As such, biotechnologists are encouraged to develop GM

plants without the use of antibiotic resistance gene markers (Breyer

et al., 2014). In Australia, the risk assessment process considers the

background presence of the gene(s) used in the genetic modification

“Antibiotic resistance marker genes commonly used in the selection

process for generating GM plants are derived from soil bacteria

abundant in the environment. Therefore, exposure to an antibiotic

resistance gene, or to the protein encoded by such a gene, derived

from a GMO, may or may not be significant against the naturally

occurring background” (OGTR, 2013).

6 Conclusion

HGT is most prominent in prokaryotes, as many lack sexual

recombination and thus employ HGT as a mechanism for

adaptation to the environment. For example, the beneficial

acquisition of antibiotic resistance through HGT in a clinical

setting, and several other cases of HGT have been researched

and documented in this context. Despite the significant role that

HGT has played in the evolution of eukaryotic genomes, nuclear

HGT events between multicellular eukaryotes are considered scarce,

when compared to those between prokaryotes and in either

direction between prokaryotes and eukaryotes (Richardson and

Palmer, 2007; Keeling and Palmer, 2008; Keeling, 2009; Bock,

2010; Huang, 2013; Gao et al., 2014; Schönknecht et al., 2014).

Specifically, scarcity of HGT between plants can be attributed to the

need of a vector to facilitate the transfer (Mahelka et al., 2017).

Overall, the frequency of HGT for all organisms, including

viruses and bacteria, is orders of magnitude lower than gene

transfer by sexual or asexual reproduction. This is due to HGT

needing to overcome numerous barriers, such as those related to

the transfer, incorporation, and transmission of the DNA

between organisms. In eukaryotes, additional barriers are

needed to be overcome, where the DNA may first need to be

transferred from the somatic to germ cell line and then be

transferred to the recipient’s offspring.

The advances in whole genome sequencing and comparative

genomics demonstrates that, although historical, HGT events in

eukaryotic organisms may have previously been underestimated.

(Bock, 2010; Crisp et al., 2015; Drezen et al., 2017; Quispe-

Huamanquispe et al., 2017; Sieber et al., 2017; Matveeva and

Otten, 2019). However, by the publication date of this

manuscript, there have been no reports of adverse impacts on

human health or environmental safety as a direct or indirect

result of HGT from GM plants. Moreover, in the Australian

context, GM plants approved for environmental release often

contain genes and regulatory sequences that originate from

naturally occurring organisms that are already present in the

environment. Therefore, the potential for unintended adverse

effects of HGT of the inserted genetic material is unlikely to be
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greater than those by its naturally occurring genetic counterparts. As

such, the potential for adverse effects to human and animal health

and to the environment as a result of HGT from GM plants already

authorised for environmental release in Australia are highly unlikely.

However, it is worth considering that, by exchanging the host of the

introduced genetic material, a closer physical association to a

potential recipient might be enabled, potentially increasing the

likelihood for HGT. Furthermore, with recent advances in

genome editing, non-food plants, such as N. benthamiana, are

likely to be genetically modified with DNA sequences encoding

components for production of pharmaceuticals and vaccines

(Bally et al., 2018). The DNA sequences in such GM plants may

be novel or synthetic, and therefore are unlikely to already be present

in the environment. This would pose new challenges to gene

technology regulators in conducting their risk analysis, as a direct

comparator is not immediately apparent. The Australian approach

provided by the Regulator’s Risk Analysis Framework (OGTR, 2013)

would still allow the risk assessment of any novel or synthetic DNA

sequence in the GM plant to be conducted. Similarly, the risks

associated from gene-edited plants would also follow the above

processes, noting that in Australia, organisms modified via Site

Directed Nucleases (SDN) without guide RNAs (SDN-1) are

organisms that are not genetically modified organisms under

Schedule 1 of the Gene Technology Regulations 2001 for

regulatory purposes following the changes made to the Australian

Regulations in 2019 (OGTR, 2020; O’Sullivan et al., 2022).
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