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Chapter 1 - Benefits and risks of gene drives for invasive plant management - the 

case for common tansy1 

Overview 

Invasive plants cause significant environmental and economic damage, but land 

managers have few control options. Common tansy (Tanacetum vulgare) is prevalent in 

many US states and is one of the most reported invasive plants in Minnesota. Controlling 

common tansy poses a challenge due to its extensive distribution and association with 

diverse plant communities. A gene drive is being explored as a genetic biocontrol method 

for the management of several non-native invasives, including common tansy in North 

America. Gene drives have emerged as a novel biotechnology application with potential 

to improve public health, promote conservation, and increase agricultural productivity. In 

common tansy, gene drives could be developed to target genes that would reduce or 

eliminate female fertility and consequently inhibit common tansy seed production. Using 

common tansy as an example, we outline risks associated with the use of gene drive 

technology for invasive plant control and explain how risks may be mitigated. 

Understanding potential benefits and risks associated with gene drives in the early stages 

of development is crucial. Mitigating risks, receiving stakeholder input, and navigating 

 
1 Croghan, L., Smith, A. G., Tancos, M. A., Anderson, N. O., and Becker, R. L. (2023). 

Benefits and risks of gene drives for invasive plant management - the case for 

common tansy. Frontiers in Agronomy 5. doi: 10.3389/fagro.2023.1290781 

 

http://paperpile.com/b/NrI9JR/0JFU2
http://paperpile.com/b/NrI9JR/0JFU2
http://paperpile.com/b/NrI9JR/0JFU2
http://paperpile.com/b/NrI9JR/0JFU2
http://paperpile.com/b/NrI9JR/0JFU2
http://dx.doi.org/10.3389/fagro.2023.1290781
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the regulatory environment will play an important role in gene drive development and 

deployment. 

Introduction 

Non-native invasive plants present a critical management problem world-wide (Mashhadi 

and Radosevich, 2004). A non-native invasive plant is one that has been introduced, 

either intentionally or by accident, to a region outside its native range, and its spread 

causes harm to the environment, economy, or public health. Plants are frequently 

introduced for cultivation or as stowaways on water and land vehicles, and the majority 

of introduced plants do not cause significant harm. Many non-native plants have provided 

significant agricultural, economic, and health benefits to the United States (Blackburn et 

al., 2014; Milanović et al., 2020). However, a small number of introduced plants become 

invasive and cause immense damage. An estimated 24% of introduced plants become 

established, and of those, an estimated 18% have detrimental impacts (Jeschke and 

Pyšek, 2018). Invasive plants quickly dominate an area and outcompete native plants 

which may lead to the decline of threatened or endangered species (Dueñas et al., 2018). 

Human health can be impacted by invasive plants like the case of blisters and burns 

caused by the sap of wild parsnip (Pastinaca sativa) and giant hogweed (Heracleum 

mantegazzianum) (Averill and DiTommaso, 2007; Cuddington et al., 2022). Plant 

invasions reduce the recreational value and esthetic appeal of rivers, lakes, and natural 

areas as is the case of Eurasian watermilfoil (Myriophyllum spicatum) in North America 

(Westbrooks, 1998; Pimentel et al., 2005; Zhang and Boyle, 2010). Many invasive plants 

are agricultural weeds and cause economic harm in terms of crop losses or reduced 
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quantity or quality of livestock forage, e.g. non-native invasive Canada thistle (Cirsium 

arvense) (Guggisberg et al., 2012). Annual crop losses caused by agricultural weeds are 

estimated to be US$33 billion (Pimentel et al., 2005). 

Invasive plant management is challenging for land managers from a logistical and 

financial standpoint. Herbicides are often one of the most effective options at controlling 

invasive plants, but herbicides also harm native vegetation. Several target plants have 

evolved herbicide resistance limiting the effectiveness of this method (Kniss, 2018). 

Hand-pulling can be highly effective, but it is usually only feasible for small populations 

and causes soil structure damage. Financial and labor resources often act as a major 

limiting factor in invasive plant removal (Kettenring and Adams, 2011). Classical 

biological control has been an effective control method to manage some plants, but it is 

limited to those with appropriate control agents and often takes many years to assess 

specificity and risk in order to receive state and federal approval from regulatory agencies 

for release (Clewley et al., 2012). Classical biological control has risks associated with 

non-target effects of the biocontrol agent, but those are heavily mitigated by lengthy risk 

analysis procedures (Scoles and Overholt, 2005; Van Driesche and Center, 2013). All 

control methods result in some level of risk, and the likelihood of reinvasion is high 

without effective restoration following any method of removal (Kettenring and Adams, 

2011). The challenges associated with traditional management methods have led 

scientists to explore novel methods of management.  

Genetic biocontrol, particularly gene drive technology, is emerging as a novel method of 

management for many harmful species and diseases. Gene drives work as a mechanism 
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of biased inheritance for a target allele, which can be harnessed to ‘drive’ a desired allele 

throughout a population (Alphey et al., 2020). Gene drives designed to knock out a 

reproductive-specific gene would result in sterility, which could lead to population-level 

decline for an invasive species. While not used to date for the management of any 

species, gene drives have the potential to become an effective and efficient weed 

management tool. This review highlights common tansy as a possible species for 

development and deployment of a gene drive. Many of the principles proposed for 

common tansy can be applied to other invasive plant species. 

Background of gene drives 

Synthetic gene drives have been developed in insects, mammals, fungi, and bacteria 

(Bier, 2022) and there is much discussion of their utility in plants (Neve, 2018). Synthetic 

gene drives are engineered to bias inheritance and spread a desired trait through a 

population. Conversely, selfish genetic elements occur naturally and are segments of the 

genome that are able to enhance their own transmission, even if the overall fitness of the 

organism is reduced (Ågren and Clark, 2018). Meiotic drives are an example of selfish 

genetic elements achieving drive during meiosis and are often referred to as naturally 

occurring gene drives (Vergara et al., 2022). Meiotic drive is a method in which a selfish 

genetic element manipulates its transmission via an interference mechanism and becomes 

overrepresented in gametes (Ågren and Clark, 2018; McFarlane et al., 2023). Meiotic 

drives in plants have been studied in maize (Zea mays) chromosome knobs and 

monkeyflower hybrids (Mimulus) (Buckler et al., 1999; Fishman and Willis, 2005). 

Design of gene drives may utilize clustered regularly interspaced short palindromic 
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repeats (CRISPR), transposable elements (TEs), zinc finger nucleases (ZFNs), 

transcription activator-like effector nucleases (TALENs), maternal-effect dominant 

embryonic arrest (MEDEA), or homing endonuclease genes (HEGs) (National 

Academies of Sciences, Engineering, and Medicine, 2016).  

Homing endonuclease genes (HEGs) are a class of selfish genetic elements that facilitate 

the conversion of a heterozygote to a homozygote. The HEG encodes an enzyme that 

cleaves the homologous chromosome at the recognition site, and homology directed 

repair copies the HEG into the homologous chromosome (National Academies of 

Sciences, Engineering, and Medicine, 2016) Over generations, the gene is expected to 

have an increased frequency in a population. There is discussion whether the term ‘gene 

drive’ for naturally occurring selfish genetic elements is appropriate, or if a gene drive 

should only refer to synthetic gene drives (James et al., 2023). Except when otherwise 

noted in this paper, gene drives are used to refer to synthetic gene drives, in particular 

CRISPR-based homing gene drives. CRISPR-based homing gene drives act similarly to 

homing endonuclease genes. 

Harnessing selfish genetic elements was first proposed in the 1960s and revisited in 2003 

with the idea of harnessing HEGs (Burt, 2003; Vergara et al., 2022) Scientists harnessed 

selfish genetic elements to engineer a system of biased inheritance which led to the 

development of a synthetic homing endonuclease-based gene drive in mosquito 

(Anopheles gambiae) (Windbichler et al., 2011). Shortly after the introduction of 

CRISPR as a genome editing tool, a CRISPR/Cas9-based gene drive system, termed a 

mutagenic chain reaction, was created in Drosophila melanogaster (Gantz and Bier, 
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2015). Yeast and mosquito gene drives quickly followed in Saccharomyces cerevisiae, 

Anopheles stephensi, and Anopheles gambiae using CRISPR/Cas9 (DiCarlo et al., 2015; 

Gantz et al., 2015; Hammond et al., 2016).  

CRISPR/Cas9 allows for more targeted, efficient, and cost-effective gene editing and is 

used to construct an artificial homing endonuclease system. The CRISPR/Cas9 genome 

editing system utilizes guide RNA to recognize the target sequence, and then the Cas9 

nuclease creates a double stranded break near the target sequence that is repaired by non-

homologous end joining (NHEJ) or homology directed repair (HDR) mechanisms. Non-

homologous end joining repairs the break by joining the DNA fragments. It is prone to 

small insertions and deletions, which may produce mutations knocking out the targeted 

gene. Homology directed repair utilizes a DNA template to precisely repair DNA and can 

be utilized to insert a gene drive element into the genome for development of a CRISPR-

based homing drive (Figure 1) (Asmamaw and Zawdie, 2021). 

There are two strategies for the application of a gene drive to manage invasive plants: 

population modification and population suppression. Population modification, or a 

modification drive, spreads a genetic element that alters the population’s genotype. The 

spread of a genetic element that returns herbicide sensitivity to a population that has 

developed herbicide resistance would function as a population modification gene drive 

and is also referred to as a sensitizing drive (Neve, 2018). Population suppression, or a 

suppression drive, spreads a genetic element, or deleterious allele, that leads to 

population decline. Population suppression can be achieved by driving reduced fertility 

into a population (National Academies of Sciences, Engineering, and Medicine, 2016).  
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An early population model suggests that a sufficient genetic load for population 

suppression can be reached in fewer than 20 generations (Burt, 2003). Genetic load refers 

to reduced fitness at the population-level produced by the gene drive. A variety of 

population models have been created that predict how the gene drives’ fitness cost, 

conversion rate, and initial release frequency can vary genetic load of a gene drive over 

time in a population (Unckless et al., 2015; Drury et al., 2017; Rode et al., 2019; Vergara 

et al., 2022). When evaluated in a cage study of mosquitoes (Anopheles gambiae), Kyrou 

et al. (2018) demonstrated that the gene drive construct reached 100% prevalence in as 

few as seven generations (Kyrou et al., 2018). 

Gene drives could also prove useful for plant breeding, plant pathogen control, and 

conservation. Plant breeders could use gene drives to shorten the inbreeding time to 

produce homozygous parental lines and improve gene-editing in polyploid crops 

(Siddiqui et al., 2021; Tek and Budak, 2022). The use of gene drives to control pathogens 

and pests of agricultural crops has also been discussed (Courtier-Orgogozo et al., 2017; 

Medina, 2018; Gardiner et al., 2020). Conversely, gene drives could be engineered to 

spread an allele that increases plant fitness, removes deleterious alleles, or promotes the 

conservation of an endangered plant species (Barrett et al., 2019; Rode et al., 2019).   

Feasibility of gene drives in plants 

Gene drives will not be suitable for all invasive plant management scenarios. Gene drives 

are transmitted through sexual reproduction and the conversion of heterozygotes to 

homozygotes. Therefore, development of a gene drive is most suitable in outcrossing 

plant species that primarily reproduce via seed. Plants that have high selfing rates or 
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primarily spread vegetatively (e.g., rhizomes, tubers, etc.) will be less amenable to 

control using a gene drive (National Academies of Sciences, Engineering, and Medicine, 

2016). Moreover, pollination biology and seed dispersal will influence the range and 

speed at which a gene drive will spread. The generation time (life history) of the plant 

species will also factor into the development and feasibility of a gene drive. For example, 

a perennial species that takes several years to reach reproductive age, such as trees, may 

require hundreds of years for sufficient generations to spread the gene drive (Rode et al., 

2019). Plant species can have extensive seed banks that present a challenge for 

population control via any method. Dormant seeds in the soil will not be affected by a 

gene drive until they germinate and reach maturity for gene exchange. Species with low 

yearly germination rates are expected to require more generations to reach the same 

genetic load as those with high yearly germination rates (Barrett et al., 2019). 

A variety of technical challenges must be considered for the development of a gene drive 

in a plant species. Genetic transformation is the method of introducing foreign DNA into 

a host and will be needed to introduce a gene drive construct into an invasive plant host. 

Agrobacterium-mediated transformation is a genetic transformation method that has been 

successfully used in many plant species (Gelvin, 2003). However, some species have 

proven to be recalcitrant to Agrobacterium infection or the subsequent shoot regeneration 

via tissue culture (Pitzschke, 2013; Armas et al., 2017). Particle bombardment, viral 

vector-mediated, protoplast transfection, and nanoparticle-mediated DNA delivery are 

alternative gene drive delivery methods that can be considered (Laforest and Nadakuduti, 

2022). Conventional plant genetic transformation methods insert DNA randomly into the 
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host genome. Random integration or multiple copies of transgenes may result in variable 

expression levels from plants derived from independent transformation events. These 

variable levels of transgene expression may be the result of position effects or caused by 

transgene silencing (Gelvin, 2003). In either case, the random insertion necessitates the 

screening of multiple independent lines for heritability and gene drive expression. 

Alternatively, site-specific plant transformation methods using CRISPR technology and 

particle bombardment have been demonstrated (Dong et al., 2020; Begemann et al., 

2017). Ultimately, an efficient method of transformation will be necessary for gene drive 

development and testing in any plant species.  

Identifying gene targets and targeting them will be more complex in plant species with an 

unsequenced or large genome and plants with polyploidy or aneuploidy (Neve, 2018). A 

gene drive that targets a trait controlled by many genes will pose more challenges than 

one that targets a trait controlled by a single gene with low sequence diversity within the 

species and high sequence diversity among species. Suppression gene drives are often 

proposed to target male or female fertility genes. A number of genes essential to female 

fertility have been identified in model plant systems such as Arabidopsis, and 

homologous genes may serve as a starting point for a gene target in other plant species 

(Siddiqi et al., 2000; Crawford et al., 2007; Johnston et al., 2007; Qin et al., 2009; 

Trigueros et al., 2009; Zhao et al., 2014). To obtain a high drive efficiency, the guide 

RNA must correctly find the target site and Cas9 must reliably create a double stranded 

break near the target sequence. After the double stranded break is made, homology 

directed repair needs to occur to ensure further propagation of the gene drive element. A 

https://paperpile.com/c/theCaM/ODDZ+8LAF
https://paperpile.com/c/theCaM/ODDZ+8LAF
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high drive efficiency is demonstrated by a high conversion rate of heterozygotes to 

homozygotes seen in CRISPR-based homing gene drives. There is evidence that 

homology directed repair does not occur as frequently in plants as non-homologous end 

joining. (Gorbunova and Levy, 1999). However, the use of specific promoters can 

increase homology directed repair efficiency (Miki et al., 2018; Wolter et al., 2018). The 

engineering of maternal effect dominant embryonic arrest (Medea), male gamete killer 

drives, and CRISPR toxin-antidote drives may be a good choice in species with low 

homology directed repair efficiency (Barrett et al., 2019). Medea works by ensuring 

progeny must inherit Medea in order to survive through the use of a toxin-antidote 

system. Medea alleles must be associated with a low fitness cost for population-wide 

spread, so Medea is not suitable for a suppression drive but could be effective for a 

modification drive (Akbari et al., 2014). Male gamete killer drives also rely on a toxin-

antidote system, but will have limited sequence specificity (Barrett et al., 2019; Sweigart 

et al., 2019). CRISPR toxin-antidote drives work similarly to Medea and are discussed in 

more detail under the Risks section of this manuscript. 

Resistance to gene drives has occurred (Hammond et al., 2017), and it is likely that 

resistance would develop to any gene drive without a design to mitigate resistance 

development. Resistance alleles are generated when non homologous end joining occurs 

in place of homology directed repair, or they can generate from standing genetic variation 

or de novo mutations (Unckless et al., 2017). Strategies to prevent gene drive resistance 

include guide RNA multiplexing and designing targets for highly conserved regions of 

the genome (Champer et al., 2018; Barrett et al., 2019; Price et al., 2020). However, some 
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models have shown that resistance alleles may not become prominent in a population 

until many generations after the gene drive saturates a population. This lag time will vary 

depending on the drive’s fitness costs and the rate of resistance allele formation 

(Unckless et al., 2017). A suppression drive may have a high fitness cost, which can give 

rise to rapid resistance causing a drive to locally self-extinguish (Noble et al., 2018). 

Resistance developing unlinked to the drive, or nonallelic, is possible. Gene drive spread 

has potential to outpace nonallelic resistance evolution through the use of multiple drives 

with individually moderate effects (Cook et al., 2022).  

Common tansy as a model for gene drives in plants 

Common tansy (Tanacetum vulgare) is an herbaceous perennial native to Western 

Eurasia. It was introduced to North America as early as the 1600s for its utility as an 

ornamental, medicinal, and funerary plant (Mitich, 1992; Jacobs, 2008). It is winter hardy 

to USDA Z3, and spreads both sexually (seed) and asexually (rhizomes). In the state of 

Minnesota, and five other states, common tansy is designated as a noxious weed meaning 

efforts must be made to control its spread (Clasen et al., 2011; Chandler, 2013).  

Common tansy is a short-lived herbaceous perennial with rhizomes from which shoots 

emerge in the spring. Rhizomes may persist three to ten years with an average of 5.4 

years (Jacobs, 2008). Common tansy plants produce many flowers in their first year of 

growth, and in the northern U.S. plants can flower from August into early November. 

Flowerheads on the 0.6 to 1.5 meter tall stems will hold seeds throughout the winter or 

longer if undisturbed (Jacobs, 2008). Seedling germination can occur in the spring or fall, 
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and rhizome spread is minimal with seed dispersal being the main mode of population 

establishment (White, 1997). 

Common tansy populations have continued to expand and increase over the past 30 years 

or more, despite widespread management. Common tansy readily forms a monoculture 

where it supplants native plants. This plant has been shown to invade forests, pastures, 

and waterways and is very prevalent in the Superior National Forest. It is toxic to 

livestock and horses, which harms agriculture. It has also been identified as an alternate 

host to the chrysanthemum stunt virus (CSV) that reduces the commercial potential of 

infected chrysanthemum plants, (Chrysanthemum xgrandiflorum and Chrysanthemum 

xhybridum) (White, 1997; Chandler, 2013). 

Lake Huron tansy (T. huronense) and camphor tansy (T. camphoratum) are closely 

related species native to the United States. Lake Huron tansy is state-listed as endangered 

in Wisconsin and threatened in Michigan (Carlson and Fulkerson, 2017). Feverfew (T. 

parthenium) is a closely related species that is cultivated and has naturalized in the 

United States. Feverfew is known to hybridize with common tansy (Brown et al., 1999; 

Zhou et al., 1999). Hybridization has been shown to increase the invasion risk of some 

species (Ellstrand and Schierenbeck, 2000). The ability of common tansy to hybridize 

with Lake Huron tansy or camphor tansy is unknown. Common tansy is also closely 

related taxonomically to ox-eye daisy (Leucanthemum vulgare), an invasive plant in the 

Southwestern United States (Jacobs, 2008; United States Department of Agriculture, 

2017). Common tansy is widespread throughout North America with a known presence 
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in 45 US states, and 9 Canadian provinces and territories. Minnesota has greater than 

38,000 reported occurrences of common tansy (EDDMapS, 2023). 

Existing control methods for common tansy have several drawbacks on their 

effectiveness and ability for safe-use. Herbicides are a commonly used control method 

for common tansy. However, herbicides are costly and often require repeated 

applications. Herbicide resistance is a growing concern in weeds, with several weeds 

developing resistance (Kniss, 2018). In addition, herbicides that are applied broadly over 

adventitious populations may cause harm to non-target organisms, including insects, 

animals, and even microbial communities contributing to biodiversity loss (Ruuskanen et 

al., 2023). Herbicide run-off, leaching, or vapor drift can cause the herbicide to travel 

further than intended, bringing the harmful effects with it. Control via hand-pulling, 

mowing, and tillage is labor intensive and only suitable for small populations. Grazing is 

not a good option for common tansy populations due to livestock toxicity. Mowing and 

fire-management has limited effectiveness because underground rhizomes allow common 

tansy to regrow (Chandler, 2013). An international effort to explore biological control of 

common tansy formally began in 2006 (CABI, 2023) with considerable progress in 

testing insects as biological control agents for common tansy (Wolf et al., 2012b). This 

form of biological control introduces a host-specific enemy from the species’ area of 

origin into the invading range to produce population decline. Biological control agents 

are subject to local and federal approvals and have unique challenges but have been 

successful in controlling other invasive plants (Carson et al., 2008; Clewley et al., 2012; 

Van Driesche and Center, 2013).  
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A gene drive may be a useful tool for controlling invasive common tansy. By using a 

suppression drive that specifically knocks-out female fertility, it may be possible to 

significantly reduce the number of plants in common tansy populations over several 

generations. When female fertility is reduced or eliminated by a gene drive, and male 

fertility is maintained, pollen containing the gene drive element will spread to non-gene 

drive plants (wild-type), but the pollen-donor plant will not produce viable seed. Seed 

will be produced via the hybrid cross between wild-type and gene drive common tansy. 

However, most of this seed will be female sterile and, thus, unable to produce progeny, 

yet still capable of spreading the gene drive element via pollen resulting in eventual 

population decline (Figure 2). 

Ensuring heritable site-specific gene targeting requires high rates of homology directed 

repair in germline cells, egg cells, or during early embryo development (Miki et al., 

2018). Additional research is needed to improve gene targeting efficiency, but through 

tissue-specific Cas9 expression via germline-specific promoters coinciding with site-

specific double stranded breaks, heritable site-specific gene targeting is achievable by 

optimizing the temporal and spatial expression of Cas9 (Miki et al., 2018). Germline 

differentiation is expected to occur late in development for most plants and occurs shortly 

before flowering in angiosperms (Lanfear, 2018). In contrast, germline segregation is not 

well studied and more research is needed on the timing of germline segregation. One 

theory proposes a slowly-dividing functional germline (Lanfear, 2018). Taking this into 

consideration, we expect gene conversion to occur in egg cells or early embryo 
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development prior to germline differentiation and segregation resulting in somatic and 

germline cells that are homozygous for the gene drive cassette. 

Common tansy is a strong candidate for gene drive development and deployment for 

multiple reasons. Common tansy has high levels of outcrossing and has been reported to 

be self-incompatible (Clasen et al., 2011). Reproduction produces a high number of 

seeds, with a single plant capable of producing up to 50,000 seeds (Royer and Dickinson, 

1999). While propagation and spread via rhizomes can occur, it is localized and not the 

primary mode of spread (Chandler, 2013). This ensures the sexual reproduction that is 

necessary for transmission of the gene drive. By reducing or eliminating seed production 

in a population through gene drive, the main mode of reproduction and dispersal will be 

controlled. Diploid organisms with a smaller genome are better for the identification of 

genetic targets. Common tansy is diploid but does have a large genome at 2C = 8.86 pg 

(Keskitalo et al., 1998). We are working to sequence the common tansy genome to 

facilitate target identification in candidate genes. In vitro regeneration has been 

successfully seen in common tansy, and Agrobacterium-mediated transformation has 

been optimized in several related species (Keskitalo et al., 1995; Sherman et al., 1998; 

Patial et al., 2016). We are working to optimize in vitro regeneration as a part of an 

efficient transformation method for common tansy that will allow for introduction of a 

gene drive into the genome. Low seed bank persistence and low risk of resistance would 

be advantageous for gene drive development (Neve, 2018). The seedbank persistence of 

common tansy and the risk of gene drive resistance developing is not yet known. 

However, this is true of many plants that may be good gene drive candidates. The 
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challenges in the development of a gene drive for common tansy management are 

expected to be minimal compared to most invasive plant species (Figure 3). 

Benefits 

Gene drive technology has been suggested as a possible “silver bullet” to invasive species 

management (Webber et al., 2015). Theoretically, gene drives have the potential to 

eliminate invasive species in a precise manner, which could prevent harmful effects to 

non-target organisms and closely related taxa. A sensitizing drive could be designed to 

make a species susceptible to a compound that is otherwise non-toxic to other plants, 

humans, and the environment (Min et al., 2018). In contrast, a suppression drive designed 

to reduce fertility in a species could prevent continued spread of the invasive plant, such 

as common tansy. Preventing further spread of the species, and facilitating population 

decline through a gene drive, is an important step towards restoring natural vegetation in 

an invaded area (Flory and Clay, 2009). An added benefit of the use of gene drives for 

control is the lack of disturbances to the soil or environment that can facilitate invasion 

and reinvasion.  

Gene drives would be self-propagating and would not require repeated applications 

which would be beneficial for control in remote and inaccessible regions. Application of 

a gene drive via seeds, or in some cases pollen, will allow a large number of gene drive 

organisms to be released to help reach threshold frequencies in adventitious populations. 

Since herbicides will not be applied, safety concerns of exposure to harmful chemicals 

are eliminated (Myers et al., 2016). Once developed, a gene drive may be a more cost-

effective tool for invasive plant management and would require minimal human 
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intervention. A more cost-effective option for management can sometimes be the best or 

only choice for land managers due to financial constraints (Kettenring and Adams, 2011). 

Overall, gene drives have the potential to minimize environmental harm while still 

effectively managing invasive plant populations. 

Risks 

Gene drives are capable of spreading to nearby populations and transferring the gene 

drive cassette throughout a new population. While this may be desirable from an invasive 

plant control standpoint, the potential for gene drives to spread beyond their intended 

range is not without concerns. A major concern is the potential for a gene drive to be 

moved intentionally or unintentionally to the species’ native range. Theoretically, this 

could result in reduction or elimination of the species in its native range, reducing its 

ecosystem services. For example, in its native range of Eurasia, common tansy acts as a 

competitor of the non-native invasive plant, Canada goldenrod (Solidago canadensis) 

(Schittko and Wurst, 2014). To combat the unintended spread of a gene drive, a reversal 

drive, or recall drive, has been proposed as a tool that would overwrite genomic changes 

spread by the initial gene drive (Bier, 2022). The engineering and release of resistant 

alleles could also result in extinction of an escaped gene drive (Burt, 2003; Bier, 2022). 

While a reversal drive can function as a safety mechanism, there may still be significant 

damage caused by a gene drive spreading beyond its intended range (Vergara et al., 

2022). A reversal drive is only likely to be introduced after some damage has occurred 

and that damage may have long-lasting effects (Rode et al., 2019).  
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Split drives, daisy-chain drives, and sensitizing drives are all types of gene drives that are 

designed to prevent uncontrolled spread in a gene drive release. Split drives use 

molecular confinement for components of the gene drive cassette. This creates a drive 

that will only work if all necessary parts of the drive are present in an organism. Due to 

rapid segregation, exponential spread of the drive is prevented. Split drives have been 

proposed as a safeguarding mechanism for laboratory research and could limit the spread 

of a drive in the field (Akbari et al., 2015; DiCarlo et al., 2015; Terradas et al., 2021). 

Daisy-chain drives contain a linear series of unlinked drive elements responsible for 

driving the next element in the chain. Daisy-chain drives are designed to be self-

exhaustive. Earlier elements in the chain will be lost from the population over time until 

the final element, containing the gene drive cargo, is lost. This stops the spread of the 

gene drive and can be used to design a gene drive that will only affect a local population 

(Noble et al., 2019). The use of split drives and daisy-chain drives may allow for safer 

release of a gene drive, although it may require the re-release of a gene drive after 

multiple generations. Sensitizing drives spread a neutral allele through a population that 

produces a sensitivity to a compound. Even if the drive spreads to a non-target 

population, the effect of the drive is only seen after the drive has spread through the 

population, and the population is treated with a particular compound, such as glyphosate 

(Min et al., 2018; Neve, 2018). Split drives, daisy-chain drives, and sensitizing drives 

will limit uncontrolled spread of a gene drive and minimize harm even if introduced to an 

invasive plant’s native range.  
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Confined drives offer another approach to limiting uncontrolled spread of a gene drive 

release. Toxin-antidote drives, including CRISPR toxin-antidote drives and Medea, can 

limit gene drive spread by requiring gene drive introduction thresholds. Once a gene 

drive surpasses its introduction threshold, it is able to increase to fixation in a population 

(Wang et al. 2022). Medea drives typically only have an introduction threshold if the 

drive has fitness costs, but CRISPR toxin-antidote drives can be simply designed to have 

an introduction threshold without a fitness cost (Champer et al. 2021). CRISPR toxin-

antidote drives act as a toxin by disrupting a target gene, then it rescues individuals with 

the drive via a recoded version of the target gene (Champer et al. 2020). Toxin-antidote 

drives often are not suitable for population suppression like homing drives are. Tethered 

drive systems can allow homing drives to gain the confinement benefits of other drives 

by using a confined drive to supply an essential component needed for homing drive 

function such as guide RNA or the cas endonuclease (Dhole et al. 2019; Wang et al. 

2022). Targeting locally fixed alleles by selecting a fixed target sequence in the desired 

population that is less prevalent in the non-target population offers another potential for 

confining a gene drive (Wang et al. 2022). 

Horizontal gene transfer is a significant risk of a gene drive release. Horizontal gene 

transfer occurs when genes move between populations of distinct species (National 

Academies of Sciences, Engineering, and Medicine, 2016). In gene drives, horizontal 

gene transfer would result in the transfer of the gene drive cassette to a non-target 

species. If the gene drive cassette were able to transfer to and spread in a non-target 

species, the non-target species may experience the same population suppression or 
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modification effects as the target species. In common tansy, horizontal gene transfer to 

native species such as Lake Huron tansy or camphor tansy is a major concern. Lake 

Huron tansy is listed as endangered and threatened in some states, and horizontal gene 

transfer of a deleterious allele would further harm its populations. Non-target naturalized 

and cultivated species could also be negatively affected by gene drive transfer. Selecting 

a genetic target that is different from targets in closely related species due to sequence 

diversity will mitigate its impact after an unintended transfer of the gene drive. Many 

closely-related species are capable of hybridization (Goulet et al., 2017), so knowledge of 

the species’ ability to hybridize, and the sequence diversity among related taxa, will be 

critical for assessing the risks of a gene drive release. Populations with limited gene flow 

may be able to utilize a precision drive and prevent gene drive spread through non-target 

populations. A precision drive system would utilize an initial drive spreading a unique 

sequence that can be quickly followed by a drive spreading the desired cargo gene. The 

second drive is designed to only recognize and spread the drive to individuals with the 

unique sequence (Esvelt et al., 2014).  

While invasive species negatively impact invaded ecosystems, the complete removal of a 

widely-prevalent invasive species may produce unintended ecosystem effects. For 

example, without concentrated restoration efforts, one or more new invaders may 

establish in place of the removed species. Due to an invasive species’ ability to 

significantly alter ecosystems, its subsequent removal may harm other members who 

have now become integrated or dependent (Zavaleta et al., 2001). Since common tansy is 

insect pollinated (entomophilous), its complete removal may temporarily impact 
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pollinators that have exploited common tansy as an abundant food source. Ecosystem 

interactions are complex, and restoration efforts must be made to facilitate the recovery 

of native plant communities (Guido and Pillar, 2017).  

The modeling of gene drive population dynamics provides useful information, but these 

models have many limitations. Much of the research on synthetic gene drives has been 

done on insects, particularly mosquitoes, and open field trials of gene drive mosquitoes 

have not yet occurred (Rašić et al., 2021). There is little known about the long term 

spread and effects of a gene drive. We must assume that some risks of gene drive have 

yet to be identified and understood. If the release of a gene drive occurs before fully 

understanding its risks, we may be creating a new problem requiring significant resources 

to adequately manage. 

Regulatory environment and public perceptions 

The deployment of gene drive technology, even for field testing, may be subject to 

governance and regulations. The United States Department of Agriculture (USDA), 

Environmental Protection Agency (EPA), and Food and Drug Administration (FDA) 

evaluate risks of biotechnology products. The regulation of gene drive organisms in the 

U.S. will likely fall under the jurisdiction of one or more of these agencies. However, 

there is concern about gaps in regulatory coverage for gene drives (Rudenko et al., 2018; 

West et al., 2022). Regulatory agencies take a “science-based” approach to assessing 

risks and do not explicitly consider ethical and cultural implications (Kuzma et al., 2018). 

The unique concerns and risks associated with gene drive organisms has led to 

recommendations to inform the public of risks and benefits to gene drive applications 
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early in their development (Kuzma, 2021). There is broad consensus about the need for 

community engagement early in development. Community engagement could be 

evaluating and addressing concerns through public input and education or to obtain 

community consent for a gene drive release (de Graeff et al., 2023). 

The communities in which a gene drive will be released, stakeholders, and the general 

public will all have concerns and feedback concerning the release and testing of a gene 

drive (National Academies of Sciences, Engineering, and Medicine, 2016). Diversity 

among stakeholders will translate to different perceptions and tolerances of risks posed 

by gene drives compared with their benefits (Rudenko et al., 2018). Oxitec, a private 

company holding field trials of genetically modified mosquitoes, has faced various 

hurdles from regulatory decisions to public opinion (Glenza, 2016; Petersen, 2022). We 

expect similar challenges will exist for field trials and the release of gene drives to 

control invasive plants, and early community engagement will be necessary to overcome 

these challenges. 

Scientists have developed safeguarding recommendations for responsible gene drive 

research. Multiple stringent confinement strategies are recommended for laboratory work 

on gene drive organisms to prevent escape (Akbari et al., 2015). Several scientists have 

committed to assessing and understanding risks, benefits, efficacy, and safety of gene 

drive organisms prior to any field trials. These scientists also point to public 

transparency, community engagement, and strategies for monitoring and mitigating a 

gene drive release as critical components of responsible trialing of gene drive organisms 
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(Long et al., 2020) These commitments and recommendations promote the ethical 

research of gene drive organisms and provide safeguards against the potential risks. 

Conclusions 

Gene drives are a novel technology that has promise for invasive plant control that 

complements or exceeds the capabilities of current control methods. Gene drives allow 

for a precise, species-specific method of management and minimize collateral damage 

that is common among traditional control methods. However, this novel technology 

remains unused for invasive plant control. Factors such as mode of reproduction, 

fecundity, ploidy, genome size, and seed bank persistence will affect the utility of gene 

drives for invasive plant control. Common tansy has several characteristics that make it a 

good candidate for gene drive research. However, caution will be necessary when 

proceeding with gene drive development and trials. Uncontrolled spread of the gene drive 

cassette both geographically and to non-target species could cause significant harm to the 

environment. These risks, and risks that have not yet been identified, need to be fully 

understood and mitigated prior to field trials. The regulatory atmosphere for gene drive 

organisms is still in development, which has prompted scientists to make commitments to 

responsible gene drive research (Akbari et al., 2015; Long et al., 2020). Community 

engagement is expected to play an important role in gene drive development and release. 

Gene drive technology has advanced rapidly and has many exciting applications for 

plants if the benefits are shown to outweigh the risks. 
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Figures 

Figure 1: Gene conversion in a CRISPR-based homing drive. A cross between a wild-

type parent and a gene drive parent results in F1 progeny that are initially heterozygous, 

but subsequently converted to homozygous for the gene drive cassette due to gene 

conversion through homology directed repair. The gene drive cassette expresses a Cas 

endonuclease (Cas9; shown in blue), guide RNA (gRNA; shown in black), and contains a 

cargo gene if desired (shown in orange).
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Figure 2: A female-sterile gene drive approach. Gene drive plants (black) containing 

the gene drive cassette are female-sterile and male-fertile individuals (A). Homozygous 

gene drive plants are introduced into a population of wild-type plants (green) where 

fertile pollen from gene drive plants pollinates wild-type plants and produces seeds (B). 

Seedlings emerge that are homozygous for the gene drive cassette due to gene conversion 

through biased inheritance (C). Over several generations, a majority of the population 

becomes female-sterile. Seed production is inhibited and the population declines (D). 

Wild-type seedlings may still appear in the population due to a persistent seed bank or as 

offspring of two wild-type plants. 
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Figure 3: Common tansy as a model for plant gene drives. Characteristics of common 

tansy are estimated with red triangles in relation to good and poor gene drive candidate 

characteristics. The triangle placement is used to show where tansy is estimated to fall in 

comparison to characteristic diversity in all plants. Question marks (?) indicate when 

information on common tansy is unknown. 
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Chapter 2 - Genotype-dependent regeneration and Agrobacterium-mediated 

transformation of common tansy (Tanacetum vulgare) 

Overview 

Common tansy is an invasive plant in the U.S. and Canada, and it has been researched for 

its essential oils and insecticidal properties. Efficient regeneration and transformation 

methods in common tansy will allow for genetic engineering applications including gene 

drive development and plant metabolite manipulation. Regeneration experiments with 

varying auxin and cytokinin concentrations, and regeneration experiments with varying 

light regimes, investigated the regeneration efficiency of petiole and lamina explants 

from genetically diverse seedlings. Auxin and cytokinin concentrations impacted 

adventitious shoot regeneration while light regimes did not. Explants from genetically 

diverse seedlings were screened to identify genotypes with high regeneration efficiency. 

Identified genotypes were evaluated on shoot induction media to assess their regeneration 

efficiency. We show that common tansy shoot regeneration is highly-genotype 

dependent. Four genotypes were identified with high frequencies of regeneration relative 

to wild-type, or genetically diverse, explants. The highest regeneration frequency was 

observed in genotype 5 grown on medium supplemented with 0.5 mg/L of naphthalene 

acetic acid and 2.5 mg/L of 6-benzylaminopurine resulting in 78% of petiole explants 

forming one or more adventitious shoots. Genotypes with high regeneration frequencies 

were used to demonstrate the stable integration of a transgene in common tansy calluses. 

This is the first report of genetic transformation in common tansy and will pave the way 

for genetic engineering applications. 
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Introduction 

Common tansy (Tanacetum vulgare) is an invasive plant in North America with 

widespread distribution in the U.S. and Canada. It was introduced from Eurasia, and in 

recent years has become an invasive species causing ecological and economic damage 

(White, 1997). Common tansy causes damage by spreading quickly and forming dense 

stands where it impacts reforestation efforts and outcompetes native flora (Minnesota 

Department of Natural Resources, 2024). It is an herbaceous perennial with high 

fecundity that spreads primarily by seed (Chandler, 2013). It is highly outcrossing and 

may be self-incompatible, making it a promising candidate for gene drive development 

(A. Smith, 2025, personal communication). Current management strategies, including 

herbicides, hand pulling, tilling, and grazing, are expensive and often cause harm to non-

target organisms (Ruuskanen et al, 2023).  

Gene drives offer a novel method of management that is species-specific and self-

propagating. Gene drives can be engineered to bias the inheritance of a detrimental allele 

resulting in a trait, such as sterility, to become overrepresented in a population (National 

Academies of Sciences, Engineering, and Medicine, 2016). A gene drive for common 

tansy designed to spread female sterility through a population while fertile pollen 

propagates the gene drive, would reduce seed production, leading to population 

suppression (Croghan et al., 2023).  

Common tansy has been cultivated as a medicinal plant, funerary herb, preservative, 

landscape ornamental, and insect repellent for many centuries (Mitich, 1992). 

Additionally, essential oils from common tansy have been researched for their anti-
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inflammatory, bactericidal, and fungicidal properties which may be of commercial value 

(Keskitalo et al., 2001). Common tansy also shows promise as an insecticide, and there is 

interest in using genetic engineering to manipulate secondary metabolites to increase the 

concentration of isoprenoids that contribute to bioactivity against insects (Keskitalo, 

2002). The genetic engineering of secondary metabolites, and gene drive development, 

necessitate an efficient protocol for genetic transformation in common tansy.  

Efficient regeneration and transformation methods will be necessary for genetic 

engineering of common tansy. It has been proposed as an ideal candidate for suppression 

gene drive development, and it has been extensively studied for its secondary metabolites 

and insecticidal properties (Keskitalo et al., 2001; Croghan et al., 2023). The previously 

reported regeneration frequency of 27% of petioles forming shoots when placed on media 

containing 4.5 mg/L of naphthalene acetic acid (NAA) and 4.5 mg/L of 6-

benzylaminopurine (BAP) may not be sufficient to obtain adventitious shoots from 

transformed cells of petiole explants (Keskitalo et al., 1995). Despite interest in genetic 

engineering applications, genetic transformation of cells or plant tissue had not been 

achieved in common tansy prior to this research. 

In common tansy, a protocol is needed to transform cells that have competency for 

regeneration under selection. Genetic transformation occurs when foreign DNA is 

integrated into a plant’s genome (Keshavareddy et al., 2018). Transformation in plants is 

often achieved with Agrobacterium tumefaciens (syn. Rhizobium radiobacter) and the in 

vitro shoot regeneration of transgenic plant tissue (Keshavareddy et al., 2018). Plant 

growth regulators are essential to induce shoot regeneration, with NAA and BAP being 
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commonly used as auxins and cytokinins, respectively (Asghar et al., 2023). Shoot 

regeneration can be influenced by individual genotypes, but this has not been investigated 

in common tansy (Matheson et al., 1990; Ishizaki et al., 2001; Ivic-Haymes and 

Smigocki, 2005). Previous research on regeneration in common tansy used a small 

number of wild-collected plants (genotypes) to source explant material (Keskitalo et al., 

1995). Invasive populations of common tansy have high genetic diversity and thus, wild-

collected seed contains a high diversity of individual genotypes with each seedling 

representing a different genotype (Clasen et al., 2011; Wolf et al., 2012a).  

Belonging to the Asteraceae family, common tansy is in the Chrysanthemum complex, 

similar to pyrethrum (Chrysanthemum cinerariifolium = Tanacetum cinerariifolium) 

which has established regeneration and transformation protocols. A genotype with high 

rates of regeneration was selected in T. cinerariifolium and resulted in a regeneration 

frequency of 87% of leaf explants forming one or more shoots (Mao et al., 2013). 

Furthermore, transgenic shoots have been produced at high frequencies (4.5 to 6.7% of 

leaf explants) indicating that similar frequencies may be possible in common tansy (Mao 

et al., 2013; Shinoyama et al., 2024). 

The purpose of this study was to develop a more efficient method for shoot regeneration 

in common tansy and investigate the influence of selected genotypes on shoot 

regeneration. Additionally, we used an optimized method for shoot regeneration to 

achieve stable integration of a transgene into common tansy. 

Materials and methods 
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Plant materials and culture conditions 

Common tansy seeds were harvested and pooled from many individuals of several 

representative invasive populations throughout Minnesota. Seeds were separated from 

chaff and debris by winnowing and a fractionating aspirator (Style No. CFZ2, Carter 

Day, Minneapolis, MN) was used to remove remaining chaff and underdeveloped seeds. 

Seeds (approximately 6 to 12 months after harvest) were surface sterilized with a 1-hour 

treatment of 6.1% chlorine gas (Lindsey et al., 2017). Subsequently, seeds were placed in 

70% ethanol for 5 minutes, followed by 3% sodium hypochlorite bleach (5 ml volume) 

plus 1 drop of Tween 20 solution for 20 minutes, and rinsed 3 times with sterile reverse 

osmosis water. Seeds were germinated on full strength Murashige and Skoog basal 

medium (Phytotech Labs, Lexena, KS) with 25 g/L of sucrose and 7.5 g/L agar (Hardy 

Diagnostics, Santa Maria, CA) and adjusted to a pH of 5.7. In vitro cultures for all 

experiments, unless otherwise noted, were grown under LED lights of approximately 150 

µmol/m2/s intensity with a 16-hour photoperiod at 22°C.  

Regeneration of wild-type explants 

Petiole and lamina explants were excised from leaves on 5-7 week old in vitro grown 

seedlings from wild-collected seeds - henceforth referred to as wild-type explants. 

Approximately 2-5 petiole explants and 2-5 lamina explants were excised from each in 

vitro grown seedling. Petiole explants ranged from 5-10 mm in length whereas lamina 

explants were approximately 10 mm2. Regeneration experiments were performed on full 

strength Murashige and Skoog basal medium with 25 g/L of sucrose and 7.5 g/L agar. 

Media were supplemented with several different concentration combinations of 

https://paperpile.com/c/NrI9JR/mpoX
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naphthalene acetic acid (NAA) and 6-benzylaminopurine (BAP) (Sigma-Aldrich, St. 

Louis, MO), and pH adjusted to 5.7 with 1 M KOH prior to autoclaving. Media were 

poured into sterile, 100 x 25 mm petri plates (Fisher Scientific, Hampton, NH), and 10 

lamina or petiole explants were placed in each petri plate.  

A light regime experiment was performed to investigate the impact of light regime on 

regeneration efficiency. Light regime treatments similar to those tested in Keskitalo et al. 

(1995) were used. Wild-type petiole and lamina explants were placed on media 

containing auxin and cytokinin concentrations of either 1.5 mg/L NAA and 1.5 mg/L 

BAP, or 1.5 mg/L NAA and 3.0 mg/L BAP, and cultured in darkness (0-hour 

photoperiod) for 0, 2, or 4 weeks before being placed under lights. Each combination of 

explant type, medium, and light regime treatment had six plate replicates (n = 10 

explants/replicate) totaling 60 explants/treatment combination.  

In a 16-factorial experiment, wild-type petiole and lamina explants were placed on media 

with 16 combinations of NAA (0.5, 1.5, 2.5, and 3.5 mg/L) and BAP (0.5, 1.5, 2.5, and 

3.5 mg/L) to investigate the effects of plant growth regulators on adventitious shoot 

regeneration. Each combination of explant type and medium had four plate replicates. 

This 16-factorial experiment was replicated in time resulting in a total of 8 (2 x 4) plate 

replicates (n = 10 explants/replicate), or 80 explants/treatment combination.  

For the light regime and 16-factorial experiments, explants were transferred to fresh 

medium every 4 weeks of culture. The number of explants forming shoots and the total 

number of shoots per plate were counted at 8 and 12 weeks. Shoots that had more than 

one visible leaf were counted. The regeneration frequency and shoots per regenerating 
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explant (SPRE) were calculated as shown below. Shoots per regenerating explant, 

previously used in (Mao et al., 2013), provides insight into regeneration efficiency while 

accounting for explants that did not form any shoots. The average shoots per explant 

(shoots/explant) is provided in parentheses where relevant, but it is often low due to the 

inclusion of explants that do not form any shoots. SPRE is valuable when using wild-type 

explants because it better accounts for the diversity of regeneration competencies 

between genotypes.  

𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑙𝑎𝑛𝑡𝑠 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑜𝑛𝑒 𝑜𝑟 𝑚𝑜𝑟𝑒 𝑠ℎ𝑜𝑜𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑙𝑎𝑛𝑡𝑠
∗  100%  

 

𝑆𝑃𝑅𝐸 (𝑠ℎ𝑜𝑜𝑡𝑠 𝑝𝑒𝑟 𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑒𝑥𝑝𝑙𝑎𝑛𝑡) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠ℎ𝑜𝑜𝑡𝑠 𝑝𝑒𝑟 𝑝𝑙𝑎𝑡𝑒 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑙𝑎𝑛𝑡𝑠 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑜𝑛𝑒 
𝑜𝑟 𝑚𝑜𝑟𝑒 𝑠ℎ𝑜𝑜𝑡𝑠 𝑝𝑒𝑟 𝑝𝑙𝑎𝑡𝑒

  

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠ℎ𝑜𝑜𝑡𝑠 𝑝𝑒𝑟 𝑒𝑥𝑝𝑙𝑎𝑛𝑡 (𝑠ℎ𝑜𝑜𝑡𝑠/𝑒𝑥𝑝𝑙𝑎𝑛𝑡) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠ℎ𝑜𝑜𝑡𝑠 𝑝𝑒𝑟 𝑝𝑙𝑎𝑡𝑒 

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑙𝑎𝑛𝑡𝑠 𝑝𝑒𝑟 𝑝𝑙𝑎𝑡𝑒
  

 

Screening and selection of individuals with high regeneration efficiency 

Data collected from the first replication in time of the 16-factorial experiment with 

lamina and petiole explants were used to identify individual explants (genotypes) with a 

high competency for adventitious shoot regeneration. The mean SPRE at 12 weeks in 

culture was calculated for each petri plate, and explants on plates with SPRE values ≥ 2.5 

(average SPRE for all petri plates was 0.94) were considered for genotype selection (18 

of 128 plates). Explants on petri plates meeting this requirement were evaluated on shoot 

size and shoot health before selection for genotype testing. Because more than one 

explant/genotype was represented on each petri plate, only shoots originating from the 

https://paperpile.com/c/NrI9JR/zQfvO
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explant with the highest number of shoots were subcultured as a genotype. Only one 

genotype was selected from each plate to ensure selected genotypes didn’t originate from 

the same seedling. A total of 10 genotypes were selected.  

Regeneration of explants from selected genotypes 

Shoots from the 10 selected genotypes were subcultured on medium containing 1.5 mg/L 

NAA in Magenta boxes (model GA-7, Merck KGaA, Darmstadt, Germany) to facilitate 

shoot growth. Roots and callus were removed each time the plantlets were transferred to 

fresh medium every 4-6 weeks. Shoots 5-10 cm in height were used for petiole and 

lamina explants in subsequent experiments. Petiole and lamina explants from each of the 

10 selected genotypes were excised and placed on media containing (i) 0.5 mg/L NAA 

and 2.5 mg/L BAP, (ii) 1.5 mg/L NAA and 2.5 mg/L BAP, or (iii) 2.5 mg/L NAA and 

2.5 mg/L BAP. Due to a shortage of explant material, genotypes 7 and 9 only had a single 

plate replicate (n = 10 explants/replicate) for each combination of explant type and 

medium, and genotype 9 did not have a 1.5 mg/L NAA and 2.5 mg/L BAP treatment for 

lamina explants. All other genotypes had two plate replicates (n = 10 explants/replicate) 

for each combination of medium (i, ii, and iii denoted above) and explant type. Explants 

were subcultured onto fresh medium after 4 weeks of culture. Data were collected at 8 

weeks, and the regeneration frequency and SPRE were calculated. The described 

experiment was only performed once. However, genotypes 2 and 5 were replicated to 

produce an additional three plate replicates/treatment combination (total of 5 plate 

replicates) as these genotypes showed promise in preliminary studies. Wild-type data 
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represents all data collected on the three media treatments (i, ii, and iii) during the 16-

factorial experiment.  

Adventitious rooting and acclimatization of shoots 

Eight-week old shoots from regeneration experiments with genotypes 2 and 5 were 

placed on media containing 0 or 1.5 mg/L NAA (no BAP) to investigate adventitious 

rooting. Each combination of genotype and medium treatment had 25 shoots (5 

shoots/Magenta box). After 4 weeks, the presence (+) or absence (-) of roots was 

recorded, and a subset of 15 shoots per treatment combination were randomly selected 

and planted into soilless medium (Sun Gro ® Professional Growing Mix). Plants were 

grown in a 72-cell flat (25.4 x 50.8 cm) under artificial lighting of approximately 150 

µmol/m2/s intensity with a 16-hour photoperiod at 22°C. Plants were slowly transitioned 

from high humidity to normal humidity over the course of 2 weeks. Plant survival was 

recorded after 4 weeks in soil.  

Optimization of antibiotic selection 

Experiments with varying concentrations of kanamycin, used for negative selection of 

transgenic cells, and cefotaxime, used to control A. tumefaciens overgrowth, were 

performed to determine optimal concentrations for selection. Kanamycin (G-Biosciences, 

St. Louis, MO) and cefotaxime (Santa Cruz Biotechnology, Dallas, TX) antibiotics were 

added to cooled media containing 1.5 mg/L NAA and 1.5 mg/L BAP before pouring into 

petri plates. Media containing 2, 5, 15, 25, 50, 100, or 300 mg/L of kanamycin with 200 

mg/L cefotaxime were used to culture wild-type petiole and lamina explants. Medium 
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containing 0 mg/L kanamycin and 0 mg/L cefotaxime and medium containing 0 mg/L 

kanamycin and 200 mg/L cefotaxime were used as control treatments. Each treatment 

had five plate replicates. Explant survival and callus growth after 4 and 8 weeks were 

recorded. Explants were recorded as dead if they did not have visible chlorophyll 

remaining.  

Agrobacterium strain and binary vector 

The p35 GUS INT vector in Agrobacterium tumefaciens strain EH105 was used to test 

transformation competency of common tansy. The p35 GUS INT binary vector was 

kindly provided by Lothar Willmitzer and is described in Vancanneyt et al. (1990). The 

T-DNA region of p35 GUS INT contains a selectable marker encoding NPTII which 

confers kanamycin resistance and the reporter gene uidA encoding the β-glucuronidase 

enzyme which are both driven by the CAMV 35S promoter. Agrobacterium tumefaciens 

was grown on 2xyt medium supplemented with 75 mg/L of kanamycin at 30°C. The 2xyt 

medium was prepared with 16g/L tryptone (Krackeler Scientific, Albany, NY) 10 g/L 

yeast extract (Mo Bio, Carlsbad, CA), 5 g/L sodium chloride (Macron Chemicals, 

Radnor, PA), 12.5 g/L agar (BD Biosciences, San Jose, CA), and autoclaved prior to 

supplementing with kanamycin.  

Agrobacterium-mediated transformation of tansy 

A single colony of A. tumefaciens harboring the p35 GUS INT construct was placed in 

liquid 2xyt medium containing 75mg/L kanamycin. This primary culture was incubated 

at 30°C in a shaker at 200 rpm for one day. The next day, 1 ml of primary culture was 

https://paperpile.com/c/NrI9JR/JymVx
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used to inoculate 150 ml of liquid 2xyt medium (containing 75mg/L kanamycin) and 

incubated at 30°C in a shaker at 200 rpm. The secondary culture was centrifuged at 6500 

rpm for 10 minutes and resuspended in liquid Murashige and Skoog (MS) medium at 0.6 

optical density (OD) at a wavelength of 600 nm. Acetosyringone (Cayman Chemical, 

Ann Arbor, MI) was added to the culture for a final concentration of 200 μM. Petiole 

explants from genotypes 2 and 5 were pre-cultured for 2 days on medium containing 

1.5mg/L NAA and 2.5 mg/L BAP before infection with the Agrobacterium culture for 4 

or 12 minutes. Explants were blotted on a sterile paper towel to remove excess 

Agrobacterium before being returned to medium containing 1.5 mg/L NAA and 2.5 mg/L 

BAP. Explants were co-cultured with A. tumefaciens for 1, 2, or 3 days and subsequently 

transferred to medium containing 25 mg/L kanamycin and 400 mg/L cefotaxime. 

Explants were transferred to fresh medium containing 25 mg/L kanamycin and 400 mg/L 

cefotaxime after 4 weeks, or sooner if Agrobacterium contamination occurred.  

As an early measure of transformation efficiency, a subset of calluses (n = 25) were 

tested for presence of the transgene via a histochemical stain for β-glucuronidase activity. 

X-gluc solution was prepared by adding 1 mg of x-gluc (5-bromo-4-chloro-3-indolyl-β-

D-glucuronic acid; Gold Biotechnology, St. Louis, MO) per ml into a buffer solution 

prepared as described in Gallagher (1992).Calluses were removed from culture and 

incubated in X-gluc solution for 24 hours at 37°C. After 24 hours, the X-gluc solution 

was removed and replaced with 90% ethanol to bleach the chlorophyll in plant tissue for 

better visualization. 

Statistical analysis 

https://paperpile.com/c/NrI9JR/bpiO
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All petri plates were grown in a complete randomized block design. Plate replicates that 

had contamination were removed and no data were collected for those replicates. All 

statistical analyses were performed in R version 4.3.1 (R Core Team, 2025). A two-sided 

t-test was performed to determine statistical differences between two treatment groups. 

Analysis of variance (ANOVA) was performed to determine statistical differences and p-

values when more than two treatment groups were compared. Mean separations indicated 

in tables and figures were determined using Tukey-Kramer’s Honestly Significant 

Difference (HSD) test (α = 0.05). 

Results 

Plant materials and culture conditions 

Wild-collected seeds germinated in vitro at an average rate of 54% with very little 

contamination observed when seeds were surface sterilized with chlorine gas, 70% EtOH, 

and 3% sodium hypochlorite bleach solution. Preliminary experiments showed that a 

sodium hypochlorite treatment without chlorine gas, and lower concentrations of sodium 

hypochlorite, did not prevent contamination. 

Regeneration of wild-type explants 

In the light regime experiment, there was no impact on adventitious shoot regeneration in 

wild-type explants for different light regimes. Both petiole and lamina explants were 

evaluated for their regeneration efficiency when cultured in darkness for 0, 2, and 4 

weeks before being placed in light. No significant differences were found between light 

regime treatments for regeneration frequency (p = 0.861) or SPRE (p = 0.471). However, 
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explants cultured in only light (0 weeks darkness) had a mathematically higher mean 

regeneration frequency and SPRE (Table 1). Most explants from all treatments formed 

green callus, but many explants did not form shoots leading to a low mean regeneration 

frequency. High standard deviations in regeneration frequency and SPRE are likely a 

result of genotypic variance in the explants.  

In the 16-factorial experiment, different NAA and BAP combinations were tested to 

increase adventitious shooting. The medium with 3.5 mg/L NAA and 2.5 mg/L BAP 

produced shoots from petiole explants but not lamina explants (Appendix 1, Appendix 2). 

All other treatment combinations resulted in regenerated shoots from petioles and lamina. 

Explants in all treatments formed callus (Figure 1a). Adventitious shoot regeneration was 

observed as early as 4 weeks in petiole explants (Figure 1b). When petiole and lamina 

explants were compared irrespective of shoot induction medium, petioles had a mean 

regeneration frequency of 6.2% (standard deviation is ± 10.0) and lamina had a mean 

regeneration frequency of 5.8% (± 11.4) (p = 0.774). Petioles produced more shoots with 

a mean of 2.5 SPRE (0.16 shoots/explant) compared to 1.8 SPRE in lamina (0.10 

shoots/explant) at 8 weeks on shoot induction media (p=0.035).  

Statistically, most media treatments in the 16-factorial experiment did not result in 

increased regeneration frequencies. However, the highest regeneration frequency in wild-

type explants occurred with petioles cultured on 1.5 mg/L NAA and 2.5 mg/L BAP 

medium (regeneration frequency = 18.8%) with an average of 2.8 SPRE (Table 2, Table 

3). On this medium, petiole explants averaged 0.52 regenerated shoots/explant (see 

formula in Materials and methods). In contrast, petioles explants cultured on 1.5 mg/L 
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NAA and 3.5 mg/L BAP had an average of 5.0 SPRE but had a regeneration frequency of 

2.5% resulting in an average return of 0.13 shoots/explant. However, the standard 

deviations for all reported regeneration frequencies and SPRE are high, indicating high 

levels of variability within each treatment combination, possibly due to the use of wild-

type explants. 

Regeneration of explants from selected genotypes 

Ten genotypes were evaluated to investigate the influence of selected genotype on 

adventitious shoot regeneration. Genotype 4 was removed due to contamination issues, 

but all other genotypes were maintained in vitro for more than one year. The mean 

regeneration frequency of petiole explants in genotypes 2, 5, 7, 8, and 10 was higher than 

wild-type explants, and genotypes 2, 5, 7 and 10 statistically outperformed wild-type 

explants (Table 4). Differences in SPRE were smaller among selected genotypes, and 

genotype 10 was the only genotype with statistically higher SPRE values than wild-type 

explants (Appendix 3). Lamina explants had lower mean regeneration frequencies 

(p=8.60 x 10-7) and SPRE values (p=1.73 x 10-4) than petiole explants when data was 

pooled among media and genotypes (Appendix 4). High standard deviations persisted 

when genotype was controlled, indicating highly variable regeneration frequencies and 

SPRE values, even for high performing genotypes. 

Genotypes 2 and 5 had additional plate replicates and were used to further examine the 

differences among these genotypes and wild-type explants. Genotype 5 petiole explants 

on medium containing 0.5 mg/L NAA and 2.5 mg/L BAP had the highest mean 

regeneration frequency (78.0% ± 16.4%; Figure 2) among genotypes 2, 5, and wild-type 
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explants. The best performing regeneration medium for genotype 5 resulted in a 

regeneration frequency over 4 times greater than the best performing regeneration 

medium in wild-type petioles. The best regeneration medium for genotype 2 was 1.5 

mg/L NAA and 2.5 mg/L BAP (regeneration frequency = 52.0% ± 16.4%; Figure 2). 

However, all three media resulted in very similar regeneration frequencies for genotype 

2. When data was pooled within genotypes (irrespective of medium), regeneration 

frequencies for genotypes 2 and 5 were shown to be significantly different from the wild-

type (Figure 2, α = 0.05). It is evident that using these two genotypes resulted in 

increased regeneration frequencies, and regeneration frequency was highly genotype-

dependent in common tansy petiole explants. 

Adventitious rooting and acclimatization of shoots 

Rooting of regenerated shoots is typically induced in vitro prior to acclimatization of 

plants into soil and greenhouse conditions. Tansy has a high competency for adventitious 

rooting, but treatment with auxin increased rooting frequency. Regenerated shoots 

(Figure 1c) from genotypes 2 and 5 readily produced roots when grown on medium 

supplemented with 1.5 mg/L NAA (90% formed roots) and showed competency for 

adventitious rooting on medium without NAA (56% formed roots; Figure 1d). Nearly all 

shoots from the 1.5 mg/L NAA and no NAA treatments survived in soil for four weeks 

(94.6%) showing continued root development, and they grew to maturity when 

transferred to a greenhouse.  

Optimization of antibiotic selection 
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We defined the optimal concentration of antibiotics necessary to ensure that plant cells 

and tissue without the integrated transgene are unlikely to regenerate shoots. Initially, 

high levels of kanamycin (25, 50, 100 and 300 mg/L) with 200 mg/L of cefotaxime were 

tested on petiole explants and resulted in explant death with no callus formation in nearly 

all explants after 4 weeks. Only one of 50 explants (wild-type) formed callus when 

placed on media containing 25 mg/L kanamycin and 200 mg/L cefotaxime. Thus, lower 

kanamycin concentrations with 200 mg/L of cefotaxime were tested (Table 5). No 

difference in callus formation was observed between petiole and lamina explants. A 

concentration of 15 mg/L of kanamycin allowed only 5% of petiole and lamina explants 

(wild-type) to form callus while a concentration of 50 mg/L completely inhibited callus 

formation in explants. Thus, 25 mg/L of kanamycin provided a stringent level of 

selection to suppress callus formation as evidenced by 1/50 explants forming callus. 

Agrobacterium-mediated transformation of tansy 

 Due to their high competency for adventitious shoot regeneration, petiole explants 

from genotypes 2 and 5 were used to investigate transformation efficiency in common 

tansy. Media containing 200 mg/L of cefotaxime did not effectively suppress A. 

tumefaciens growth resulting in the death of explants and a small number of regenerated 

shoots (data not shown). In subsequent experiments, cefotaxime concentrations were 

increased to 400 mg/L. Several transgenic calluses were observed using the reporter gene 

ß-glucuronidase, but adventitious shoot regeneration in transgenic calluses did not occur 

after 8 weeks of culture (data not shown). Of the calluses tested (n = 25), 52% had strong 

GUS positivity, 28% had small, localized sections of GUS positivity, and 20% were 
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observed to be GUS negative (Figure 3). Interestingly, 100% of calluses from genotype 2 

(n = 16) were GUS positive (strong or small sections of GUS positivity), while only 

44.4% calluses from genotype 5 (n = 9) were GUS positive. This may indicate that 

genotype 2 has a greater transformation efficiency than genotype 5, or it could indicate 

that genotype 5 has greater resistance to kanamycin and thus requires a higher selection 

concentration. 

Discussion 

Establishing efficient regeneration and transformation methods is necessary for genetic 

engineering in common tansy. Genetic engineering could be used to develop a gene drive 

to manage invasive populations of common tansy. Common tansy lacks genetic resources 

and transformation methods for gene editing, but it has many characteristics ideal for 

gene drive development and is one of only a few plant species currently being explored 

for gene drive development (Croghan et al., 2023). Recent advancements in Arabidopsis 

gene drive research indicate that gene drives in plants are technologically feasible (Liu et 

al., 2024; Oberhofer et al., 2024), making establishment of an efficient genetic 

transformation method in common tansy even more pertinent. Production of 

commercially important secondary metabolites and essential oils could also be increased 

by genetic engineering, and biologically active substances in common tansy have 

applications in pharmaceutical development (Babich et al., 2023). Research on common 

tansy’s competency for adventitious shoot regeneration and Agrobacterium-mediated 

transformation is timely and will allow research pertaining to the genetic engineering of 

common tansy to proceed. 

https://paperpile.com/c/NrI9JR/0JFU2
https://paperpile.com/c/NrI9JR/kVISP+EiA1i
https://paperpile.com/c/NrI9JR/kVISP+EiA1i
https://paperpile.com/c/NrI9JR/NKvF
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Seed sterilization procedures were sufficient for sterile in vitro germination of common 

tansy seeds and generated explants used to investigate regeneration. Low rates of 

adventitious shoot regeneration can limit the ability to obtain transgenic shoots. The 

effect of light regime, auxin (NAA), and cytokinin (BAP) levels in shoot induction media 

were investigated to optimize regeneration efficiency of wild-type petiole and lamina 

explants. However, we did not observe regeneration frequencies higher than those 

reported previously (Keskitalo et al., 1995). Wild-type explants had highly variable 

regeneration frequencies, but petiole explants on 1.5 mg/L NAA and 2.5 mg/L BAP 

resulted in the highest regeneration frequency.  

While adventitious shoot regeneration did occur in wild-type petiole and lamina explants, 

much higher rates of adventitious shoot regeneration occurred in genotypes selected for 

their high adventitious shooting efficiency. We demonstrated that a regeneration 

frequency of 78% is possible when using petiole explants from genotype 5 on medium 

containing 0.5 mg/L NAA and 2.5 mg/L BAP. Genotypes 2, 7, and 10 also had high 

regeneration frequencies relative to wild-type petiole explants. A regeneration frequency 

of 78% is similar to that of T. cinerariifolium and other regeneration protocols in the 

Asteraceae (Mao et al., 2013; Patial et al., 2016). Combined with a mean SPRE value as 

high as 5.7, and a high competency for rooting, adventitious shoot regeneration should 

not limit overall transformation efficiency. There is high variation of regeneration 

frequencies and SPRE values among individual plate replicates. This may be due to the 

random placement of explants onto treatments and the calculation of regeneration 

frequency and SPRE values per petri plate (10 explants/plate).  

https://paperpile.com/c/NrI9JR/qIrFq
https://paperpile.com/c/NrI9JR/zQfvO+SUIN
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A regeneration method using selected genotypes was established for common tansy for 

the first time, optimizing the efficiency of regeneration. Because common tansy 

populations have high genetic diversity (Clasen et al., 2011), they contain genotypes with 

high and low regeneration potential. Likewise, many invasive plants and agricultural 

weeds have populations with high genetic diversity, especially those that have developed 

herbicide resistance (Kreiner et al., 2018; Smith et al., 2020). Waterhemp (Amaranthus 

tuberculatus) and Palmer amaranth (A. palmeri) are agricultural weeds lacking high 

regeneration frequencies, and they have been proposed for gene drive development 

(Borgato et al., 2024; Kumam et al., 2024). Screening for and selecting genotypes with 

high regeneration rates may result in higher regeneration frequencies, and thus, more 

efficient genetic transformation in these species. In common tansy, selection was limited 

to 10 genotypes, but additional promising genotypes likely remain to be discovered and 

could result in higher regeneration efficiency than those reported here. 

Despite the high regeneration frequencies in petiole explants of genotypes 2 and 5, no 

transgenic callus from these selections formed shoots. Adventitious shooting could be 

inhibited by A. tumefaciens infection, high antibiotic concentrations, or unfavorable 

growing conditions. While callus formation and explant survival were investigated as a 

response to kanamycin and cefotaxime concentrations in wild-type explants, different 

genotypes may respond differently to kanamycin and cefotaxime. Moreover, we 

anticipated that 200 mg/L of cefotaxime, as used in Mao et al. (2013), would adequately 

control A. tumefaciens contamination, but 400 mg/L of cefotaxime was necessary for 

sufficient suppression of A. tumefaciens. At high concentrations, cefotaxime has been 

https://paperpile.com/c/NrI9JR/tUz17
https://paperpile.com/c/NrI9JR/agTR+4dBn
https://paperpile.com/c/NrI9JR/DmVmu+v29pY
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shown to inhibit and reduce shoot growth in common tansy and T. cinerariifolium 

(Keskitalo et al., 1998; Mao et al., 2013). Future research should investigate the 

phytotoxic effects of cefotaxime in common tansy, specifically in genotypes with high 

regeneration efficiency. Future research should also explore other methods of controlling 

Agrobacterium contamination after co-cultivation, such as alternative antibiotics (da 

Silva and Fukai, 2001). Selection of medium containing 25 mg/L kanamycin sufficiently 

prevented the growth of non-transgenic shoots. This level of kanamycin is similar to 

those used in T. cinerariifolium and sweet wormwood (Artemesia annua) (Vergauwe et 

al., 1996; da Silva, 2003; Mao et al., 2013). 

This research is the first report of successful Agrobacterium-mediated transformation in 

common tansy and serves as a starting point for the development of a reliable and 

efficient transformation method. Several transgenic calluses were produced in genotypes 

2 and 5 indicating competency for Agrobacterium-mediated transformation in common 

tansy. Testing transformation efficiency in several different genotypes may result in the 

identification of a genotype with a relatively high transformation efficiency. Additionally, 

A. tumefaciens strain, construct promoter, A. tumefaciens concentration, and preculture, 

coculture, and infection time all contribute to transformation efficiency. This research 

demonstrates highly efficient shoot regeneration and stable transformation of callus 

providing a basis for future research to produce transgenic common tansy plants. 

  

https://paperpile.com/c/NrI9JR/VsQFB+zQfvO
https://paperpile.com/c/NrI9JR/3Oad
https://paperpile.com/c/NrI9JR/3Oad
https://paperpile.com/c/NrI9JR/zQfvO+bg8m+hEZZ
https://paperpile.com/c/NrI9JR/zQfvO+bg8m+hEZZ
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Tables 

Table 1: Means and standard deviations (SD) for regeneration frequency and shoots per 

regenerating explant (SPRE) for light treatments (n = 240 explants/treatment) using wild-

type explants. Data for petiole and lamina explants, and for two different culture media, 

is pooled. There were no statistical differences among regeneration frequencies of 

treatment groups (p = 0.861) or among SPRE values of treatment groups (p = 0.471). 

  Light treatment Regeneration Frequency 

(Mean ± SD) 
SPRE (Mean ± SD) 

0 weeks dark 7.7 ± 12.3 2.3 ± 1.7 

2 weeks dark 5.1 ± 9.1 2.5 ± 1.5 

4 weeks dark 6.5 ± 11.9 1.6 ± 0.6 
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Table 2: Regeneration frequency means and standard deviations (SD) for wild-type 

petiole explants at 8 weeks in each combination of NAA and BAP. Mean ± SD is given 

and n = 80 explants/treatment. NAA and BAP concentrations are given in mg/L. 

Statistical groupings were determined using the Tukey-Kramer HSD test (α = 0.05). 

Regeneration frequencies that do not share one or more of the same letter are 

significantly different from each other. 

 

 

 

 

  

Culture medium 0.5 BAP 1.5 BAP 2.5 BAP 3.5 BAP 

0.5 NAA 8.6 ± 10.7 ab 7.5 ± 11.6 ab 12.9 ± 11.1 ab 2.5 ± 4.6 ab 

1.5 NAA 2.9 ± 4.9 ab 7.5 ± 8.9 ab 18.8 ± 18.9 a 7.5 ± 11.6 ab 

2.5 NAA 6.7 ± 10.3 ab 7.5 ± 11.6 ab 3.8 ± 7.4 ab 2.5 ± 7.1 ab 

3.5 NAA 2.5 ± 4.6 ab 5.7 ± 7.9 ab 1.3 ± 3.5 b 2.5 ± 4.6 ab 
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Table 3: Shoots per regenerating explant (SPRE) means and standard deviations (SD) for 

wild-type petiole explants at 8 weeks in each combination of NAA and BAP. Mean ± SD 

is given and n = 80 explants/treatment. NAA and BAP concentrations are given in mg/L. 

There were no statistical differences in SPRE among culture medium treatments in 

petiole explants (p = 0.450). 

 

 

 

  

Culture medium 0.5 BAP 1.5 BAP 2.5 BAP 3.5 BAP 

0.5 NAA 3.2 ± 2.6 4.3 ± 3.1 2.6 ± 1.7 5.0 ± 1.4 

1.5 NAA 1.5 ± 0.7 1.9 ± 0.6 2.8 ± 1.3 3.3 ± 1.5 

2.5 NAA 1.0 ± 0.0 1.9 ± 0.2 2.3 ± 1.8 1.5 ± NA 

3.5 NAA 1.5 ± 0.7 2.6 ± 2.8 1.0 ± NA 1.0 ± 0.0 
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Table 4: Regeneration frequencies of petiole and lamina explants for selected genotypes 

compared to wild-type explants. Data for three different culture media (0.5:2.5, 1.5:2.5, 

and 2.5:2.5 mg/L NAA:BAP) were pooled. Total number explants per genotype is listed 

in the genotype column as (petioles, lamina). Statistical groupings were determined using 

the Tukey-Kramer HSD test (α = 0.05). Regeneration frequencies in the same column 

that do not share one or more of the same letters are significantly different from each 

other. There were no significant differences in regeneration frequency among genotypes 

in lamina explants (p = 0.064). Asterisks denote a significant difference (two-sided t-test; 

α = 0.05) among petiole and lamina explants within a genotype  

 

  

Genotype (n) Petioles Regeneration 

Frequency (Mean ± SD) 

 Lamina Regeneration 

Frequency (Mean ± SD) 

Genotype 1 (60, 60) 5.0 ± 5.5 a*  0.0 ± 0.0* 

Genotype 2 (150, 150) 49.3 ± 31.5 bc*  7.7 ± 14.8* 

Genotype 3 (60, 60) 0.0 ± 0.0 a  0.0 ± 0.0 

Genotype 5 (150, 150) 58.6 ± 29.3 b*  18.7 ± 20.7* 

Genotype 6 (60, 60) 1.7 ± 4.1 a  0.0 ± 0.0 

Genotype 7 (30, 30) 60.0 ± 34.6 bc  13.3 ± 15.2 

Genotype 8 (60, 60) 20 ± 12.6 ac  8.3 ± 9.8 

Genotype 9 (30, 20) 3.3 ± 5.8 ac  0.0 ± 0.0 

Genotype 10 (60, 60) 55.0 ± 39.9 bc  16.7 ± 20.0 

Wild-type (240, 240) 11.7 ± 14.4 a  8.1 ± 13.3 
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Table 5: Mean percentage and standard deviation of wild-type explants forming callus 

after 8 weeks on varying antibiotic concentrations. Data on explants forming callus was 

pooled for petiole and lamina explants (n = 100 explants/treatment). Kanamycin (Kan) 

and cefotaxime (Cef) concentrations are in mg/L. Statistical groupings were determined 

using the Tukey-Kramer HSD test (α = 0.05). Mean percentages of treatments that do not 

share one or more of the same letters are significantly different from each other. 

 

  

Antibiotic concentrations Percentage explants forming callus (mean ± SD) 

0 Kan 0 Cef 98.9 ± 3.3 a 

0 Kan 200 Cef 95.0 ± 7.1 a 

2 Kan 200 Cef 90.0  ± 10.1 ab 

5 Kan 200 Cef 73.0 ± 28.7 b 

15 Kan 200 Cef 5.0 ± 8.5 c 

50 Kan 200 Cef 0.0 ± 0.0 c 
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Figures 

Figure 1: Different stages of common tansy in tissue culture. A: Photo of callus on petiole 

explants after 4 weeks in culture, B: shoot initial on callus, C: excised shoot ready for 

subculture on rooting media containing 1.5 NAA, and D: common tansy shoots after 4 

weeks on rooting media containing 1.5 NAA. Scale for each photo is included in mm. 
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Figure 2: Regeneration frequency for different culture media with genotype 2, genotype 5 

and wild-type petiole explants. Error bars represent standard error. Statistical groupings 

were determined using the Tukey-Kramer HSD test. The same lowercase letter indicates 

there is no significant difference among culture media and different uppercase letters 

indicate a significant difference among genotypes (α = 0.05). Genotypes 2 and 5 had 50 

petiole explants/culture medium and wild-type had 80 petiole explants/culture medium. 
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Figure 3: Photos of transgenic and non-transgenic petiole calluses showing different 

levels of β-glucuronidase activity. Callus A has large GUS positivity, callus B has a 

small, localized section of GUS positivity, and callus C is GUS negative. 
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Chapter 3 - Female fertility genes in angiosperms and their potential as gene drive 

targets 

Overview 

Several female fertility genes have been identified in Arabidopsis thaliana that provide 

insight into fertilization, female meiosis, ovule development and other processes related 

to flower development and function. This manuscript provides an overview of 23 female 

fertility genes that have potential as suppression gene drive targets in angiosperms. 

Targeting a female-fertility gene with an engineered population suppression gene drive 

could aid in the management of agricultural weeds and invasive plants. Based on key 

traits, we critically assessed identified female fertility genes in the context of a 

suppression gene drive and recommend eight top candidate genes to develop a 

suppression gene drive in plants.  

Introduction 

Angiosperms are distinguished as flowering plants that comprise approximately 300,000 

species worldwide. The majority of angiosperms are hermaphroditic (Bahadur et al., 

2015). Hermaphroditic flowers contain both male and female reproductive organs on 

each individual flower, and gene drives in hermaphroditic plants could be engineered to 

spread female sterility through a population via fertile male pollen. This review focuses 

on female fertility genes in A. thaliana, and we expect many of these genes to be 

conserved throughout angiosperms. Arabidopsis thaliana serves as a model organism for 

a multitude of plant gene research (Yaschenko et al. 2024).  

https://paperpile.com/c/EMlok3/EXd5
https://paperpile.com/c/EMlok3/EXd5
https://paperpile.com/c/xzGntF/DK4N
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Female reproductive biology in angiosperms 

In Angiosperms, the gynoecium contains the female reproductive organs, and the 

androecium contains the male reproductive organs. The gynoecium is composed of one 

or more carpels which includes the stigma, style and ovary (Johri et al. 2001). Pollination 

occurs at the stigma, and the style connects the stigma to the ovary. The style contains the 

transmitting tract, which facilitates the growth of the pollen tube to the ovary (Crawford 

and Yanofsky 2008). Within the ovary, ovules are attached to the placenta by a stalk 

called the funiculus. Ovules contain the female gametophyte, also referred to as the 

embryo sac, and give rise to a seed after fertilization (Drews and Yadegari 2002). The 

ovule contains the nucellus, or megasporangium, where meiosis occurs. Meiosis, with a 

multitude of specialized processes, gives rise to the female gametophyte. One or two 

integuments surround the nucellus and become the seed coat after fertilization (Robinson-

Beers et al. 1992). A small opening to the nucellus, referred to as the micropyle, allows 

the pollen tube to enter for fertilization (Erbasol Serbes et al. 2019). Each of these 

reproductive tissues represent specialized processes that are essential to female fertility 

and represent potential targets for a suppression gene drive. 

The androecium contains one or more stamens comprised of a filament and anther. The 

stalk-like filament supports the anther, and the anther is the site of pollen development 

(Scott et al. 2004). Pollen grains are dispersed by wind, insects, or animals, and when 

pollen grains land on the stigma, they germinate and form the pollen tube which grows 

through the transmitting tract and into the ovule. Two sperm cells are delivered to the egg 

cell and central cell by double fertilization, and the process of double fertilization 

https://paperpile.com/c/xzGntF/3Yiu
https://paperpile.com/c/xzGntF/cJD4
https://paperpile.com/c/xzGntF/cJD4
https://paperpile.com/c/xzGntF/LhNP
https://paperpile.com/c/xzGntF/KdzS
https://paperpile.com/c/xzGntF/KdzS
https://paperpile.com/c/xzGntF/sKjC
https://paperpile.com/c/xzGntF/65be
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develops the embryo and endosperm (Erbasol Serbes et al. 2019; Hafidh et al. 

2016). When targeting female fertility, it is important that none of the processes involved 

in male fertility are severely impacted as it would impede the spread of the gene drive.  

Female fertility genes as a gene drive target 

Engineered gene drives work by biasing the inheritance of a gene drive cassette, even 

when there are fitness costs associated with the gene drive (National Academies of 

Sciences, Engineering, and Medicine, 2016). CRISPR-based gene drives were developed 

in mosquitos with potential utility in controlling the spread of malaria either by 

population suppression or spreading a parasite-resistance phenotype (population 

modification) (Gantz et al., 2015; Hammond et al., 2016; Kyrou et al., 2018).  

A suppression drive spreads a genetic element that results in population decline over 

time, whereas a modification drive spreads a genetic element that alters a population over 

time (National Academies of Sciences, Engineering, and Medicine, 2016). Female 

fertility genes could be targeted by numerous different gene drive designs (Vergara et al. 

2022; Wang et al. 2022), which are not discussed further. Engineered gene drives may 

contain cargo in the gene drive cassette to produce a desired genotypic or phenotypic 

effect (Bull et al. 2019). The cargo of an engineered suppression drive could target a 

fertility gene using the CRISPR/Cas system to produce a knockout phenotype. 

Alternatively, the gene drive may insert itself into the target gene to produce the desired 

knockout phenotype (Alphey et al. 2020).  

https://paperpile.com/c/xzGntF/sKjC+GGtP
https://paperpile.com/c/xzGntF/sKjC+GGtP
https://paperpile.com/c/EMlok3/zLmN
https://paperpile.com/c/EMlok3/zLmN
https://paperpile.com/c/EMlok3/y1N6+3XMV+jVFd
https://paperpile.com/c/xzGntF/fhUN
https://paperpile.com/c/EMlok3/zLmN
https://paperpile.com/c/xzGntF/fhUN
https://paperpile.com/c/xzGntF/FwxK+jhmL
https://paperpile.com/c/xzGntF/FwxK+jhmL
https://paperpile.com/c/xzGntF/YgRg
https://paperpile.com/c/xzGntF/mlCm
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Recently, CRISPR-based gene drives in A. thaliana have been designed and serve as a 

proof of concept for gene drives in plants (Liu et al., 2024; Oberhofer et al., 2024). 

However, a suppression gene drive has not yet been engineered in plants. Suppression 

gene drives in plants could be used as a tool for the management of invasive and 

agricultural weeds. Modification gene drives have also been proposed, but the target 

genes for population modification, e.g. herbicide resistance alleles, are likely to vary 

greatly depending on the species (Neve, 2018). In plants with hermaphroditic flowers, 

such as common tansy (Tanacetum vulgare), a suppression gene drive could be designed 

to spread a female sterile phenotype through the population via fertile male pollen 

(Croghan et al., 2023). This gene drive design necessitates a female-specific fertility gene 

that could be disrupted, would not reduce male fertility, and minimizes fitness costs of 

the gene drive. Thus, this review focuses on female fertility genes, with special emphasis 

on those that are most promising as a target for a suppression drive in plants.  

Arabidopsis female fertility genes 

A thorough review of the literature on A. thaliana fertility genes was performed to create 

a condensed list of potential female fertility target genes (Table 1). As the model plant 

with a multitude of fertility gene research, A. thaliana was the obvious choice to begin 

identification of potential gene drive targets. Arabidopsis thaliana has a relatively small 

genome, and genes represented in the genome of A. thaliana are often conserved among 

angiosperms (Yaschenko et al. 2024). We limit our list of female fertility genes to those 

that have been well-studied in A. thaliana and have female-specificity, as these genes are 

the most promising suppression gene drive targets. Moreover, each of the listed female 

https://paperpile.com/c/EMlok3/a05Q+pFnS
https://paperpile.com/c/EMlok3/bo4s
https://paperpile.com/c/EMlok3/kcUS
https://paperpile.com/c/xzGntF/DK4N
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fertility genes have orthologs in other plant species indicating that they are not specific to 

A. thaliana (TAIR - Arabidopsis). 

Gene evaluation 

While all the genes in Table 1 are involved in female fertility, some genes better fit a 

suppression gene drive model. Suppression drives in insects, and those that have been 

proposed and modeled in plants, work best when fitness costs are minimized (Hammond 

et al. 2021; Oberhofer et al. 2024). An ideal candidate gene will be a gene whose function 

is restricted to female fertility such that when it is disrupted it does not reduce male 

fertility or produce other fitness costs (female-specific). Genes that reduce male fertility, 

or genes that produce other phenotypic effects, could add fitness costs to the gene drive 

that reduce or inhibit the drive's spread. For this reason, genes that are not female-

specific, or genes that have been shown to regulate other genes not strictly involved in 

female fertility, are not ideal. Additionally, many gene drives encode multiple guide 

RNAs and Cas endonuclease(s) for each region of the genome targeted (Champer et al., 

2018). To reduce the size of the gene drive cassette, genes that are essential for female 

fertility with mutants displaying complete female sterility are ideal. This eliminates the 

need to design a gene drive to disrupt multiple genes. Therefore, genes that have 

functional redundancy with other genes are not preferred. A synopsis of eight select 

candidate genes that meet these criteria follows.  

The eight genes we discuss are involved in ovule development except one, 

DYAD/SWITCH1, which is required for female meiosis. None of the genes involved in 

transmitting tract development are discussed further since they inhibit fertilization by 

https://paperpile.com/c/xzGntF/iimx
https://paperpile.com/c/xzGntF/TjRD+DJKT
https://paperpile.com/c/xzGntF/TjRD+DJKT
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limiting pollen tube growth and fertilization, which often only prevents fertilization in 

part of the ovary. Since mutants of transmitting tract genes are not completely female 

sterile, it would take longer to achieve population suppression. An exception is made for 

SUPERMAN (SUP), where sup mutants are not completely female sterile, but male 

fertility is increased which may prove useful for the propagation of a gene drive.  

Female Meiosis 

The DYAD/SWITCH1 gene is required for the progression of female meiosis and is 

necessary for proper chromosome organization in meiosis. Homozygous loss of function 

mutants exhibit complete female sterility with no reduction in male fertility (Siddiqi et 

al., 2000). In these mutants, the megaspore mother cell divides abnormally and produces 

a dyad instead of the expected tetrad. In some ovules, the megaspore mother cell does not 

divide at all. Meiosis arrests at the completion of meiosis I, and meiosis II is not 

successfully completed. Therefore, the DYAD gene is essential for the progression of 

female meiosis and necessary for female fertility. Reciprocal crosses between mutants 

and wild-type plants resulted in female mutants that did not yield any seed, and male 

mutants that yielded normal amounts of seed (Siddiqi et al. 2000). Additionally, research 

shows that DYAD is essential for maintaining sister chromatid cohesion which is 

necessary for proper chromosome organization in female meiosis (Agashe et al. 2002; 

Yang et al. 2019). DYAD is a strong candidate for a suppression gene drive because it is 

female-specific and causes complete female sterility. 

Ovule Development 

https://paperpile.com/c/EMlok3/y9kkT
https://paperpile.com/c/EMlok3/y9kkT
https://paperpile.com/c/xzGntF/R0tY
https://paperpile.com/c/xzGntF/zxou+athD
https://paperpile.com/c/xzGntF/zxou+athD
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SHORT INTEGUMENTS 1 (SIN1) and SHORT INTEGUMENTS 2 (SIN2) are genes that 

are necessary for the normal developmental pattern of ovules. They have been 

extensively studied in A. thaliana, and loss of function mutants display complete female-

specific sterility. The sin1 mutant phenotype can be influenced by mutations in the 

unlinked, recessive MOD1 gene. mod1 sin1 double mutants were female sterile, but also 

had short internodes and were partially male sterile (Lang et al. 1994). While MOD1 does 

not impact the female-sterile phenotype, mutations in the gene may produce significant 

fitness costs including shorter plants. SIN1 function is necessary for the growth of the 

integuments, and the mutant suppresses integument growth by impeding cellular 

expansion in the integuments resulting in the degeneration of ovules (Robinson-Beers et 

al., 1992; Lang et al., 1994). SIN2 function is necessary for proper integument growth 

and has been shown to interact with several other reproductive genes. A mutation in SIN2 

arrests cell division in ovule integuments leading to ovule degeneration (Broadhvest et 

al., 2000). Neither gene produces significant phenotypic changes outside of female 

sterility when mutated alone, making both genes good suppression gene drive targets.  

BELL1 (BEL1) is required for proper integument development in A. thaliana. Mutants 

display female sterility with no observed impact on male fertility (Robinson-Beers et al., 

1992). In bel1 mutants, only a single integument-like structure develops and differs 

significantly from the inner or outer integument of wild-type ovules. The ovules also fail 

to produce embryo sacs and female gametophyte development is arrested (Robinson-

Beers et al., 1992; Ray et al., 1994). Subsequent research indicates that BEL1 encodes a 

homeodomain transcription factor and controls integument morphogenesis and identity 

https://paperpile.com/c/xzGntF/abOU
https://paperpile.com/c/EMlok3/YbZqL+gJNMH
https://paperpile.com/c/EMlok3/YbZqL+gJNMH
https://paperpile.com/c/EMlok3/VuJj0
https://paperpile.com/c/EMlok3/VuJj0
https://paperpile.com/c/EMlok3/YbZqL
https://paperpile.com/c/EMlok3/YbZqL
https://paperpile.com/c/EMlok3/YbZqL+yCEGi
https://paperpile.com/c/EMlok3/YbZqL+yCEGi
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through regulation of downstream genes (Reiser et al., 1995). Due to its role in 

integument, embryo sac, and female gametophyte development, BEL1 is a promising 

target for a suppression gene drive  

The HUELLONLOS (HLL) gene functions to control ovule development by facilitating 

ovule primordium outgrowth (Schneitz, 1999). It is partially redundant with 

AINTEGUMENTA (ANT), HUELLENLOS PARALOG (HLP), and SIN2 (Schneitz et al., 

1998; Broadhvest et al., 2000; Skinner et al., 2001). Despite this redundancy, HLL 

mutants have been observed to be female sterile with no reported impact on male fertility. 

Mutants have small ovules, lack embryo sacs, and lack fully formed integuments 

(Schneitz et al. 1997; Skinner et al. 2001). HLL function is essential for proper ovule 

development, and it may be an appropriate gene drive target.  

As the name suggests, INNER NO OUTER (INO) mutants are characterized by the 

development of an inner integument but lack the outer integument of the ovules (Baker et 

al., 1997; Skinner et al., 2023). In A. thaliana mutants, pollen tubes grow through the 

transmitting tract, but do not enter the micropyle. Additionally, most ovules fail to form 

embryo sacs (Lora et al., 2019). Orthologous genes have been extensively studied for 

INO (Lora et al., 2015; 2019; Skinner et al., 2016). The ino-1 mutants were largely 

female infertile with an average of only 0.3% of ovules setting seed (Skinner et al., 

2023). Many of the discussed genes do not have literature explicitly reporting on seed 

production in mutants, thus the reported 0.3% female fertility in ino-1 mutants provides 

high confidence that a nearly female-sterile phenotype is achievable by targeting this 

gene.  

https://paperpile.com/c/EMlok3/ih1HL
https://paperpile.com/c/EMlok3/UmrXj
https://paperpile.com/c/EMlok3/ZrhYG+h9lmF+VuJj0
https://paperpile.com/c/EMlok3/ZrhYG+h9lmF+VuJj0
https://paperpile.com/c/xzGntF/z1En+inny
https://paperpile.com/c/EMlok3/TOEV+fsxY
https://paperpile.com/c/EMlok3/TOEV+fsxY
https://paperpile.com/c/EMlok3/Rqwt
https://paperpile.com/c/EMlok3/Rqwt+RQin+t8rB
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AINTEGUMENTA (ANT) primarily functions to regulate cell division in integuments and 

plays a role in embryo sac development and ovule primordium initiation (Schneitz et al., 

1997; Schneitz, 1999). It has since been shown to control plant organ size and cell 

number throughout shoot development (Mizukami and Fischer, 2000). ANT encodes a 

transcription factor and has a conserved domain with the APETALA2 (AP2) gene - a gene 

involved in the development of ovules and floral organs (Elliott et al. 1996). Mutants 

have female-specific sterility and reduced size of floral organs (Klucher et al., 1996). 

Conversely, transgenic plants with ANT ectopically expressed (gain of function) had 

increased size of floral and non-floral organs and were male-sterile (Schneitz et al., 1997; 

Mizukami and Fischer, 2000). The most severe mutant of ANT, ant-3, had a reduced 

average fertility of only 0.1 seeds per silique compared to the wild-type which produced 

46.4 seeds per silique on average, demonstrating that ANT may also be a promising 

suppression gene drive target. 

Homeotic regulation of reproductive structures 

SUPERMAN (SUP) plays an important role in determining the boundary between the 

carpels and stamen. When mutated in A. thaliana, the 4th whorl develops stamens rather 

than the expected carpels (Bowman et al., 1992). This results in a reduced number of 

carpels in the flowers and an increased number of stamens. Therefore, male fertility is 

increased at the cost of female fertility. The opposite phenotype is observed when 

APETALA3 (AP3) and PISTILLATA (PI) are mutated (Krizek and Meyerowitz, 1996). 

SUP further influences female fertility by controlling the asymmetric integument 

initiation around the ovule. In mutants, outer integument growth is not suppressed on the 

https://paperpile.com/c/EMlok3/WvBO6+UmrXj
https://paperpile.com/c/EMlok3/WvBO6+UmrXj
https://paperpile.com/c/EMlok3/ZcfG7
https://paperpile.com/c/xzGntF/Jlbd
https://paperpile.com/c/EMlok3/iTtV8+Ymgpx
https://paperpile.com/c/EMlok3/ZcfG7+WvBO6
https://paperpile.com/c/EMlok3/ZcfG7+WvBO6
https://paperpile.com/c/EMlok3/aKut
https://paperpile.com/c/EMlok3/c0UM


64 
 

adaxial side of the ovule leading to abnormal ovule development that reduces fertilization 

(Gaiser et al., 1995). A homolog of SUP in Petunia xhybrida has been mutated and 

evaluated with similar phenotypic effects (Nakagawa et al., 2004).  

The SUP gene could prove useful as a gene drive candidate due to its increased male 

fertility when function is lost. Moreover, a similar phenotype that converts all carpels into 

stamens would produce complete female sterility with a large increase in male fertility. 

Increased male fitness in a suppression drive has not been modeled, but it is an interesting 

possibility that warrants consideration.  

Discussion 

We identified 23 genes involved in female fertility in angiosperms and have provided 

recommendations for eight of the most suitable candidate genes for a suppression gene 

drive that targets female fertility. DYAD/SWITCH1 is essential for female meiosis and 

shows promise as a female fertility target in suppression drives. SIN1, SIN2, BEL1, HLL, 

ANT, and INO are all essential for normal ovule development and play integral roles in 

the proper development of integuments and embryo sacs. Mutations in these genes inhibit 

proper ovule development and therefore these genes have demonstrated potential as 

female fertility targets in a suppression drive. SUP is involved in proper integument 

development, but also controls the development and number of carpels in flowers. 

Mutations in SUP result in flowers with increased male reproductive structures and 

reduced female reproductive structures. This results in an increased number of pollen 

grains that can fertilize nearby plants. SUP shows potential as a female fertility target due 

to the increase in male fertility that could result in increased gene drive spread. 

https://paperpile.com/c/EMlok3/htXK
https://paperpile.com/c/EMlok3/NUCE
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The biology and genetic architecture of the plant species should be carefully considered 

when deciding what candidate genes may work best. ntt mutants in species like tobacco, 

may have a much greater reduction in female fertility due to the necessity of a longer 

transmitting tract for successful fertilization (Crawford et al. 2007). Additionally, A. 

thaliana has two integuments surrounding the ovule, the inner integument and the outer 

integument. While the majority of angiosperms have two integuments, some species have 

one integument (Lora et al., 2019). The presence of a single integument may influence 

the mutant phenotype of genes involved in integument development. Moreover, an INO 

ortholog has been evaluated and mutated in Annona cherimola, a plant species where the 

micropyle is typically only formed by the inner integument rather than both integuments 

as in A. thaliana. The lack of an outer integument was found to be less critical in Annona 

cherimola than it is in A. thaliana, and pollen tubes and embryo sacs were partially 

present in Annona homologous ino mutants (Lora et al., 2019).  

Suppression gene drives could be engineered for diverse plant species (Neve, 2018). 

However, it is not possible to predict the exact phenotypes from loss of function 

mutations using information from distinct and distantly related species. Additionally, the 

presence of modifier genes and the genomic context of the mutation will impact the 

phenotypes and utility for gene drive. The eight select candidate genes discussed in this 

review serve as a starting point for candidate gene evaluation. Because it is difficult to 

predict how loss of function mutations in each of these genes will influence growth, 

development and reproduction in different species, each will need to be further evaluated 

in the species of interest. Creating and assessing mutations in each of the eight select 

https://paperpile.com/c/EMlok3/DQoOp
https://paperpile.com/c/EMlok3/Rqwt
https://paperpile.com/c/EMlok3/Rqwt
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candidate genes will be helpful prior to designing a gene drive targeting a select gene in a 

species. 

A concern with gene drive deployment is the possibility of horizontal gene transfer of the 

gene drive to closely related species, including native or endangered species. It has been 

proposed that this risk could be mitigated by selecting a genetic target that has sequence 

diversity from that of taxa that may be sexually compatible or even genetically distinct 

populations of the same species (Esvelt et al., 2014; Sudweeks et al., 2019). Conversely, 

sequence diversity within a species at the target site could drive resistant alleles that 

reduce loss of function impact on female fertility or inhibit gene drive spread (Schmidt et 

al., 2020). Therefore, candidate genes will need to be evaluated for sequence diversity 

among target species and populations, with some genes likely being more conserved than 

others.  

The knock-out phenotype of female fertility genes should be assessed in the species 

where this management method may be deployed. Phenotypic assessments and metrics of 

male and female fertility in knock-out mutations of these genes will add to overall 

understanding of these target genes and their utility for weed management. While these 

genes have been thoroughly studied for their functions, they have not been thoroughly 

assessed for their gene drive potential. Because of this, information on the impact of these 

genes on fertility is often only observational. Metric data, if available, is often limited to 

seed yield from reciprocal crosses. Additional information, including pollen fertility and 

other fitness costs, is crucial as it will better inform gene drive models and candidate gene 

assessment. Some of the discussed female fertility genes have several mutant alleles 

https://paperpile.com/c/EMlok3/ucjh+IdgF
https://paperpile.com/c/EMlok3/XXHr
https://paperpile.com/c/EMlok3/XXHr


67 
 

identified with variable phenotypes depending on how the gene is mutated (Sijacic et al. 

2011). For this reason, female fertility among mutant alleles should be assessed in 

multiple independent knockouts in the species of interest. 

Research toward the application of gene drives in weed management is just beginning. 

Suppression gene drives have promise as a species-specific and chemical free method of 

management for invasive and agricultural weeds. Due to the hermaphroditic nature of 

many plants, a gene drive designed to spread female sterility through a population could 

spread via male pollen to other plants in the population. This review of female fertility 

genes provides a starting place for the assessment of candidate genes in plant species that 

require novel management strategies for which suppression gene drives may be useful.   

https://paperpile.com/c/xzGntF/cX08
https://paperpile.com/c/xzGntF/cX08
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Tables 

Table 1: Twenty-three genes involved in female fertility in A. thaliana. The gene name, 

locus listed on arabidopsis.org, category, a brief description of the gene’s role in female 

fertility, and the mutant’s role in reproduction is described. Genes in the table are 

grouped into categories based on the biological process each gene is primarily involved 

in. The gene locus can be searched on arabidopsis.org to obtain further information on 

each gene. 

Gene Locus Category Brief description of gene role as 

it pertains to female-fertility 

Female-

sterile? 

Male- 

fertile? 

DYAD/ 

SWITCH1 

AT5G51330 Female 

meiosis 

Required for normal megaspore 

mother cell division and 

progression through meiosis II 

(Siddiqi et al., 2000) 

Yes Yes 

KLU AT1G13710 Female 

Meiosis 

Necessary for chromosome pairing 

and recombination in female 

meiosis I. Mutants have reduced 

female fertility. klu arp6 double 

mutants have severely reduced 

female fertility (Zhao et al., 2014; 

2018).  

Partial Yes 

ARP6 AT3G33520 Female 

Meiosis 

Necessary for chromosome pairing 

and organization in female meiosis 

I (Qin et al., 2014).  

No Yes 

SIN1 AT1G01040 

 

Ovule 

development 

Necessary for growth and cellular 

expansion in integument and 

embryo sac development 

(Robinson-Beers et al., 1992; Lang 

et al., 1994). 

Yes Yes 

SIN2 AT2G41670 Ovule 

development 

Promotes cell division and growth 

in reproductive development, 

especially integument 

development. Shown to be 

functionally redundant with HLL 

(Broadhvest et al., 2000). 

Yes Yes 

https://paperpile.com/c/EMlok3/y9kkT
https://paperpile.com/c/EMlok3/oCwXr+FJ8UA
https://paperpile.com/c/EMlok3/oCwXr+FJ8UA
https://paperpile.com/c/EMlok3/27B2U
https://paperpile.com/c/EMlok3/YbZqL+gJNMH
https://paperpile.com/c/EMlok3/YbZqL+gJNMH
https://paperpile.com/c/EMlok3/VuJj0
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BEL1 AT5G41410 Ovule 

development 

Encodes a homeodomain protein 

that controls integument 

morphogenesis and identity 

through the regulation of 

downstream genes (Reiser et al., 

1995). In mutants, only a single 

integument-like structure develops 

(Robinson-Beers et al., 1992; Ray 

et al., 1994).  

Yes Yes 

HLL AT1G17560 Ovule 

development 

Functions to control ovule 

development, particularly by 

facilitating ovule primordium 

outgrowth (Schneitz, 1999). It is 

partially redundant with ANT, 

HUELLENLOS PARALOG (HLP), 

and SIN2 (Schneitz et al., 1998; 

Broadhvest et al., 2000; Skinner et 

al., 2001). 

Yes Yes 

INO AT1G23420 

 

Ovule 

development 

Necessary for the development of 

the outer integument (Baker et al., 

1997; Skinner et al., 2023). 

Yes Yes 

ANT AT4G37750 Ovule 

development 

Regulates cell division in 

integuments and plays a role in 

embryo sac development and ovule 

primordium initiation (Schneitz et 

al., 1997; Schneitz, 1999). ANT 

encodes a transcription factor of 

the APETALA2 domain family 

(Elliott et al., 1996; Klucher et al., 

1996). 

Yes Yes 

UNC AT1G51170 Ovule 

development 

Attenuates the activity of planar 

growth regulators involved in 

integument, petal, and seed coat 

development (Scholz et al., 2019). 

Mutants are semi-sterile and seed 

can be obtained (Schneitz et al., 

1997). 

Partially Yes 

LUG AT4G32551 Ovule 

development 

Negative regulator of AGAMOUS 

and necessary for proper ovule 

development and embryo sac 

formation (Liu and Meyerowitz, 

1995; Schneitz et al., 1997).  

Partial Yes 

SUP AT3G23130 Carpel/Stamen 

development 

A homeotic floral gene necessary 

for definition of the boundary 

between carpel and stamen whorls 

(Bowman et al., 1992; Bondada et 

al., 2020). Necessary for 

Partial Increase

d male 

fertility 

https://paperpile.com/c/EMlok3/ih1HL
https://paperpile.com/c/EMlok3/ih1HL
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https://paperpile.com/c/EMlok3/ZrhYG+h9lmF+VuJj0
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asymmetric integument growth 

around the ovule (Gaiser et al., 

1995).  

NTT AT3G57670 Transmitting 

tract 

Facilitates development of the 

transmitting tract which allows for 

fertilization, especially in the 

lower half of the ovary (Crawford 

et al., 2007; Fung, 2009). Acts as 

an upstream regulator of HAF, 

BEE1, and BEE3 (Pfannebecker et 

al., 2017).  

Partial Yes 

HAF, 

BEE1, 

BEE3 

AT1G25330, 

AT1G18400, 

AT1G73830 

Transmitting 

tract 

Encodes basic helix-loop-helix 

(bHLH) transcription factors that 

redundantly specify reproductive 

tract tissue, including the 

transmitting tract. haf, bee1, bee3 

triple mutants have reduced female 

fertility. HAF promotes 

fertilization efficiency (Crawford 

and Yanofsky, 2011). 

Partial Yes 

HEC1, 

HEC2, 

HEC3 

AT5G67060, 

AT3G50330, 

AT5G09750 

 

Transmitting 

tract 

Encode bHLH transcription factors 

controlling gynoecium 

development. In conjunction with 

SPT, balances phytohormone 

responses, primarily auxins and 

cytokinins (Schuster et al., 2015). 

HEC1, HEC2, and HEC3 are 

functionally redundant, and triple 

mutants have a complete loss of 

female fertility (Gremski et al., 

2007). 

Partial Yes 

SPT AT4G36930 Transmitting 

tract & carpel 

development 

Encodes bHLH transcription factor 

involved in gynoecium 

development. SPT is necessary for 

carpel and transmitting tract 

development (Alvarez and Smyth, 

1999; Schuster et al., 2015).  

Partial Yes 

ALC AT5G67110 Transmitting 

tract & carpel 

development 

Encodes bHLH transcription factor 

involved in early gynoecium 

development. ALC has partial 

redundancy with SPT. alc mutants 

do not reduce female fertility, but 

spt alc double mutants have a 

complete loss of female fertility 

(Groszmann et al., 2011; Cheng et 

al., 2022). 

No Yes 

https://paperpile.com/c/EMlok3/htXK
https://paperpile.com/c/EMlok3/htXK
https://paperpile.com/c/EMlok3/DQoOp+fwc3r
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https://paperpile.com/c/EMlok3/9Rds7
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https://paperpile.com/c/EMlok3/YR0k1+oMpHk
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SPL/NZZ AT4G27330 

 

Sporophyte 

development 

Controls sporophyte formation. 

Mutant plants are male and female 

sterile (Yang et al., 1999). 

Functions as a transcriptional 

repressor for several genes 

involved in ovule development 

(Wei et al., 2015).  

Yes No 

AGP18 AT4G37450 Megaspore 

development 

Encodes a classical 

arabinogalactan protein that is 

essential for the initiation of 

female gametogenesis (Acosta-

García and Vielle-Calzada, 2004; 

Demesa-Arévalo and Vielle-

Calzada, 2013) 

Partial Yes 

 

 

  

https://paperpile.com/c/EMlok3/eASlI
https://paperpile.com/c/EMlok3/lAeBk
https://paperpile.com/c/EMlok3/DPBCA+m756X
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Appendices 

Appendix 1: Eight-week regeneration frequency and shoots per regenerating explant 

(SPRE) means and standard deviations (SD) for each combination of NAA and BAP. 

Mean ± SD is given and n = 80 explants/treatment. Data is from wild-type petiole and 

lamina explants at eight weeks. NAA and BAP concentrations are given in mg/L. 

Statistical groupings were determined using the Tukey-Kramer HSD test (α = 0.05). 

Regeneration frequencies of treatments that do not share one or more of the same letters 

are significantly different from each other. There were no statistical differences in 

regeneration frequencies among culture media in lamina explants (p = 0.696), and there 

were no statistical differences in SPRE values among culture media in petiole (p = 0.450) 

or lamina (p = 0.726) explants.  

Culture medium Petioles RF 

(Mean ± SD) 
Petioles SPRE 

(Mean ± SD) 
Lamina RF 

(Mean ± SD) 
Lamina SPRE 

(Mean ± SD) 

0.5 NAA 0.5 BAP 8.6 ± 10.7 ab 3.2 ± 2.6 11.4 ± 14.6 1.9 ± 1.2 

0.5 NAA 1.5 BAP 7.5 ± 11.6 ab 4.3 ± 3.1 6.3 ± 9.1 2.3 ± 1.0 

0.5 NAA 2.5 BAP 12.9 ± 11.1 ab 2.6 ± 1.7 10.0 ± 12.6 1.5 ± 0.5 

0.5 NAA 3.5 BAP 2.5 ± 4.6 ab 5.0 ± 1.4 4.3 ± 7.9 1.5 ± 0.7 

1.5 NAA 0.5 BAP 2.9 ± 4.9 ab 1.5 ± 0.7 2.5 ± 4.6 3.0 ± 2.8 

1.5 NAA 1.5 BAP 7.5 ± 8.9 ab 1.9 ± 0.6 7.5 ± 8.9 2.0 ± 0.8 

1.5 NAA 2.5 BAP 18.8 ± 18.9 a 2.8 ± 1.3 2.5 ± 4.6 1.5 ± 0.7 

1.5 NAA 3.5 BAP 7.5 ± 11.6 ab 3.3 ± 1.5 5.0 ± 7.6 1.0 ± 0.0 

2.5 NAA 0.5 BAP 6.7 ± 10.3 ab 1.0 ± 0.0 5.0 ± 7.6 2.5 ± 2.2 

2.5 NAA 1.5 BAP 7.5 ± 11.6 ab 1.9 ± 0.2 4.3 ± 7.9 1.0 ± 0.0 

2.5 NAA 2.5 BAP 3.8 ± 7.4 ab 2.3 ± 1.8 12.5 ± 18.3 2.0 ± 1.5 
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2.5 NAA 3.5 BAP 2.5 ± 7.1 ab 1.5 ± NA 11.4 ± 30.2 3.8 ± n/a 

3.5 NAA 0.5 BAP 2.5 ± 4.6 ab 1.5 ± 0.7 6.3 ± 9.2 1.5 ± 0.5 

3.5 NAA 1.5 BAP 5.7 ± 7.9 ab 2.6 ± 2.8 1.4 ± 3.8 1.0 ± n/a 

3.5 NAA 2.5 BAP 1.3 ± 3.5 b 1.0 ± n/a 0.0 ± 0.0 n/a 

3.5 NAA 3.5 BAP 2.5 ± 4.6 ab 1.0 ± 0.0 4.3 ± 7.9 1.3 ± 0.4 
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Appendix 2: Twelve-week regeneration frequency and shoots per regenerating explant 

(SPRE) means and standard deviations (SD) for each combination of NAA and BAP. 

Mean ± SD is given and n = 80 explants/treatment. Data is from wild-type petiole and 

lamina explants at 12 weeks. NAA and BAP concentrations are given in mg/L. Statistical 

groupings were determined using the Tukey-Kramer HSD test (α = 0.05). Regeneration 

frequencies of treatments that do not share one or more of the same letter are significantly 

different from each other. There were no statistical differences in regeneration 

frequencies among culture media in lamina explants (p = 0.632), and there were no 

statistical differences in SPRE values among culture media in petiole (p = 0.615) or 

lamina (p = 0.782) explants.  

Culture medium Petioles RF 

(Mean ± SD) 
Petioles SPRE 

(Mean ± SD) 
Lamina RF 

(Mean ± SD) 
Lamina SPRE 

(Mean ± SD) 

0.5 NAA 0.5 BAP 8.6 ± 10.7 ab 5.8 ± 4.5 15.7 ± 22.3 2.5 ± 1.7 

0.5 NAA 1.5 BAP 10.0 ± 10.7 ab 5.0 ± 5.0 8.6 ± 9.0 4.4 ± 3.1 

0.5 NAA 2.5 BAP 15.7 ± 12.7 ab 5.3 ± 4.4 6.0 ± 13.4 4.0 ± n/a 

0.5 NAA 3.5 BAP 7.5 ± 7.1 ab 5.5 ± 1.7 6.7 ± 12.1 2.6 ± 0.9 

1.5 NAA 0.5 BAP 4.3 ± 5.3 b 2.0 ± 1.0 2.9 ± 4.9 5.5 ± 6.4 

1.5 NAA 1.5 BAP 6.3 ± 7.4 ab 2.6 ± 0.8 8.8 ± 11.3 3.0 ± 1.6 

1.5 NAA 2.5 BAP 26.3 ± 23.3 a 5.1 ± 2.7 3.4 ± 7.4 2.3 ± 0.4 

1.5 NAA 3.5 BAP 8.8 ± 11.3 ab 4.9 ± 4.3 8.8 ± 11.3 1.9 ± 0.9 

2.5 NAA 0.5 BAP 8.3 ± 16.0 ab 1.1 ± 0.2 5.0 ± 7.6 4.0 ± 5.2 

2.5 NAA 1.5 BAP 8.8 ± 14.6 ab 3.3 ± 2.5 4.3 ± 7.9 3.0 ± 1.4 

2.5 NAA 2.5 BAP 7.5 ± 8.9 ab 2.9 ± 2.8 13.8 ± 13.0 2.5 ± 1.6 

2.5 NAA 3.5 BAP 2.5 ± 7.1 b 2.0 ± n/a 10.0 ± 28.3 4.4 ± n/a 
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3.5 NAA 0.5 BAP 2.5 ± 4.6 b 1.5 ± 0.7 6.3 ± 7.4 1.3 ± 0.5 

3.5 NAA 1.5 BAP 4.3 ± 7.9 b 4.0 ± 2.9 2.9 ± 4.9 1.0 ± 0.0 

3.5 NAA 2.5 BAP 8.8 ± 11.3 ab 1.9 ± 1.3 0.0 ± 0.0 n/a 

3.5 NAA 3.5 BAP 2.5 ± 4.6 b 3.5 ± 2.1 2.9 ± 7.6 1.5 ± NA 
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Appendix 3: Mean and standard deviations for regeneration frequencies and shoots per 

regenerating explant (SPRE) for selected genotypes compared to wild-type data. Data for 

three different culture media is pooled, and separate means and standard deviations (SD) 

are reported for petiole and lamina explants. Total number explants per genotype is listed 

in the genotype column as (petioles, lamina). Statistical groupings were determined using 

the Tukey-Kramer HSD test (α = 0.05). Petiole regeneration frequencies and petiole 

SPRE values of treatments that do not share one or more of the same letter are 

significantly different from each other. There were no significant differences in lamina 

explant regeneration frequency (p = 0.064) nor SPRE (p = 0.335) among genotypes. 

Genotype (n) Petioles 

Regeneration 

Frequency 

(Mean ± SD) 

Petioles 

SPRE (Mean 

± SD) 

Lamina RF 

percentage 

(Mean ± SD) 

Lamina 

SPRE (Mean 

± SD) 

Genotype 1 (60, 60) 5.0 ± 5.5 a 2.0 ± 1.0 ab 0.0 ± 0.0 n/a 

Genotype 2 (150, 150) 49.3 ± 31.5 bc 2.3 ± 1.1 ab 7.7 ± 14.8 1.9 ± 0.8 

Genotype 3 (60, 60) 0.0 ± 0.0 a n/a  0.0 ± 0.0 n/a 

Genotype 5 (150, 150) 58.6 ± 29.3 b 3.1 ± 1.8 ab 18.7 ± 20.7 1.4 ± 0.5 

Genotype 6 (60, 60) 1.7 ± 4.1 a 2.0 ± NA ab 0.0 ± 0.0 n/a 

Genotype 7 (30, 30) 60.0 ± 34.6 bc 3.8 ± 1.0 ab 13.3 ± 15.2 1.0 ± 0.0 

Genotype 8 (60, 60) 20 ± 12.6 ac 2.0 ± 0.8 ab 8.3 ± 9.8 2.3 ± 1.5 

Genotype 9 (30, 20) 3.3 ± 5.8 ac 1.0 ± n/a b 0.0 ± 0.0 n/a 

Genotype 10 (60, 60) 55.0 ± 39.9 bc 5.7 ± 1.4 a 16.7 ± 20.0 2.1 ± 0.2 

Wild-type (240, 240) 11.7 ± 14.4 a 2.7 ± 1.4 ab 8.1 ± 13.3 1.7 ± 1.0 
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Appendix 4: Eight-week regeneration frequency and shoots per regenerating explant 

(SPRE) means and standard deviations for petiole and lamina explants. Mean ± SD is 

given for n = 900 petiole and n = 890 lamina explants. Data for three different culture 

media, nine different genotypes, and wild-type explants was pooled. Statistical 

significance was determined using a two-sided t-test (α = 0.05) and is designated with an 

asterisk. There was a statistical difference in regeneration frequencies (p=8.60 x 10-7), 

and SPRE values (p=1.73 x 10-4) among petiole and lamina explants.  

 

Explant type Regeneration Frequency* SPRE* 

Petioles 28.3 ± 31.9 2.9 ± 1.6 

Lamina 8.8 ± 14.9 1.7 ± 0.8 


