
 

ABSTRACT 

HORNSTEIN, ELI DAVID. Genetic Engineering to Retrace the Evolutionary Loss of 
Arbuscular Mycorrhizae, with Implications for Sustainable Agriculture. (Under the Direction of 
Drs. Heike Sederoff and Ross Sozzani) 
 
Plants have made use of arbuscular mycorrhizae (AM), symbiotic associations with fungi in root 

cells, since the moment they arrived on land. AM help plants take up nutrients and water from 

the soil, and convey resistance to abiotic stress and pathogens. The mechanisms through which 

the symbiosis is formed, and these benefits provided, are relatively new topics in plant biology 

that are still being described. An early conception of AM formation being governed almost in 

isolation by the common symbiosis pathway (CSP), a set of genes with deep evolutionary 

conservation matching the AM host trait, is now being revised with new evidence that the 

genetic and physiological mechanisms underlying AM spread far wider and interact at multiple 

points with other, equally conserved aspects of fundamental plant biology. These include nutrient 

sensing, lipid biosynthesis, and pathogen defense. These connections may also help explain the 

evolutionary puzzle of why a significant number, about 20%, of plant species have lost the 

ability to form AM. The following work takes a unique approach to this question by expressing 

Interacting Protein of DMI3, an essential transcription factor in the CSP, in nonmycorrhizal 

plants of the Brassicaceae. This provided a means to probe conserved aspects of AM genetics 

which have survived the more than 65-million-year-old evolutionary loss of the trait and core 

CSP genes, and reveal additional connections of the symbiosis machinery to other biological 

functions. It also serves as the first step in potentially re-engineering AM back into 

nonmycorrhizal crop plants and adjusting their genetic mechanisms as a means of maximizing 

this symbiosis’ benefits to plant growth in agriculture. Chapter 1 provides a review of 

intersections of AM genetics with conserved plant functions, and how this might be used to 



 

enable engineering of a fully synthetic AM system. Chapter 2 describes engineering of IPD3 into 

Camelina sativa, a nonmycorrhizal biofuel crop intended for growing conditions where 

mycorrhizae can be especially helpful. IPD3 expression produced no clear phenotype and did not 

alter the interaction of the plant with an AM fungus, but resulted in transcriptomic changes that 

were sensitive to the presence of the fungus and suggestive that IPD3 retains connections to the 

defense response in Camelina. IPD3 proved to be a difficult transgene, which could only be 

reliably expressed with careful re-engineering of the transgene construct. This in itself suggests 

that regulatory interactions with the gene remain present in nonmycorrhizal plants. Chapter 3 

uses an improved form of the transgene construct with constitutive protein activity and enhanced 

root expression to identify a clearer response in Arabidopsis thaliana. This study showed that 

expression of activated IPD3 in Arabidopsis produces a clear defense and stress-related 

transcriptional response implicating interaction with plant hormones and secondary metabolism. 

The transcriptional response includes elements that are both independent and conditional on AM 

fungus exposure, suggesting that IPD3 retains an ability to alter or induce a differential microbe 

response even in long-nonmycorrhizal plants. Comparison with the symbiosis model Lotus 

japonicus reveals that the connection of IPD3 to stress may be conserved in mycorrhizal host 

plants, and indicates potential new functions for this gene. Chapter 4 describes an attempt to 

further study the role of IPD3 in defense by growing transgenic Arabidopsis and Lotus CSP 

knockout mutants in a specialized AM culture system and with exposure to pathogenic fungi. 

This study failed to produce most of the intended results due to failure of the experimental 

system but the outcome of prior chapters suggests strong possibilities for future directions. 

Chapter 5 is an interdisciplinary analysis of lupin, a little-used pulse and unusual nonmycorrhizal 

legume, as a new crop to enhance sustainability and stability of agriculture in the US southeast.  
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Chapter 1: Genetically engineered arbuscular mycorrhizae: a multifunctional crop 

resilience trait for a changing world 

Abstract 

         The coming century in agriculture will be marked by increasing exposure of crops to 

abiotic stress and disease due to climate change. The plant traits with the strongest potential to 

mitigate these stresses are complex. C4 photosynthesis and rhizobial nitrogen fixation have been 

the subject of more than 20 years of efforts to refine and transfer these traits into new crops by 

genetic engineering. Arbuscular mycorrhizae (AM) may have been overlooked as another 

complex but highly advantageous plant trait which is open to engineering. The portfolio of 

advantages offered by AM overlaps with the benefits of both of the above traits, as well as other 

pressing plant needs. AM alleviate nutrient, water, and temperature stress, and can confer 

pathogen resistance and increased yield. In this article we illustrate the prospective benefits of 

genetic engineering to produce AM in non-mycorrhizal crops and modify AM in already-

mycorrhizal crops. We also highlight recent advances which have clarified the key genetic and 

metabolic components of AM symbiosis, and show that many of these components are involved 

in other plant biological processes and have already been subject to extensive genetic 

engineering in nonsymbiotic contexts. We provide a theoretical research roadmap to accomplish 

engineering of AM into the non-mycorrhizal model Arabidopsis including specific molecular 

genetic approaches. We conclude that AM is potentially more tractable than other complex plant 

traits, and that a concerted research initiative for biotechnological manipulation of AM could fill 

unique needs for agricultural resilience. Finally, we note that engineering of AM provides a 

potential back door into manipulation of other essential plant traits, including carbon storage, 

nitrogen fixation, and the broader microbiome. 
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1.1: Background on Arbuscular Mycorrhizae 

Arbuscular mycorrhizae (AM) are a symbiotic relationship in which Glomeromycotan 

fungi form nutrient exchange structures deep within the cells of plant roots (Schüßler et al. 

2001). These structures, the arbuscules, are very high in surface area and involve a close 

interface of the plant cell membrane and walls of penetrating hyphae. Nutrient exchange occurs 

across the small peri-arbuscular space between the plant and fungal membranes via AM-specific 

transporters (W. Wang et al. 2017; Oldroyd 2013). The plant provides fixed carbon to the 

fungus, and receives water, nitrogen, and phosphorous in return (Rich et al. 2017; Oldroyd 

2013). In addition to contributing nutrients, however, AM can also confer resistance to 

pathogens, extreme temperatures, and soil toxins. The AM host trait dates back to the original 

colonization of land by plants, and has accompanied diverse plant species throughout their 

evolutionary adaptations to a wide range of stresses and environments (Genre et al. 2020; 

Radhakrishnan et al. 2020; Delaux et al. 2013). In a world where the agricultural 

environment is becoming increasingly high-stress and high-CO2, an ancient plant trait that 

promises to trade stress resistance for carbon demands close attention. 

This paper explores the functional genetic considerations for engineering of a synthetic 

AM symbiosis system. Such a system could be used to form mycorrhizae in plant species which 

lack this trait, such as the many crops in the families Brassicaceae and Amaranthaceae (Ryan and 

Graham 2002). Engineered mycorrhizae could also be useful in crops which are natural AM 

hosts, but where the native symbiotic trait is not optimized to contribute to improved yield in an 

agricultural context. Finally, this approach also represents an untapped means of exploring the 

fundamental biology of AM symbiosis, and the reasons behind its evolutionary loss in some 

plants. 
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While we are motivated by applications to sustainable agriculture, we use the initial 

example of engineering mycorrhizae in Arabidopsis. As a member of the Brassicaceae, 

Arabidopsis is naturally nonmycorrhizal (Cosme et al. 2018; Veiga et al. 2013). As the central 

model in plant biology, Arabidopsis can be a demonstrative test case that also allows use of the 

unparalleled knowledge of this plant to understand how the engineered symbiosis interacts with 

other aspects of plant biology. We envision that successful development of a self-contained 

synthetic AM genetic program could later be translated in whole or in part to crop plants.  

We define a synthetic AM system as one that self-sufficiently enables nutrient exchange 

with an AM fungus through an intracellular structure. Being defined by the symbiotic outcome 

rather than a precise recapitulation of the mechanisms characterized in AM models to date, the 

system we propose diverges from natural AM genetics at many points. While we note that stress 

resistance benefits of AM may be of even greater interest to agriculture than the effect on 

nutrient uptake, we treat nutrient exchange as the defining aspect of the system because it is 

strictly necessary for survival of the symbiotic fungus within roots. 

1.1.1: The benefits of engineering mycorrhizae 

Soil nutrients 

 Mycorrhizal inoculation in agriculture of AM host crops is generally beneficial, though 

the extent and reliability of the effect is the subject of significant debate (Rillig et al. 2019; M. 

Chen et al. 2018; Ryan and Graham 2018; Hijri 2016; Berruti et al. 2016; Rouphael et al. 2015). 

The mycorrhizal growth response (MGR), defined as the difference between inoculated and 

uninoculated plants, can include up to an 80% increase in aboveground biomass, and yield 

increases greater than 100% (Berruti et al. 2016; Pellegrino et al. 2015; Eo and Eom 2009). AM 

colonization has also been reported to increase the size and nutritional content of fruits and 
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grains (Fiorilli et al. 2018; Bona et al. 2017; Lehmann and Rillig 2015). Mycorrhizae contribute 

to nutrient requirements by improving access to what is already present in the soil, including all 

three macronutrients, with the strongest effect in phosphorus nutrition. Unlike Green Revolution 

breeding advances, the yield benefit of AM is therefore tied to reduced, rather than increased, 

inputs of expensive and environmentally damaging fertilizer relative to yield (De Schutter and 

Vanloqueren 2011; Borlaug 2002; Pingali and Rosegrant 1994) 

The extent of mycorrhization and its impact on crop yield varies broadly with soil factors 

as well as with the plant-symbiont pairing, and our knowledge in this area is limited by the 

variation in experimental approaches used (Berruti et al. 2016; Janos 2007). The most significant 

effects occur in low-nutrient conditions with high levels of AM fungus inoculation (Berruti et al. 

2016; Pellegrino et al. 2015; Eo and Eom 2009), A number of counterexamples to the benefit of 

AM exist in individual studies where a mycorrhizated host crop, notably wheat, does not show 

increased yield from AM treatment, even under favorable conditions (Genre et al. 2020; Rillig et 

al. 2019; Ryan and Graham 2018; X.-X. Wang et al. 2018; Van Geel et al. 2017). It is also 

possible for plants to receive the majority of their nutrients via symbiotic nutrient exchange, but 

without improved growth (Bücking and Kafle 2015; Smith and Smith 2012; Tawaraya 2003; 

George, Marschner, and Jakobsen 1995). 

An essential limit to use of AM in agriculture which may underlie these counterexamples 

is that mycorrhization is subject to an elaborate autoregulation system on the part of the plant. 

The most significant contributor to autoregulation is the amount of macronutrients in the soil, 

particularly Pi  (Shi et al. 2021; Nouri et al. 2014; Carbonnel and Gutjahr 2014). Plants exposed 

to progressively higher levels of nutrients progressively decrease their AM colonization. 

Intentional inoculation with specific AM fungus species can increase colonization under 
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fertilized field conditions, and in some crops under some conditions, a "sweet spot" can be found 

where AM treatment can strongly reduce fertilizer needs while maintaining yield, for example by 

25-50% in cassava and corn (Ramírez-Flores et al. 2020; Aliyu et al. 2019; Ceballos et al. 2013). 

However, this effect is plant-, fungus-, and context-dependent and such clear-cut cases are a 

minority of examples in the literature. The mechanisms that govern mycorrhizal colonization and 

autoregulation are known to involve cellular messengers shared with other plant processes 

including mevalonate, calcium, specific receptor kinases, and plant hormones (MacLean, Bravo, 

and Harrison 2017; Gobbato 2015; J. Sun et al. 2015). It is likely that responses to case-specific 

biotic and abiotic factors implicating these common messengers intersect with mycorrhizal 

signaling to further contribute to the variability seen across studies.  

The combination of (1) a nutrient inhibition effect on AM colonization with (2) benefits 

that are relatively unpredictable under our current knowledge results in a paradox for the use of 

mycorrhizae in agriculture. AM can't completely replace the yield benefit of applying fertilizer, 

but because fertilizer inhibits AM formation, it is inherently inefficient to combine them (Figure 

1.1A). Finding an optimized combination of increased mycorrhization and reduced fertilizer that 

can maintain maximum yield requires an individualized approach to the specific application, 

when possible at all. In the context of basic science, the variability in beneficial effects of AM 

shows how much remains to be learned about mycorrhizae. In the context of genetic 

engineering and agriculture, it presents an opportunity to increase the usefulness of AM via 

an engineered system designed to be more consistent and compatible with agricultural 

conditions. Such a system can contribute not only by improving performance, but by making it 

easier for farmers to adopt the use of mycorrhizae as a biofertilizer. 
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Figure 1.1: Two conceptual paradoxes for AM in agriculture. (A) AM treatment can improve 
yield by increasing crop nutrient uptake (green line), but not enough to match the results of 
intensive fertilization (red line). Combining the two treatments is difficult because AM formation 
is repressed by increased soil nutrients. (B) Soil nutrients are easily controlled at predictable 
times by adding fertilizer. This suppresses establishment of mycorrhizae that could guard against 
biotic and abiotic stresses that are hard to control and arise at unpredictable times. 
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Biotic and abiotic stress 

The prospective benefits of engineering AM go beyond simply making the performance 

of mycorrhizal host crops more nutrient-efficient. AM contribute significantly to resistance 

against biotic and abiotic stresses (Begum et al. 2019). Via the phenomenon of mycorrhiza-

induced resistance (MIR), AM colonization is documented to defend plants against a vast array 

of microbial and insect threats (Walters, Ratsep, and Havis 2013; Jung et al. 2012; Pozo and 

Azcón-Aguilar 2007). The protective effect of MIR extends to major agricultural pathogens like 

powdery mildew and black root rot (fungal), tomato spotted wilt virus, insect pests such as 

cabbage looper and root parasitic nematodes, to name just a few (Schoenherr et al. 2019; 

Mustafa et al. 2017; Vos et al. 2012; Hayek et al. 2014). These benefits are observed across 

diverse plants including row crops but also species such as grapes, rice, potatoes, strawberries, 

tomatoes, and bananas, again to name just a few (Kadam, Pable, and Barvkar 2020; Sanchez-Bel 

et al. 2016; Campos-Soriano, García-Martínez, and Segundo 2012; Norman, Atkinson, and 

Hooker 1996). MIR involves multiple modes of action that include priming of jasmonic and 

salicylic acid-inducible defenses, altered root exudates, increased production of defensive 

proteins and metabolites, and structural defenses such as callose and lignin accumulation 

(Sanmartín et al. 2020; Cameron et al. 2013; Jung et al. 2012; Sikes 2010; Pozo and Azcón-

Aguilar 2007). 

Mycorrhizae are also known to improve abiotic stress tolerance to both drought and 

waterlogging, and both heat and cold. Mycorrhizal plants maintain higher biomass production 

under heat and cold stress than controls, and show reduced ROS and other markers of metabolic 

distress (Mathur and Jajoo 2020; Calvo-Polanco et al. 2016; A. Liu et al. 2014; Abdel Latef and 

He 2011; X. Zhu, Song, and Xu 2010; X.-C. Zhu, Song, and Xu 2010). As with other abiotic 
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stresses, temperature resistance is probably contributed to by multiple aspects of AM symbiosis 

including signaling and generally improved health secondary to nutrient uptake.  

In the case of drought, AM's contribution to general nutrition helps enable the drought 

response, but water is also directly transported to the plant from the soil via hyphae (Bárzana et 

al. 2012; Boomsma and Vyn 2008; Khalvati et al. 2005). Mycorrhizal plants under drought stress 

have shown up to 46% higher water uptake than controls, including 20% directly attributable to 

water flow through hyphae (F. Zhang, Zou, and Wu 2018; Ruth, Khalvati, and Schmidhalter 

2011). Mycorrhizal crop plants also maintain higher stomatal conductance, photosynthesis rate, 

and yield under drought (Subramanian, Santhanakrishnan, and Balasubramanian 2006; Al-

Karaki, McMichael, and Zak 2004). Again, these effects are observed across a wide diversity of 

crops (Moradtalab et al. 2019; Yooyongwech et al. 2016; Mena-Violante et al. 2006). The 

mechanism of mycorrhizae-mediated waterlogging resistance is less clear, but likely acts through 

a combination of signaling and direct water transport as with drought. Mycorrhizal plants 

maintain higher hydraulic conductance under flood stress, and produce more biomass than 

controls (Calvo-Polanco et al. 2014; Wu, Zou, and Huang 2013; Fougnies et al. 2007). 

It should not pass unremarked that few other plant traits protect against opposite 

extremes of any one type of stress, let alone more than one. Any one of the factors of heat, 

cold, drought, flood, or any of the individual pathogens listed here are rightly considered topics 

that are each worthy of extensive research, including applied genetic engineering. The 

prospective contribution by AM to agriculture across all of these issues in stress resistance may 

have been obscured by nutrient autoregulation and general variation across circumstances, both 

in research and physically. The latter is a pernicious situation as technological interventions for 

the climatic and biotic stressors that mycorrhizae can defend against are either nonexistent for 
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field crops (heat, cold), much less accessible (irrigation, drainage), or more directly harmful 

(pesticides) than fertilizers, but the ease of access to fertilizers reduces the presence of AM. As 

mycorrhizae must be established before the stresses occur in order to provide a benefit, growth in 

highly fertilized soils that repress mycorrhization limits the extent to which AM can provide its 

unique defensive benefits to these stresses (Figure 1.1A). 

Just as in nutrient relations, from the engineering perspective this paradox presents an 

opportunity to create an AM genetic system directly oriented towards establishing early and 

consistent colonization under agricultural conditions to guard against the most challenging–and 

ever more common–plant stressors. 

Agricultural applications 

A genetically engineered AM system that is self-contained, meaning it carries all the 

unique genetic components necessary to drive AM colonization, could also be applied to make 

AM in crops that are naturally nonmycorrhizal. In 2019, nonmycorrhizal crops worldwide 

occupied more than a hundred million acres, an area larger than the nation of Sweden or the state 

of California. Across this total area, almost half a billion tonnes of nonmycorrhizal crops were 

harvested (Table 1.1) (FAO 2021). While nonmycorrhizal plants are agriculturally and 

phylogenetically in the minority, the raw scale of their cultivation indicates significant potential 

for gains from agricultural improvement. All members of the Amaranthaceae and the 

Brassicaceae are nonmycorrhizal, including dozens of varieties across several species (Rillig et 

al. 2019; Delaux et al. 2014). Nonmycorrhizal crops in these families such as sugar beet and 

brassica vegetables are considered heavy users of fertilizer that stand to benefit from improved 

uptake. Engineering AM in nonymcorrhizal crops is also of particular interest because the room 

for improvement may be greater than the scale of benefits quantified via field studies of natural 
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AM crops. In typical field studies, fungus inoculation produces an increase in mycorrhization 

above the background level that is correlated with increased yield (Berruti et al. 2016). In 

contrast, the benefit to newly-mycorrhizal plants would be relative to their wildtypes which have 

no mycorrhizae at all. The real-world yield difference of switching from non-mycorrhization to 

mycorrhization could therefore exceed the range reported from inoculation studies in natural host 

plants because there is no 'floor' of background colonization. 

Table 1.1: Global abundance of nonmycorrhizal crops in 2021 (FAO 2021). 

Crop Primary uses Area harvested 
(acres) 

Production 
(tonnes) 

Yield  
(t/acre) 

Cabbages and other 
brassicas 

Human consumption 6,044,915 70,150,406 11.6 

Cauliflowers and 
broccoli 

Human consumption 3,550,442 26,918,570 7.6 

Lupins Fodder, human 
consumption 

2,192,096 1,006,842 0.5 

Mustard seed Human consumption 2,100,588 654,112 0.3 

Quinoa Human consumption 456,118.76 161,415 0.4 

Rapeseed Oil for human 
consumption, fodder, 
biofuel 

84,092,107 70,510,703 0.8 

Spinach Human consumption 2,300,031 30,107,231 13.1 

Sugar beet Sugar, fodder 11,390,142 278,497,980 24.5 

total - 112,126,439 478,007,259 - 
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We focus on the case of engineering AM in nonmycorrhizal plants because it combines 

all of the benefits discussed here as well as the most ambitious version of the engineering task. 

Formerly nonmycorrhizal plants with newly-engineered AM, which we term 'neomycorrhizal,' 

stand to benefit from a completely novel trait in AM, which can further demonstrate the benefits 

of engineering for consistent nutrient uptake and stress resistance that may also extend to crops 

which are natural AM hosts. Similarly, a genetically engineered system that can enable 

neomycorrhization of non-AM plants must be fully self-contained or rely only on interaction 

with widely conserved native genes, making it a test case that is likely to have wide applicability 

across a range of host and nonhost crops. 

1.1.2: Genetic and evolutionary mechanisms of AM loss 

 AM are evolutionarily ancient. In plants, the mycorrhiza host trait evolved almost 

immediately after the colonization of land, as seen in phylogenetic analysis, studies of basal land 

plants, and fossils (Rich et al. 2021; Radhakrishnan et al. 2020; Strullu‐Derrien et al. 2018; 

Walder and van der Heijden 2015; Delaux et al. 2015; Remy et al. 1994). Among fungi, the 

mycorrhiza-forming glomeromycetes are one of 8 top-level taxonomic divisions, an equally deep 

lifestyle-phylogeny relationship ( Hibbett et al. 2007; Schüßler et al 2001). Plant and fungal 

partners in arbuscular mycorrhizae have coevolved since this early origin (Delaux and Schornack 

2021; Brundrett 2002). AM are conserved to the present day in approximately 70% of extant 

plants (Smith and Read 2008). For a trait inherited from the single common ancestor of land 

plants, however, the loss of AM from 30% of species is quite notable, and made more significant 

by the fact that it is underlain by at least 50 independent losses of the trait in phylogenetically 

diverse clades, which has been proposed to indicate significant costs to maintaining the trait 
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(Radhakrishnan et al. 2020; Walder and van der Heijden 2015; Bravo et al. 2016; Delaux et al. 

2014; Favre et al. 2014; B. Wang and Qiu 2006). 

It is not necessary to solve the entire mystery of this loss before proceeding, and we 

intend that the engineered system will in fact contribute to better understanding of the trait loss 

itself. But, understanding the mechanism of AM loss is helpful to structure a genetic intervention 

that restores them. It is also a useful means of exploring the potential downsides of manipulating 

this trait.  

Gene losses in nonmycorrhizal plants 

The proximate genetic causes for mycorrhizal loss are quite clear: core genes for AM 

symbiosis are lost en masse from nonhost plants. Remarkably, a shared subset of specific genes 

has been lost in all independent evolutions of nonhosting, and these genes tend to be lost by 

complete deletion, not pseudogenization (Radhakrishnan et al. 2020; Delaux et al. 2014). This 

pattern of coelimination suggests that individual AM genes have a deleterious effect in the 

absence of a functioning symbiosis (Delaux and Schornack 2021). It is also probable that the loss 

of so many genes acts as a 'one-way valve,' in which plants in families that have lost mycorrhizae 

are not likely to regain the trait even if they encounter an environment in which it would once 

again be advantageous. This is quite relevant to agricultural applications, as domesticated 

nonmycorrhizal crops now encounter a drastically different environment than the one in which 

their ancestors lost the trait. 

The gene losses in nonmycorrhizal plants occur in three parts of the AM genetic program. 

First, genes are lost from the Common Symbiosis Pathway ('CSP') that mediates AM-specific 

signal transduction. Some CSP gene losses are perfectly correlated with loss of AM: no plant 

missing any one of these genes is known to form AM. These include the cell-surface receptor 
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SymRK, the ion channel CASTOR/POLLUX, nuclear kinase CCaMK/DMI3, and the transcription 

factor CYCLOPS/IPD3 (Radhakrishnan et al. 2020; Bravo et al. 2016; Delaux et al. 2014). 

SymRK helps activate AM signaling in response to multiple types of chitin molecules including 

CO4, CO8, and lipo-chitooligosaccharides, likely in complex with other receptors that provide 

greater specificity (Feng et al. 2019; Pan, Stonoha-Arther, and Wang 2018; Demchenko et al. 

2004). Early signal binding initiates a cytoplasmic signal transduction pathway that is not fully 

described but which ultimately results in calcium spiking in the nucleus mediated by CASTOR. 

CCaMK is activated by binding to the released calcium, upon which it phosphorylates 

CYCLOPS, enabling DNA binding to downstream targets (Pimprikar and Gutjahr 2018; Oldroyd 

2013). The CSP is so-named because it is required for rhizobia as well as mycorrhizae, and in 

fact is likely required for all forms of intracellular symbiosis. Correspondingly, in plants that are 

non-AM but have rhizobia, orchid mycorrhizae, or ericoid mycorrhizae, the CSP is preserved 

(Genre et al. 2020; Radhakrishnan et al. 2020). 

Second, genes involved in the provision of lipids to AM fungi as a carbon source are lost. 

These include the GRAS transcription factors RAM1 and RAD1 and their targets: the lipid 

transporters STR and STR2, and lipid synthesis genes RAM2, FatM, and DIS (Radhakrishnan et 

al. 2020; Bravo et al. 2017; Delaux et al. 2014). These genes are lost with AM even if another 

endosymbiosis is present, pointing to the unique role of lipids in AM nutrient exchange (Rich et 

al. 2017, 2021). Some variation exists in the list of common gene losses identified by different 

phylogenetic analyses, depending on the species and methods used. This may reflect an 

incomplete process of coelimination in some species, which would be expected. Detection of 

gene losses in this group may also be limited by the fact that many are members of large gene 
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families, with duplicates involved in housekeeping functions. All of the above genes, however, 

are absent in Arabidopsis.  

Finally, genes involved in vesicle trafficking to the arbuscular membrane are lost. These 

include CERBERUS, VAPYRIN, and SYP132a (Radhakrishnan et al. 2020; Bravo et al. 2016; 

Huisman et al. 2016; Delaux et al. 2014). CERBERUS and VAPYRIN act in complex to form 

VAPYRIN-bodies that are actively transported to the peri-arbuscular membrane (PAM) 

(Bapaume et al. 2019). These structures are likely involved in the delivery and localization of 

PAM-specific proteins including nutrient transporters, which are often shown to interact with 

VAPYRIN. SYP132a is a t-SNARE protein that is expressed at high levels in arbusculated cells 

and accumulates around arbuscules, apparently (and in contrast to VAPYRIN) through a passive 

mechanism (Huisman et al. 2020). Like the CSP, these genes are implicated in other intracellular 

symbioses and are conserved in plants having such relationships even in the absence of AM. A 

number of additional genes involved in exocytosis, membrane synthesis, and cell wall loosening, 

such as expansins and other SNAREs, are considered essential for arbuscule formation but are 

not lost in non-AM plants presumably because their function is not specific to mycorrhizae.  

Evolutionary explanations for AM loss 

In contrast to the swathe of genetic evidence, to date there is no unifying evolutionary-

ecological explanation for why plants, wild or domestic, lose an apparently beneficial trait. In 

some cases the loss is associated with a major lifestyle change affecting primary metabolism or 

nutrient uptake, as in aquatic, parasitic, and carnivorous plants (Brundrett and Tedersoo 2018; 

Delaux et al. 2014). In two large plant families, the Ericaceae and Orchidaceae, arbuscular 

mycorrhizae have been replaced with intracellular symbioses that are structurally very similar to 

AM but involve unrelated types of fungi (Genre et al. 2020). In the Pinaceae and some other 
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species, AM may have been displaced by ectomycorrhizae (Brundrett 2009). Among plants 

which lack AM but have no such obvious traits, two causes for loss have been repeatedly 

proposed that are theoretically coherent but difficult to test because they involve evolutionary 

pressure over a sum total of circumstances: 

Shifts in the nutrient balance 

Changes to the balance of soil nutrients received and carbon given, where a need to 

conserve photosynthate makes the carbon cost of mycorrhizae unfavorable, or a more efficient 

plant innovation renders them unnecessary, are one proposed explanation. This is supported by 

the observation that prominent nonmycorrhizal families are associated with root adaptations to 

particular lifestyles. Proteaceae and lupins produce phosphate-mining cluster roots that are 

hypothesized to outperform mycorrhizae under their local conditions of extreme phosphate 

deficit. At the other end of the ecological spectrum, the Brassicaceae and Amaranthaceae contain 

cosmopolitan weedy species that may not benefit from mycorrhizae because they form fine, fast-

growing roots in disturbed soils where access to nutrients is unimpeded (Ma et al. 2018; Lambers 

and Teste 2013; Brundrett 2009). There is some anatomical evidence that thickness of the root 

cortex corresponds positively with mycorrhization (Ma et al. 2018). The formation of fine roots 

has also been cited as a reason that wheat, an AM host, shows inconsistent benefits from 

mycorrhization (Genre et al. 2020). 

This explanation is weakened by the fact that the AM-lifestyle-phylogeny correlation is 

far from consistent. There are mycorrhizal species with lifestyles like those hypothesized to be 

unfavorable to AM, and nonmycorrhizal species that depart markedly from the ecological habits 

hypothesized to drive loss of AM. For example, groups often cited as possessing alternative low-

P adapatations, such as sedges and Proteaceae, that displace the AM trait that are now known to 
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contain members that do form mycorrhizae (da Silva Coutinho Detmann et al. 2019; Veselkin, 

Konoplenko, and Betekhtina 2014; Lagrange, L’Huillier, and Amir 2013; Boulet and Lambers 

2005; Muthukumar, Udaiyan, and Shanmughavel 2004; Miller et al. 1999). The "weedy" 

ecological habit that has also been proposed to disfavor AM in Amaranthaceae and Brassicaceae 

is in fact shared with numerous mycorrhizal grasses, legumes, and other dicots (Tang, Chen, and 

Chen 2006; Pendleton and Smith 1983). Medicago and Plantago species used as models and 

sources of AM inoculum also have this lifestyle and occur quite literally as agricultural weeds 

(Bilalis et al. 2011). On the other hand, the nonmycorrhizal Amaranthaceae include long-lived 

trees such as Charpentiera and Haloxylon as well as the more familiar herbaceous weeds (Cao et 

al. 2016). It may be more accurate to say that the common ancestor of these clades experienced 

an environment where AM loss was advantageous, while its descendant species have evolved to 

occupy a range of environments where this is no longer the case, sometimes with compensatory 

adaptations for the absence of AM. This may also be true of nonmycorrhizal crops, that are the 

product of selective breeding to occupy a niche very different from their wild ancestor. 

The ancestral niche at the time of trait loss is also relevant to the question of carbon 

economics. Loss of mycorrhizae among liverworts, an early-diverging group of land plants, has 

been experimentally associated with conditions that mimic the 90% drop in atmospheric CO2 

from the mid to late Paleozoic (Genre et al. 2020; Field et al. 2012). This drop was itself a result 

of the Devonian Explosion in which a tremendous geographic and taxonomic expansion of land 

plants consumed available CO2, also resulting in reduced temperatures (Joachimski et al. 2009; 

Mora, Driese, and Colarusso 1996). Taxonomic and fossil evidence indicates that most new plant 

species evolved carbon-concentrating or conserving mechanisms and retained their mycorrhizae 



 17 

in the course of this diversification, but some nonvascular plants lost the mycorrhizal host trait 

upon being unable to provide sufficient carbon to the fungal symbiont during this time period.  

It is interesting that Brassicaceae and Amaranthaceae also diverged from other species in 

their respective families during a period 73-55 Mya that includes two significant alterations to 

global climate: the Cretaceous-Paleogeone (K-Pg) extinction event and the Paleocene-Eocene 

thermal maximum (PETM) (Hohmann et al. 2015; Müller and Borsch 2005; Kadereit et al. 

2003). The PETM was a sharp spike in CO2 and temperature followed by a sharp return to 

normal. The K-Pg boundary is characterized by a sharp drop in temperature that followed a more 

gradual cooling and reduction in CO2 over the late Cretaceous, and the extinction event itself 

resulted in a brief but massive proliferation of saprophytic fungi which are hypothesized to have 

exerted selective pressure on other organisms (Vajda and McLoughlin 2004). More precise 

estimates of divergence times and historical climate would be needed to confidently establish the 

timing of AM loss relative to these shifts. However, AM loss being potentially associated with 

multiple occasions of quick drops in CO2 and temperature is intriguingly consistent with the 

prospective benefits of AM in our current situation of a quick rise in CO2 and temperature. 

A weakness of any form of the nutrient balance hypothesis is that it does not offer an 

explanation for why thorough genetic elimination of even the ability to host mycorrhizae is 

selected for in so many cases, rather than modulation of its extent.  

Tradeoffs with defense 

 Tradeoffs with defense, where accommodation of the fungal symbiont makes the plant 

more vulnerable to pathogens, have also been proposed to drive AM loss. AM fungi are 

perceived by both symbiotic and pathogenic plant receptor complexes, and colonization involves 

a localized suppression of the defense response (C.-L. Li et al. 2020; He et al. 2019). In mutants 
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of model plants that have impaired symbiotic signaling, pathogenic signaling in response to AM 

fungi is de-repressed and a local defense response is elicited. This suggests that during active 

colonization, AM fungi could 'leave the door open' for pathogens, or that in the absence of 

symbionts pathogens could exploit symbiosis by mimicking AM signals, essentially 'stealing the 

key.' However, studies relating phylogeny to pathogen host range have not identified an obvious 

exemption of nonmycorrhizal clades from susceptibility to pathogens (Morris and Moury 2019; 

Gilbert and Webb 2007). The well-documented defense improvement via MIR also contradicts a 

universal defense tradeoff hypothesis.  

There is evidence at a more specific level for AM genetics to reduce, or at least 

complicate, plant defense under limited circumstances. AM-negative mutants of the same CSP 

gene can be less susceptible to some fungal pathogens, but more susceptible to others. A notable 

example is RAM2, which encodes a symbiotic lipid biosynthesis enzyme that enables AM, and 

also makes plants more susceptible to Phytophthora and Magnaporthe pathogenic fungi (P. 

Wang 2021; E. Wang et al. 2012). However, expression of GPAT6, a pathogen-inducible 

homolog of RAM2, protects tobacco and tomato from pathogens including Phytophthora (Fawke 

et al. 2019; Petit et al. 2016). The scale of protection from MIR also varies across plant-

pathogen-symbiont combinations and can even be reversed in very specific cases of plants that 

are exposed to pathogens at one point in development but not another (Cameron et al. 2013; 

García-Garrido et al. 2009; Lioussanne, Jolicoeur, and St-Arnaud 2008; Borowicz 2001). 

1.2: Engineerability and nonunique genetic components of AM 

The engineering approach is based on three related findings in the literature. First, even 

plants that have lost many symbiosis-specific genes in the Common Symbiosis Pathway, 

including Arabidopsis, are able to be colonized by AM fungi under the right conditions and even 
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form AM-like structures, albeit to a much lesser degree and without symbiotic exchange 

(Fernández et al. 2019; Cosme et al. 2018; Veiga et al. 2013; Brundrett 2009). Second, as a trait 

inherited from the first common ancestor of all land plants, the presence of AM is a conserved 

feature of plant biology and their loss or inhibition is the derived state (Rich et al. 2021; Delaux 

et al. 2013). It should therefore be possible to enable AM using only "parts" familiar to the 

biology of all plants. This stands in contrast to such engineering targets as C4 photosynthesis and 

rhizobia, which are innovations underlain by genetic changes unique to certain lineages. Third, 

the greatest genetic specificity in AM biology relates to the CSP mechanisms that activate and 

regulate the process. These mechanisms control metabolic processes that are shared or duplicated 

by nonsymbiotic plant functions whose genetic components have already been extensively 

characterized in other contexts, and even used for genetic engineering. For engineering, if the 

right biochemical functions can be recruited at the right time, not only is it not necessary to 

replicate the intricate AM-specific control system as described in AM models, this is exactly 

what must be altered to produce the desired results. 

Points at which genes known from major conserved processes play essential roles in 

symbiosis include microRNA 399, DELLAs, SPX/PHR phosphate signaling, and the 

WRINKLED transcription factor (Rich et al. 2021; Shi et al. 2021; Carbonnel and Gutjahr 2014; 

Branscheid et al. 2010). In other cases, such as the lipid synthesis gene RAM2 and phosphate 

transporter PT4, AM-specific genes have generic homologs that execute the same molecular 

function, but differ in their expression pattern. PT4, for example, is an H+/Pi symporter that 

functions the same way as those expressed in root hairs for direct uptake from the soil, but is 

expressed only in arbusculated cells of the cortex and within those cells directed only to the 

portion of those cells containing the peri-arbuscular membrane (Javot et al. 2007, 2011). This is 
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coordinated by upstream sensors, transcription, and trafficking factors, knocking out one of 

which has the same effect as knocking out one or more of its targets.  

These examples illustrate an important feature of AM genetics:  most of the 

specialization underlying symbiosis is in gene induction, tissue specificity, and subcellular 

localization, but not biochemical function. Making use of the nonsymbiotic homologs and 

partners of AM genes that are active elsewhere in the plant and that execute the same molecular 

task outside the symbiotic context, but without the deep co-dependence on other symbiotic genes 

seen in natural AM provides an advantage beyond a 1:1 swap of an AM gene for a better studied 

homolog. By circumventing the protein-protein interactions and multilayer transcription 

regulation involved in natural AM, we can significantly reduce the total number of transgenes 

involved in producing a downstream effect. In terms of the three groups of AM-loss-associated 

gene deletions described in the previous section, this approach also eschews the need to engineer 

many of the functions of the first (CSP) and third (vesicle trafficking) groups, as they relate 

largely to the regulation and subcellular targeting of the AM-specific gene copies but not their 

homologs from other plant functions that we intend to draw from. 

1.3: Engineering approach 

Overview 

The formal engineering goal is to produce an AM phenotype, which we define as a self-

sustaining system of intracellular colonization and nutrient exchange between Arabidopsis and 

an AM fungus, via synthetic means that draw from any and all sources of reliable functional 

genetic knowledge. The initial system is intended to be a chassis for future work, and is unlikely 

to at first show the degree of symbiosis or deep integration with host biology that will be needed 

for agricultural applications. Because engineering will need to be an iterative process, we 
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emphasize disentangling the interrelated aspects of AM symbiosis into subparts that can be 

engineered and tested semi-autonomously. To do this, we divide the engineering task into five 

parts: (1) host-symbiont compatibility, (2) nutrition of the fungus, (3) nutrient uptake from the 

fungus, (4) structural formation of the arbuscule, and (5) induction/regulation. Each of these 

goals produces outcomes that can be measured in isolation as well as in interaction with each 

other (Figure 1.2). We envision that in the course of developing a complete system these five 

modules will be combined with each other in the order provided. This section gives an overview 

of the proposed system, with mechanistic detail provided in the sections that follow for each 

step. 

Simplifying the genetics that enable formation of mycorrhizae makes way for (and 

necessitates) a new control system that can be designed explicitly for the agricultural context. 

We envision either a constitutive system that provides the ability to set a minimum level of 

mycorrhization appropriate for the known growing conditions of each crop variety where 

synthetic AM are deployed, or a much more liberal induction system where AM may be induced 

above a baseline level in response to nutrient scarcity, rather than reduced in response to nutrient 

abundance. 

1:  Host-symbiont compatibility (detailed in section 1.3.1) 

 Arabidopsis roots can be forced to be colonized with intraradical hyphae of AM fungi 

via coculture with a heavily mycorrhizated host plant 'nurse' that provides a carbon source for the 

fungus (Cosme et al. 2018; Veiga et al. 2013). This provokes a strong defense response in the 

colonized Arabidopsis, which diverts a significant portion of plant metabolism to pathogen 

response and presumably hinders further growth of the fungus (I. Fernández et al. 2019).  
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Figure 1.2: Summary of engineering modules for synthetic AM. Candidate transgenes (1st 
column) for 4 modular engineering targets, their desired effects (2nd column), and their 
mechanisms (3rd column). Transgenes in 1st column and their protein products in the 3rd column 
are color-matched.  
(A) the AM phenotype of unmodified Arabidopsis; plants can be colonized by AM fungi nursed 
from a host plant, but without symbiosis and resulting in a defense response.  
(B) Arabidopsis modified for increased compatibility with AM fungi by secretion of strigolactones 
(‘Strig.’) from root hairs, liberation of scopoletin (yellow) from its glycoside scopolin, and defense 
reduction in response to lipochitooligosachharides (purple).  
(C) Arabidopsis modified to synthesize and export symbiotic 2-MAGs into the root apoplast where 
they meet carbon needs of AM fungi;  by upregulation of general  lipid synthesis (WRI1, FatB), 
16:0 and 14:0 FA synthesis (AtFatB, CnFATB3), a G3P acyltransferase (GPAT6), cutin ABC 
transporter for MAG export from the cell membrane (ABCG13), and lipid transfer protein 
(LTPG1) to export MAGs across the cell wall.  
(D) Driving transport of nutrients secreted into the intercellular apoplast by expressing a single 
plasma membrane proton pump (AtAHA2); protons are cotransported with nutrients and also 
upregulate transporter expression.  
(E) Alteration of cell wall stiffness to allow AM fungi to enter the cell. Right, top: a stiff cell wall 
with tightly packed xyloglucan/hemicellulose (blue chain) and cellulose microfibrils (green) that 
prevent access by hyphopodium (purple). Bottom: xyloglucanase (MtXTH1) modifies 
hemicellulose chain lengths and hemicellulose-cellulose interfaces to provide binding sites of 
expansin (AtEXPA1) that increases wall flexibility to allow hyphae in. 
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In this engineering step an Arabidopsis plant is produced in which these defense 

responses are attenuated, enabling increased intraradical colonization and reduced diversion of 

carbon to defense. This is achieved by expression of two native Arabidopsis genes that alter the 

root metabolome, and one transgene from poplar that reduces the defense response. A significant 

question in this module is whether tradeoffs can be observed between the reduced barrier to 

mycorrhizal entry, and susceptibility to pathogens. The proposed system uses AM-specific signal 

perception, cell-type-specific, and inducible promoters as a means to preemptively guard against 

this possibility. 

2: Nutrition of the fungus (detailed in section 1.3.2) 

  The outcome of this step is an Arabidopsis plant which can support AM fungus growth in 

the absence of a nurse plant or other external carbon source. This will be accomplished by 

constitutively synthesizing and exporting the lipids used as a sole carbon source by AM fungi 

into the root apoplast (Rich et al. 2017, 2021). Most of the genetic machinery to do so can be 

found in the native Arabidopsis program for floral cuticle synthesis, which will be duplicated and 

reassigned under native promoters to expression in the root cortex. We also add a transgene from 

coconut to favorably alter the profile of acyl chain lengths. We intend for nutrient exchange to 

occur in the intercellular apoplast, independent of arbuscule formation and superficially similar 

to ectomycorrhizae. To facilitate this, we include lipid transporters that can exude the fatty acids 

exported from the cell membrane to the outer side of the cell wall. 

3: Macronutrient uptake from the fungus (detailed in section 1.3.3) 

To enable uptake of nutrients from intraradical fungal hyphae we will reassign the 

macronutrient import process from the epidermis and root hairs to the internal cell layers. As 

with the above section, this is designed to take place independently of the physical structure of 
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an arbuscule, via uptake of molecules secreted into the intracellular apoplast outside of cell 

walls. We suggest that this can be done by simply acidifying the appropriate part of the apoplast, 

rather than individually expressing selected nutrient transporters.  

4: formation of the arbuscule (detailed in section 1.3.4) 

AM fungi have been documented to form distinct intraradical structures at a low level in 

the roots of Arabidopsis and other non-AM plants when the fungus is supported by a nurse plant 

(Cosme et al. 2018; Brundrett 2009). It is therefore possible that the arbuscule developmental 

program (or some developmental program) remains in place in Arabidopsis, and will come into 

play without further engineering as the fungal presence in roots is increased.  It is also the case 

that effective symbiosis is not dependent on the fine details of arbuscule formation; in some 

cases it naturally operates with simple intracellular coils rather than intricate branches (Dickson 

2004). Nonmycorrhizal plants are subject to pathogenic interactions with numerous fungi that 

effectively form haustoria of all sorts of physical configurations, across which multiple types of 

biological molecules are effectively exchanged, indicating that there is no intrinsic immunity to 

this type of interaction. Given these facts, our proposed intervention focuses on gaining entry 

through the cell wall rather than attempting to precisely dictate the formation of subcellular 

structures. To do so, we borrow from the cell wall loosening response involved in root growth 

and pollen tube guidance which, like arbusculation, involves the interplay of chemical signals 

with a physical stimulus from a filamentous partner. 

5: Inducibility, connection, and control (detailed in section 1.3.5) 

In this section we discuss points of likely crosstalk between the previous modules and 

multiple options for more intentional interconnection and dynamic control of synthetic 

mycorrhizae. In regard to nutrients, we show how carbon flux to mycorrhizae can be balanced 
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against nutrient demands in the plant rather than nutrient availability in the soil, and made 

sensitive to nutrients other than phosphorous. We also discuss systems for balancing carbon flux 

to the fungus directly with flux to seeds, the agriculturally relevant sink tissue in most crops. 

Finally, we describe 'failsafe' options to override the synthetic accommodation program in the 

presence of a pathogen. 

1.3.1: Making nonhost roots compatible with AM fungi 

In field studies and 'nurse plant' systems, mature hyphae supported by carbon from 

symbiosis with an existing host show the ability to colonize the cortex of nonhost plants with 

hyphae in the intercellular space and a range of other 'rudimentary AM' phenotypes (Cosme et al. 

2018; Veiga et al. 2013). The roots of Arabidopsis grown in a laboratory nurse system can be 

colonized by R. irregularis at 5% of root length (Fernández et al. 2019). However, this is well 

below the range seen in host plants, especially under optimized conditions. In addition, even at 

this low level the colonized Arabidopsis show a dramatic defensive response to the presence of 

AM fungi in their roots. Aboveground growth is reduced by 50%, late-acting defense genes are 

upregulated, and the plants show induced resistance to pathogens (Fernández et al. 2019). This 

suggests that forced colonization with AM fungi results in significant diversion of resources to 

systemic defense. The nominal goal of this engineering module is to increase the root 

colonization by nurse-supported AM fungi of Arabidopsis by 10-fold, e.g. from 5 to 50%, 

while reducing its defense response to symbiotic fungi. 

The first route to achieving increased colonization is by constitutively altering the 

composition of root exudates for increased scopoletin (a coumarin) and strigolactones (Figure 

1.2B). Coumarins are already noted as multifunctional beneficial exudates that mobilize iron and 

promote beneficial soil microbes (Abedini et al. 2021; Stringlis et al. 2018). Growth of AM fungi 
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is encouraged by coumarins, while growth of pathogenic fungi is suppressed (Stassen et al. 2021; 

Stringlis, de Jonge, and Pieterse 2019). Coumarin exudation is one of the ways Arabidopsis 

already interacts with AM fungi despite its nonmycorrhizal phenotype. Iron-starved Arabidopsis 

plants secrete increased scopoletin, which increases the relative abundance of R. irregularis in 

the rhizosphere (Stringlis et al. 2018).  

One of the rare studies explicitly oriented to the topic of altering the Arabidopsis 

response to AM fungi showed that constitutive expression of the native Arabidopsis gene b-

glucosidase 42 (BGLU42) which hydrolyzes the glycoside of scopoletin to enable its secretion, 

increased intraradical hyphae of AM fungi in Arabidopsis from less than 5% root length of the 

wildtype to 20% in 35S:BGLU42 transgenic plants grown in a nurse system (Cosme et al. 2021; 

Clemens and Weber 2016). BGLU42 and related genes also contribute to induced systemic 

resistance, and its overexpression has been shown to enhance resistance of Arabidopsis to 

multiple pathogens (Trapet et al. 2021; Zamioudis, Hanson, and Pieterse 2014). Thus we include 

root or whole-plant overexpression of BGLU42 in this module as a transgene that is already 

shown to enhance Arabidopsis AM compatibility without obvious downsides such as disease 

susceptibility. 

Strigolactones are well-known mediators of plant-AM fungus communication. AM fungi 

in the soil are stimulated to grow by strigolactones exuded by roots, and follow a concentration 

gradient to reach the roots of host plants (Besserer et al. 2006; Akiyama, Matsuzaki, and Hayashi 

2005). Strigolactones also have a conserved role as plant hormones that affect architecture and 

germination, and are well-studied in this context in Arabidopsis (Bürger and Chory 2020; Decker 

et al. 2017). Strigolactones are upregulated by phosphate deficiency in both mycorrhizal and 

nonmycorrhizal plants and are strongly involved in coordinating its systemic response 
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(Mayzlish-Gati et al. 2012; Kohlen et al. 2011). In rice, the smax1 mutant (suppressor of max 1) 

shows derepression of strigolactone synthesis associated with a 50% increase in mycorrhization 

(J. Choi et al. 2020). This indicates that quantitative increases in strigolactones can indeed effect 

a meaningful increase in mycorrhizal colonization.  

As with coumarins, some degree of involvement between strigolactone synthesis and AM 

fungi is maintained in Arabidopsis despite its nonhost status. The genes Carotenoid Cleavage 

Dioxygenase 7 (CCD7) and CCD8 involved in late strigolactone metabolism are upregulated in 

roots upon nursed colonization with AM fungus (Fernández et al. 2019). However, even though 

strigolactone synthesis is induced in Arabidopsis under AM-conducive low phosphate conditions 

and directly by the presence of AM fungi, Arabidopsis shows a much lower export of these 

strigolactones (about 1/1000th) into the rhizosphere than do host plants (Kohlen et al. 2011; 

Yoneyama et al. 2008). Constitutive expression of the petunia strigolactone transporter PhPDR1 

in Arabidopsis is known to enable a high rate of exudation of strigolactones from the root 

(Kretzschmar et al. 2012). This gene is therefore the second component we propose for 

engineering of Arabidopsis AM compatibility.  

In addition to taking advantage of the existing AM-fungus-induced strigolactone 

accumulation in Arabidopsis, PDR1 as a transporter may be less disruptive to other functions of 

strigolactones than constitutive expression of genes in the biosynthesis pathway. Strigolactone 

synthesis in both AM host and nonhost plants is self-limiting via direct sensing of strigolactone 

accumulation (J. Choi et al. 2020; Soundappan et al. 2015; Kretzschmar et al. 2012; Mashiguchi 

et al. 2009). In an ideal situation, therefore, self-regulation will maintain a cellular pool of 

strigolactones at a steady state dictated by native processes even while PDR1 expression enables 

a continuous outflow of strigolactones. To further minimize perturbation to the hormonal role of 
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strigolactones, we suggest placing it under a promoter which is not only root-, but cell type-

specific for trichoblasts (Figure 1.3).  

Arabidopsis trichoblasts run the length of the root and make up about every third file of 

epidermal cells, an arrangement dictated by their position relative the junctions of underlying 

cortex cells (Balcerowicz, Schoenaers, and Vissenberg 2015). Despite being a relatively small 

subpopulation of root cells, trichoblasts contribute about 90% of root surface area. As the 

primary site for other rhizosphere interactions, trichoblasts represent a natural target for 

engineering of the exudate and have been used for this purpose before (Mudge, Smith, and 

Richardson 2003; Zimmermann et al. 2003). Because almost all of the surface area of these cells 

is exposed to the soil rather than the rest of the plant, direction of strigolactone export to 

trichoblasts should focus exudation outwards while insulating other plant tissues from unwanted 

effects. Scopoletin is also known to be transported by PDR-family ABC transporters in 

Arabidopsis (Robe et al. 2021). While transporter overexpression was not necessary to observe 

the compatibility-enhancing effect of AtBGLU42, trichoblast-specific transporter expression of 

PhPDR1 (if it is able to transport both strigolactones and coumarins) or a second, scopoletin-

specific transporter such as AtPDR9 could also be beneficial in enhancing scopoletin exudation 

from root hairs alongside strigolactone (Cosme et al. 2021; Robe et al. 2021) 

Further, there is some limited evidence that AM fungi are specifically attracted to root 

hairs and may preferentially colonize the root through them in some species, including in 

Arabidopsis, which could be due to the background process of cell wall loosening in these cells 

(Fernández et al. 2019; Fernández, Fontenla, and Messuti 2012; Veiga et al. 2013; Vissenberg et 

al. 2005).  Elevating strigolactone secretion from these cells would build on such a  
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Figure 1.3: multiple uses for the AM-inducible expression of native strigolactone synthesis gene 
CCD8.   
(A) Transgenic expression in trichoblasts (light blue) of the strigolactone exporter PhPDR1 allows 
their secretion into the soil rather than accumulation upon sensing of AM fungus. This also 
mitigates negative autoregulation of strigolactone synthesis due to intracellular accumulation, and 
permits a positive feedback loop to form between secretion of strigolactones and recruitment of 
AM fungus. Limiting expression to trichoblasts via cell-type-specific promoter such as pEXP7 
avoids secretion from atrichoblasts (dark blue) or cortical cells (yellow), reducing undesired effects 
from the plant hormone activity of strigolactones.  
(B) Expression of the proposed AM-fungus-specific chimeric sensor kinase MtLYR3-PtLecRLK 
under the native pCCD8 promoter places regulation of MtLYR3-PtLecRLK under the negative 
feedback loop that governs strigolactone accumulation in all cells except modified trichoblasts as 
described in (A). This provides a means to spatially and temporally limit the potentially dangerous 
defense-reducing effects of MtLYR3-PtLecRLK to sites of active AM fungus colonization 
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tendency. This approach is conceptually similar (though anatomically different) to the natural 

phenomenon of  'passage cells' found in some host plants, individual cells with high strigolactone 

expression and high permeability that attract AM fungi to specific entry points on the root (Rich, 

Schorderet, and Reinhardt 2014; Sharda and Koide 2008). Multiple trichoblast-specific 

promoters are available, such as EXP7 and PHT1-2 (Marquès-Bueno et al. 2016; Mudge et al. 

2002). 

The alterations to the root exudate mediated by the above genes attract AM fungi to the 

root and increase its hospitality to them. However, as shown experimentally in previous work 

these metabolites do not change the defense response of Arabidopsis to AM colonization which 

results in extreme aboveground growth reduction (Cosme et al. 2021; I. Fernández et al. 2019). 

The exact mechanism of the defense response remains to be elucidated, as is also still the case 

for mycorrhizae-induced resistance in host plants (Jung et al. 2012). However, recent work has 

identified a poplar gene Lectin Receptor-like Kinase 1 (PtLECRLK1) that is essential for defense 

control during its ectomycorrhizal symbiosis with Laccaria bicolor (Cope et al. 2019; Labbé et 

al. 2019). Remarkably, transgenic expression of this single gene in Arabidopsis led to 

suppression of defense genes during interaction with L. bicolor that enabled intraradical 

colonization and formation of ectomycorrhiza-like structures in Arabidopsis roots. We suggest 

that PtLECRLK1 can also be used to turn down the defense response to arbuscular mycorrhizal 

fungi, in parallel with the metabolomic changes that promote their colonization. 

The ligand of PtLECRLK1 has not been identified, nor has the mechanism of its kinase 

domain or possible protein-protein interactions involved in signal sensing. Unlike the LysM- and 

LRR-RLKs that have been characterized as mediators of AM perception to date, PtLECRLK1 is 

a G-type LRK with a significantly different extracellular domain (J. Choi, Summers, and 
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Paszkowski 2018; Pan, Stonoha-Arther, and Wang 2018; Bellande et al. 2017). G-type LecRLKs 

bind to a range of mannose-containing signals and are involved in numerous microbial 

interactions, so it will be essential to further clarify the mechanisms of action of PtLECRLK    

(Y. Sun et al. 2020; Bellande et al. 2017). 

Recent work has revealed that chitin signals that activate the CSP in natural AM 

signaling are less unique than once thought, and involve combinations of a range of molecules 

produced by most fungi (C. Zhang et al. 2021; He et al. 2019). Thus while it is unlikely that 

PtLECRLK1 signaling operates in exactly the same way as natural AM signaling, the L. bicolor 

ligand or MAMP (Microbe-Associated Molecular Pattern) that is responsible for PtLECRLK1-

mediated signaling may nevertheless already be produced by AM fungi. It will be essential for an 

engineering application to determine whether or not this is the case. Similarly, intersection with 

pathogenic signals should also be considered to avoid triggering an immunity reduction in 

response to deleterious microbes.  

In case of PtLECRLK1 failing to bind to AM fungal signals, one option is to use a 

constitutively activated or kinase-only version of the protein controlled by transcriptional 

regulation. However, this would fully relinquish the ability of the protein to selectively 

discriminate against signals from nonsymbiotic fungi. A more appealing option is to create a 

fusion protein that replaces the extracellular domain of PtLECRLK1 with one specific to a 

molecule already known to be [mostly] specific to AM fungi. LysM Receptor-Like Kinase 3 of 

Medicago truncatula (MtLyr3) is a promising donor for such an extracellular domain that binds 

with high specificity to lipo-chitooligosaccharides (LCOs) that are elevated in the exudates of 

AM fungi relative to other fungi (Malkov et al. 2016; Fliegmann et al. 2013). MtLYR3 is 

involved in natural AM signaling in a role that has yet to be fully elucidated but is potentially 
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involved in diverting the activity of multifunctional chitin sensing receptors from immunity 

towards symbiosis via formation of alternative protein complexes (Fliegmann et al. 2016). A 

theoretical MtLYR3-PtLECRLK1 fusion kinase would respond to LCOs in a lock-and-key 

mechanism more similar to that involved in perception of nitrogen-fixing bacteria for nodule 

formation, and would open similar prospects for tuning of symbiont-host pairings by altering 

ligand specificity (Bozsoki et al. 2020) 

Avoiding increased susceptibility to pathogens is an essential consideration in any 

engineering that reduces defense. The exact scale of this problem in expressing PtLECRLK1 

depends on the details of its molecular specificity and downstream interactors. As an initial 

approach, we suggest that this gene can be placed under control of a promoter from one of the 

strigolactone synthesis genes (e.g. pAtCCD8) already known to be responsive to AM fungi in 

Arabidopsis, or an [yet-to-be-discovered/experimentally determined] even more tightly regulated 

promoter that is responsive to AM at the single cell level (Fernández et al. 2019). An interesting 

aspect of using a strigolactone promoter for PtLECRLK1 is that as described above, strigolactone 

synthesis is subject to negative feedback mediated by direct binding of a MAX2-D14L protein 

complex to accumulated strigolactones (Seto et al. 2019; De Cuyper et al. 2017; Mashiguchi et 

al. 2009; Somers and Fujiwara 2009; Gomez-Roldan et al. 2008). As the system that we describe 

above to enable continuous outflow of strigolactones via a transgenic exporter is transcriptionally 

restricted to epidermal cells, genes controlled by pAtCCD8 in deeper cell layers will still be 

subject to negative feedback according to strigolactone accumulation. This potentially provides a 

ready-made means of balancing expression of pAtCCD8:PtLECRLK1 or pAtCCD8:MtLYR3-

PtLECRLK1 with the need to maintain defenses. Expression of this construct and subsequent 

permission of fungal colonization in each cell would be expected to be maintained either at a 
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steady-state equilibrium point determined by the balance of increased strigolactone induction 

from increased AM fungal growth vs the corresponding endogenous negative feedback, or in a 

cyclical fashion like that seen in the natural cycle of arbuscule collapse (Figure 1.3) (Pimprikar 

and Gutjahr 2018; Kobae et al. 2015). 

1.3.2: Feeding the fungus with synthesis and export of 2-MAGs 

Arbuscular mycorrhizal fungi depend on host carbon flux for energy at all times in their 

life cycle other than early germination. Carbon is delivered to the fungus in the form of lipids 

secreted from the peri-arbuscular membrane (Rich et al. 2017). Redirection of lipid synthesis to 

different plant organs and alteration of the lipid profile are common targets of plant 

biotechnology that suggest this step–the hardest limit on self-sustaining AM–is highly amenable 

to genetic engineering (Haslam et al. 2016; Napier et al. 2014). The goal of this module is to 

engineer synthesis of the necessary carbon molecules into the cortex of the nonhost plant. The 

desired outcome is to sustain the already-observed mycorrhizal colonization of nonhost roots, but 

in the absence of a nurse plant. This goal is treated separately from formation of the arbuscule, 

and therefore includes constitutive export of these molecules into the intercellular apoplast. 

  Discoveries in recent years make clear that the strict host dependency of the fungus is due 

to its genetic inability to synthesize its own fatty acids, which must supplied to it by the plant 

(Luginbuehl et al. 2017; Rich et al. 2017; Wewer, Brands, and Dörmann 2014; Trépanier et al. 

2005). The lipid species exported by the plant for this purpose are distinctive medium-chain 2-

monoacylglycerols which are more typically identified as precursors of cutin rather than 

membrane components or energy storage molecules (Keymer et al. 2017; Yeats et al. 2014; 

Schreiber 2010). Cutin is an extracellular wax found in the casparian strip and aboveground 

epidermis; production, synthesis and transport of its precursors is a universal requirement of land 
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plants. As will be shown below, most of the genes (with a single possible exception) involved in 

AM-specific lipid synthesis have confirmed functional orthologs involved in cutin metabolism of 

the nonhost plant Arabidopsis, but which are not expressed in the root cortex. After identifying 

the necessary individual genes and evidence for conservation, we provide a mostly cisgenic 

engineering strategy for reassigning duplicates of these native genes to root expression. The 

construct we describe contains two sub-cassettes, one for synthesis of these lipids and one for 

export.  

Lipid synthesis: identifying universally conserved genes that work for symbiosis 

In vivo studies indicate that the chain length of the lipid used for AM symbiotic exchange 

is highly specific, with 16:0 2-MAG (palmitate), but no other lengths, highly exported by the 

plant in arbuscules and taken up by the fungus (Rich et al. 2021; Keymer et al. 2017). Two 

recent works also show for the first time that asymbiotic growth of AM fungi is possible on yeast 

medium supplemented with one of several forms of 14:0 lipids (2-MAG, salts, free fatty acid, 

and BSA conjugate) as a sole carbon source  (Tanaka et al. 2022; Sugiura et al. 2020; Kameoka 

et al. 2019). Notably, 16:0 lipids did not enable asymbiotic growth in these studies. The 2-carbon 

difference in chain length identified by these two lines of evidence could indicate different 

requirements for the fungus in and outside of arbuscules, or could reflect still-undescribed 

metabolic steps on the part of either plant or fungus. It may also be the case that the requirements 

for acyl chain length of the exported MAG are slightly less specific than currently thought. For 

the present purpose of engineering, we simply assume that it is necessary to produce both 

myristate and palmitate in the root apoplast.  

Synthesis of 2-MAGs in arbuscocytes of model plants is accomplished by specialized 

copies of lipid metabolism genes whose nonsymbiotic orthologs are functionally conserved in 
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Arabidopsis. In Lotus, these AM-specific lipid genes include orthologs of KASI (LjDIS) and 

FatB (LjFATM), located in the plastid, and an sn-2 GPAT (LjRAM2), located in the ER (Bravo et 

al. 2017). KASI extends acyl-ACP carbon chains from 4:0 to 16:0 using carbons contributed by 

malonyl-ACP. Complementation analysis shows that when placed under appropriate promoters 

LjDIS, LjKASI, and AtKASI are interchangeable, and that their specialization for AM (or not) is 

therefore primarily in transcription pattern, not coding sequence (Keymer et al. 2017). 

The AM-specific copy FatM in Lotus and Medicago shows higher specificity for 16:0 

than the ubiquitously expressed FatB, but nevertheless can be successfully complemented with 

LjFatB and other native thioesterases; again, the key specialization is transcriptional, not 

biochemical (Brands et al. 2018; Bravo et al. 2017). Arabidopsis native AtFatB1 correlates with 

high levels of 16:0 in flowers, and transgenic expression of this gene under a seed promoter can 

direct accumulation of 16:0 FA in seeds (Dörmann, Voelker, and Ohlrogge 2000). AtFatB placed 

under the MtFatM promoter rescues the fatm Medicago knockout phenotype, showing that as 

with KASI, this Arabidopsis gene can support symbiotic 16:0 synthesis if placed under an 

appropriate root promoter (Jiang et al. 2018). 

In contrast to 16:0, 14:0 carbon chains are generally rare in Arabidopsis and are not a 

significant component of seed oil or cuticular wax, though they do occur to some extent 

(Kehelpannala et al. 2021; Dörmann, Voelker, and Ohlrogge 2000). The highest occurrences in 

Arabidopsis of 14-carbon acyl chains reported in a database recently published by Kehelpannala 

et al were as components of 44-48 carbon TAGs in samples of 28 day old roots and 7-21 day old 

whole seedlings. 14:0 was also found in seeds and siliques in the form of 14:0-18:2 and 14:0-

18:3 DAG and 14:0-16:0-18:3 TAG (Kehelpannala et al. 2021). Specific molecular explanations 
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for the patterns of natural 14:0 production in Arabidopsis, to the extent it occurs at all, are 

lacking.  

It is possible, given that the highest natural accumulations of 14:0 species in Arabidopsis 

happen to be in roots, that sufficient myristic acid for synthesis into 14:0 MAG will already be 

present as part of the root lipid profile. If not, however, overexpression of a FatB ortholog from a 

species with high production of 14:0 can redirect fatty acid synthesis as needed (Filichkin, 

Slabaugh, and Knapp 2006; Leonard, Knapp, and Slabaugh 1998). Palm trees are promising gene 

donor species that accumulate oils high in 14:0 and 16:0, and existing studies of coconut (Cocos 

nucifera, Cn) FatBs are promising for this application. Seed expression of CnFatB3 in 

Arabidopsis increased 14:0 accumulation 80-fold, to 9% of total fatty acid, and 16:0 4-fold, to 

32% of total, and in tobacco leaf transient expression of thioesterases from Cn shifted the fatty 

acid profile from .1% 14:0 and 14% 16:0 to 6-11% 14:0 and 22-36% 16:0 (Y. Yuan et al. 2017; 

Reynolds et al. 2015). Thus while it may ultimately be unnecessary depending on native AtFatB 

activity in roots, it will be advantageous to express CnFatB3 alongside the native Arabidopsis 

genes for lipid metabolism. 

RAM2, like other sn-2 GPATs, preferentially transfers a fatty acid from Acyl-CoA to the 

middle carbon atom of glycerol-3-phosphate; RAM2 also cleaves phosphate from the third 

carbon of glycerol, to produce a 2-MAG in a single step (Bravo et al. 2017; Keymer et al. 2017). 

RAM2 and the downstream export steps are not very selective for the length of the acyl chain, 

for example incorporating artificially produced 12:0 into a 2-MAG in Marchantia, which was 

subsequently incorporated into fungal TAGs (Rich et al. 2021). Arabidopsis GPATs 4, 6, and 8 

are active in cutin synthesis and possess the same 2-acylating, 3-dephosphorylating activity as 

RAM2 (Philippe et al. 2020). AtGPAT6, normally expressed in reproductive organs and essential 
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for seed and pollen development, functionally complements ram2 knockouts of Medicago 

truncatula when driven by the MtRAM2 promoter: again, use of a native Arabidopsis coding 

sequence is possible for the final step of symbiotic 2-MAG synthesis (Petit et al. 2016; X.-C. Li 

et al. 2012; E. Wang et al. 2012). 

Total fatty acid metabolism in the Arabidopsis root is limited to what is needed for 

membrane and wax production, and will need to be increased to provide sufficient precursor 

metabolites and transit proteins for synthesis of the AM-specialized lipids. In model host plants 

this is accomplished by AM-induced GRAS and WRINKLED (WRI) family transcription factors 

that upregulate each other as well as their downstream targets in the synthesis pathway, forming 

a positive feedback loop with multiple outputs (G. Zhang et al. 2020). The GRAS TFs RAM1 

and RAD1 provide points of intersection for complex regulation by the Common Symbiosis 

Pathway and plant hormones, and their effect on lipid synthesis is not clearly conserved in non-

AM species. In contrast, the activity of WRI proteins as master regulators of lipid synthetic 

genes is highly conserved across all plant families, including those that have lost mycorrhizae. 

This is consistent with evidence that the ancestral AM trait probably involved direct regulation of 

single-copy lipid synthesis and transport genes by a single multipurpose WRI gene, rather than 

the expression-specialized duplicates found in angiosperm models (Rich et al. 2021; 

Radhakrishnan et al. 2020). 

 Although not recorded specifically in AM plants, complementation and lipid 

accumulation in new tissues driven by AtWRI1 across a variety of species is well documented, 

for example in tobacco leaf, potato root, and seeds of multiple Brassicaceae (Reynolds et al. 

2015). The molecular mechanisms of WRI1 in Arabidopsis have also been experimentally 

elaborated, including its regulation, downstream targets, and specific WRI1-responsive promoter 
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elements. Based on this knowledge, native Arabidopsis WRI1 is not only likely able to drive FA 

synthesis in the root if expressed there, but is particularly well-suited for biotechnological 

applications. 

Constructing and regulating the 2-MAG synthesis cassette 

Upregulation of 16:0 FA synthesis in the root can be accomplished alongside 

upregulation of background lipid metabolism solely by expression of AtWRI1 under a 

constitutive root-specific promoter, as KASI and FATB are known targets of WRI1. The 

promoter to be used must provide cortex expression, and ideally will also avoid expression in 

aboveground somatic tissues that could unnecessarily divert carbon used for lipid synthesis. This 

expression pattern could be conferred, for example, by the promoter of PIN2 (pPIN2) or certain 

root pectate lyase genes (pPLy), which show expression mostly limited to root tissues (Sun and 

van Nocker 2010; Dörmann, Voelker, and Ohlrogge 2000). AtGPAT6 is not controlled by WRI1 

and must be separately reassigned to root expression, as must CnFatB3 or any other exogenous 

gene.  

CnFatB3 and AtGPAT6 can be placed under a constitutive root or whole-plant promoter 

as with AtWRI1 (e.g. pAtPin2:GPAT6, pAtPin2:CnFatB3). Whole-plant overexpression of 

foreign GPATs in Arabidopsis has shown beneficial effects, such as increased salt and drought 

tolerance (Sui et al. 2017; Xue Chen et al. 2011). In a detailed study, stable overexpression of 

NbGPAT6a under the 35S promoter in tobacco led to a large accumulation in leaves of 

unpolymerized cutin monomers, as well as changes to cell wall and cuticle morphology. Notably, 

these changes had no obvious negative effects to the plant and led to increased pathogen 

resistance (Fawke et al. 2019). In Arabidopsis, 35S:RAM2 and 35S:GPAT6 overexpression had 
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the same results as in tobacco, of increased leaf accumulation of cutin precursors a,o-

dicarboxylic acid and o-hydroxy fatty acid (E. Wang et al. 2012) 

Importantly, while overexpression of the genes discussed here is reported to have neutral 

to favorable effects including on pathogen resistance, there is at least one report of 2-MAG 

synthesis increasing susceptibility to a pathogen. The ram2 mutant of Medicago shows improved 

resistance to the oomycete pathogen Phytophthora palmivora, which was reversed by addition of 

exogenous 16:0, indicating a need to carefully evaluate unintended consequences of GPAT6 

expression under whatever promoter is initially chosen (E. Wang et al. 2012). The effect of cutin 

precursor accumulation on cell wall thickness observed by Fawke et al also suggests possible 

crosstalk with plant nutrient uptake and physical mechanisms of arbuscule formation addressed 

in other sections. 

Transport of 2-MAGs for symbiosis 

Lipid transfer in an arbusculated cell involves export from the plant cell membrane and 

uptake by the fungal hyphae that make up the arbuscule. The distance traveled by the metabolites 

within the apoplast to reach the fungus is short, and they do not transit the plant cell wall as the 

fungus is already on its inner side. While the apoplast is normally conceived of as a single 

contiguous space, a finer distinction is important here because arbuscule-independent 

nourishment of the fungus requires that 2-MAGs be present in the extracellular apoplast, which 

requires that they pass through the wall of the cell that produces them; this requires an active 

transport step that is not part of natural AM(Pollard et al. 2008). 

In AM plants, export of 16:0 2-MAG through the cell membrane is accomplished by 

ABCG proteins that preferentially transport medium-chain MAGs and are localized specifically 

to the arbuscular interface on the cell membrane. These AM-specific ABC transporters belong to 
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the STR protein subfamily, which is distinctive in its high conservation and lack of duplication 

among AM plants, and is not present in Arabidopsis (Zhang, Blaylock, and Harrison 2010). As 

Arabidopsis cutin is dominated by 18-carbon precursors, it is possible that the most common 

native Arabidopsis transporters are not suitable for export of 16:0 MAGs. Expression of 

Medicago orthologs MtSTR and MtSTR2, which act as a heterodimer, in Arabidopsis leaves led 

to extracellular accumulation of cutin monomers including 16:0 a,o-DCA, the same effect as in 

Medicago itself (Jiang et al. 2017). The Medicago STR transporters could therefore be used as 

transgenes for 2-mag transport in Arabidopsis roots given the evidence of their function in 

Arabidopsis.  

A potentially more appealing option is to use native Arabidopsis STR transporters 

associated with flowers, where 16:0 MAG production by GPAT6 corresponds locally to a cuticle 

composed primarily of 16-carbon monomers. Arabidopsis STRs known to be essential for 

formation of the floral cuticle can reasonably be assumed to competently transport 16:0 MAG. 

ABCG13 is well documented to mediate cutin transport for Arabidopsis floral cuticles and is 

presumably competent for transport of 16:0 given the local prevalence of this chain length (Do, 

Martinoia, and Lee 2018; Takeda et al. 2014; Panikashvili et al. 2011). We therefore include 

AtABCG13 expression under a root-specific promoter as the first gene on the transport sub-

cassette. AtABCG13 has also been documented in other tissues including roots, supporting the 

prospects for its ability to function in root cells, although its substrate outside the flower has not 

been confirmed (Panikashvili et al. 2011; Bird et al. 2007). A final benefit of using this 

Arabidopsis gene as opposed to MtSTR1/2 is that ABCG13 is known to function as a homodimer, 

removing the need to express both halves of a heterodimer complex (Do, Martinoia, and Lee 

2018). 
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We must also provide a mechanism for lipids to transit the cell wall, as they do not 

readily diffuse into the intercellular apoplast (Shepherd and Griffiths 2006). This mechanism will 

be rendered unnecessary if lipid synthesis is later coupled with a means of producing arbuscules. 

Cross-wall transport of 2-mags is accomplished in the process of cutin synthesis when monomers 

are transported to the outermost plant surface prior to polymerization; this is believed to be 

mediated by non-specific lipid transfer proteins (nsLTPs) which we propose to use for the same 

purpose within the cortex (Liu et al. 2015). 

nsLTPs bind to wax monomers in vitro, are closely associated with sites of cutin 

synthesis, and are known to be secreted into the intercellular matrix; nsLTP knockout mutants 

show decreased cuticular wax (F. Liu et al. 2015; DeBono et al. 2009). However, the exact 

mechanism of nsLTPs in mediating transit and subsequent release of cutin monomers has not 

been clarified, and not all nsLTPs have the same function; LTPs also work in signaling, pathogen 

resistance, and cell structure (Edqvist et al. 2018; Jacq et al. 2017; Maldonado et al. 2002). It is 

likely that transport across the cell wall involves two classes of nsLTPs: LTPgs, LTPs that are 

anchored  by glycosylphosphatidylinositol to the outside of the cell membrane near the ABC 

lipid exporters, and nonanchored transporter LTPs that complete deposition across the cell wall 

(Edqvist et al. 2018).  

LTPgs show specificity for different wax substrates (cutin, suberin, or sporopollenin) 

Consistent with the distribution of their substrates, cutin-transporting LTPgs are found in the 

shoot, and suberin-transporting LTPgs are found in the root (Edqvist et al. 2018; Liu et al. 2014). 

Reassigning a cutin-transporting LTPg from root to shoot expression is the most essential 

transport step due to the substrate specificity involved. AtLTPG1 and AtLTPG2 are both shown 

experimentally to mediate cutin deposition in Arabidopsis leaves and stems, as have their 
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homologs in Brassica napus and B. rapa (F. Liu et al. 2014; H. Kim et al. 2012; DeBono et al. 

2009). We therefore suggest AtLTPG1 as the first candidate LTP for export of cutin into the 

extracellular apoplast. AtLTPG1 may also need to be paired with a nonanchored LTP for final 

transport across the cell wall. 

1.3.3: Driving macronutrient uptake directly and indirectly with proton export 

The goal of this section is to provide observable nutrient flux from AM fungi to plant 

tissues, either from nurse-supported or self-supporting AM depending on whether the engineered 

module is combined with others or tested in isolation. To allow uptake of nutrients from 

intraradical fungal hyphae, their import must be enabled within internal cell layers, as opposed to 

root hairs that are the site of nonsymbiotic uptake of nutrients from soil. The transgenic 

expression of macronutrient transporters to improve general nutrient uptake is a common 

engineering target with mixed results that are instructive for the approach taken here. Whole-

plant overexpression of individual macronutrient transporters can impressively increase yield 

(Fan et al. 2016), but also produces plants with increased uptake but no growth improvement 

(Kumar et al. 2006), differences in uptake only at very high or low nutrient levels, harmful 

growth perturbations, and even nutrient toxicity (S. Wang et al. 2020; Bao et al. 2015; Hoque et 

al. 2006; Rae et al. 2004). This in part reflects the fact that nutrient transporters affect movement 

and allocation within the plant, not just uptake from soil. Some transporters also have poorly-

understood roles in nutrient signaling, and their efficacy can depend on links with root 

architecture.  

Mycorrhizae may circumvent some of the documented difficulties in engineering root 

hair-mediated uptake because they pipe nutrients directly to the root interior. However, active 

transport is still needed for nutrients to enter the symplast, cross the casparian strip, and be sent 
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to the shoot. In natural AM plants, nutrients exported by the fungus to the peri-arbuscular space 

are imported to the symplast via transporters on the peri-arbuscular membrane of arbuscocytes in 

the cortex (Harrison, Dewbre, and Liu 2002). While some expression of nutrient transporters is 

present in the cortex of non-AM plants and nonarbusculated cells of AM plants, and mycorrhiza-

specific uptake uses the same molecular mechanisms as other nutrient transport processes, it is 

presumed from the existence of dedicated transporters that increased AM-specific transcription 

and subcellular taargeting  is needed to make full use of nutrients delivered by AM fungi (Garcia 

et al. 2016; Sisaphaithong et al. 2012; Tamura et al. 2012; Parniske 2008). 

Transgenic expression of AM-specific nutrient transporters is not appealing for this 

module because they interact with structural components of the arbuscule and fail to function in 

the absence of other symbiosis proteins (Kobae et al. 2010; Parniske 2008). One option for 

arbuscule-free uptake is to increase cortical expression of nonsymbiotic homologs of AM-

specific transporters. However, this is essentially the same approach to overexpressing generic 

nutrient transporters that has been tried before, with the mixed results described above. Narrowly 

linking expression of these transporters to the presence of AM fungi at a tissue- or cell-specific 

level might produce different results than constitutive expression, but this is uncertain. 

Furthermore, focusing on individual transporters ultimately guarantees the need to include a 

large number of transgenes to mediate uptake of different nutrient molecules under different 

conditions. At a minimum, phosphate, nitrate, and ammonium each require dedicated 

transporters. These transporters are further divided into high and low affinity families containing 

many members, multiple of which might be required to coordinate full assimilation (Hao et al. 

2020; Giehl et al. 2017). High-affinity phosphate and low-affinity ammonium transporters, 
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prominent mediators of symbiotic update, are both highly sensitive to pH, requiring coexpression 

with an H+ antiporter even in the simplest possible case (Javot et al. 2011; Guether et al. 2009). 

Targeting the proton pump rather than individual transporters is a promising alternative. 

Features of mycorrhizae-specific nutrient transport provide hints that active promotion of H+ 

abundance is essential and potentially limiting for uptake from fungi. Rice, Medicago, Lotus, and 

tomato all have H+ ATPase genes with a dedicated function in AM and which, like AM-specific 

nutrient transporters locate specifically on the peri-arbuscular membrane (J. Liu et al. 2020; 

Krajinski et al. 2014; Yin Wang et al. 2014). Silencing or knockout of these genes results in 

altered arbuscule morphology and decreased nutrient uptake. Overexpression of the AM-specific 

H+ ATPase in tomato led to increased N and P uptake and increased colonization (J. Liu et al. 

2020). Mycorrhizal ammonium uptake also involves a unique AMT protein which seems to bind 

ammonium outside the cell membrane but release nitrate into the cytoplasm while retaining a 

proton extracellularly. It has been suggested that this is an adaptation to conserve the fourth H+ 

for other AM nutrient import requirements, reflecting a high demand for protons that has been a 

limiting factor over the evolutionary history of AM (Guether et al. 2009). 

Protons in the apoplast enable multiple mechanisms for uptake of N, P, and K that are 

relatively well known, and conserved between AM-specialized and other homologs of these 

genes. Phosphate and nitrate are taken up via H+ symporters, requiring one proton per P atom, 

and two per N (Y.-Y. Wang et al. 2018; Nussaume 2011). Potassium is transported by HAK 

proteins that are driven by increased membrane potential from extracellular H+ and which may 

also be H+ symporters. Hyperpolarized membrane potential also opens the AKT1 channel 

complex, a separate route of K uptake (Yi Wang and Wu 2013; Grabov 2007). Nitrogen in the 
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form of ammonium is transported by AMT proteins that do not cotransport protons but require 

low extracellular pH (Ding et al. 2021). 

Increasing H+ ions in the general root apoplast not only provides a biochemically 

necessary proton source, it can drive signaling and expression of genes for uptake and 

assimilation (Ding et al. 2021; Palmgren 2001). In rice, overexpressing a single gene for plasma 

membrane H+ ATPase led to upregulation of multiple classes of N and P transporters, as well as 

transporters for potassium and amino acids (M. Zhang et al. 2021). Importantly and in contrast to 

individual nutrient transporters, this transgenic H+ ATPase expression also led to upregulation of 

multiple macronutrient assimilation pathways. Treatments with chemicals and nanomaterials that 

result in increased H+ ATPase expression have shown similar effects (M. Zhang et al. 2021; 

Cheng et al. 2021; J.-H. Kim et al. 2015). The coordinated multi-nutrient uptake-assimilation 

response likely involves interaction of extracellular H+ with auxin signaling, which in turn 

implicates transcription factors such as GRF4 that are known to be involved in high-level 

regulation of nutrient uptake (Ren et al. 2021; Siao et al. 2020; Gévaudant et al. 2007). Taken 

together, these facts suggest that not only is expression of a proton pump necessary to 

enable symbiotic nutrient uptake, it may also be sufficient. We therefore identify cortical 

expression of a native H+ ATPase as a single genetic modification that can enable a 

meaningful level of uptake of multiple nutrients secreted into the apoplast by a mycorrhizal 

fungus. 

Vacuolar and plasma membrane H+ ATPases have been investigated as transgenes in 

other contexts. Constitutive plasma membrane H+ ATPase expression is associated with 

increased salt, acid, and heavy metal resistance, and increased stomatal opening leading to 

increased growth (M. Zhang et al. 2021; W. Yuan et al. 2017; Janicka-Russak and Kabała 2015; 



 48 

Yin Wang et al. 2014; Young, DeWitt, and Sussman 1998). However, overexpression in the 

shoot has also resulted in deformities of leaf architecture, impaired pollen production, and 

undesirable water loss from stomata. In aboveground applications these deleterious effects seem 

to be avoided in cases of cell-specific promoter use, so it is preferable to similarly limit 

expression of a transgenic H+ ATPase to desired tissues of the root (Ren et al. 2021; Toh et al. 

2021; Yin Wang et al. 2014; Gévaudant et al. 2007). This can be done using any of the 

previously described root-specific promoters, or a combination of promoters to adjust levels in 

individual cell layers. 

Plasma membrane H+ ATPases are also subject to extensive regulation by protein-protein 

interactions. The N and C termini both extend into the cytosol and contain autoinhibitory 

domains that can be enhanced or inhibited by numerous factors depending on subspecialization 

in these domains, which are the most variable parts of the sequence (Y. Yang et al. 2019; Falhof 

et al. 2016; Wielandt et al. 2015; Ekberg et al. 2010; Bækgaard, Fuglsang, and Palmgren 2005). 

Symbiosis-specialized H+ ATPases, for example, are known to be phosphorylated at specific 

residues in the C-terminus following symbiotic signal perception (Nguyen et al. 2015). Many of 

the proteins that interact with H+ ATPases are yet to be described (Falhof et al. 2016).  

The simplest approach to consistent activity of a transgenic H+ ATPase is to truncate the 

inhibitory domain of a well-known Arabidopsis homolog such as AHA2, which acts in root 

growth and guard cells (Ding et al. 2021; Ren et al. 2021; Hoffmann et al. 2019; Haruta et al. 

2010). Relying solely on transcriptional control to adjust the level of proton exudation into the 

apoplast by such a modified protein may be sufficient depending on promoter activity. The 

regulation of H+ATPases by posttranscriptional modification could also provide a way to fine-

tune activity or control pleiotropic effects if a sufficiently specific promoter is not available. H+ 
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ATPases with differences in the transmembrane domain may also be of interest, for example to 

regulate fine localization to regions of the cell membrane or make proton export self-limiting to 

avoid over-acidification. Both of these are features of the less central Arabidopsis root H+ 

ATPase AHA7, another potential transgene candidate (Hoffmann et al. 2019; W. Yuan et al. 

2017). 

1.3.4: Making arbuscules, or something like them 

To approach engineering of synthetic 'arbuscules' we place high significance on the 

evidence that effective symbiosis does not depend on the precise form of the intracellular 

exchange structure (Kariman, Barker, and Tibbett 2018). Model plants (rice, Medicago, Lotus, 

tomato) in interaction with model fungi for AM studies produce the ramified 'Arum' type 

arbuscules that have come to be treated as typical (Dickson 2004; Gallaud 1904). However, 

across other plant-fungus pairings function via diverse configurations of intracellular structures 

known as the Arum-Paris continuum, including unbranched or only lightly branched hyphal coils 

(Marschner 2012; Van Aarle et al. 2005; Dickson 2004). Paris-type coiled intracellular hyphae 

are in fact more common among plants at large than the archetypal arbuscules illustrated in the 

literature (Manjarrez et al. 2009; S. Smith and Read 2008; Van Aarle et al. 2005; Brundrett and 

Kendrick 1990). The format of mycorrhizal exchange structures is not only diverse, it is flexible: 

the same plant can form Arum-type, Paris-type, and intermediate exchange structures depending 

on its fungal partner, and vice versa (Dreyer, Honrubia, and Morte 2014; Harikumar and Potty 

2009; Dickson 2004). The diversity of functional exchange structures gets even greater farther 

afield. Ericoid, arbutoid, and orchid mycorrhizae effect nutrient exchange exclusively through 

hyphal coils in various cell types, and ectomycorrhizae of course exchange nutrients with no 

intracellular structure at all (Genre et al. 2020; S. Smith and Read 2008; Egerton-Warburton 
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2005). Even pathogenic relationships are informative, with haustoria of fungi affecting 

mycorrhizal and nonmycorrhizal plants alike showing a range of forms that include branched and 

coiled structures similar to arbuscules, among many others (Faulkner 2016; Garnica et al. 2014; 

Mendgen and Hahn 2002; Perfect and Green 2001). Given the plasticity of mycorrhizal (and 

other fungal) exchange structures once within the plant cell, we focus on a more unique limit in 

AM, which is the fungus's inability to cross the cell wall without assistance from the plant.  

Unlike other forms of symbiosis and pathogenesis, AM fungi's crossing of the cell wall is 

mediated by signaling and subsequent cellular restructuring by the host plant to form a 'pre-

penetration apparatus' (PPA) which contributes to initial access through epidermal cells to reach 

layers below (Luginbuehl and Oldroyd 2017; Genre et al. 2008; Genre and Bonfante 2005). This 

process initially involves expanding and increasing plasticity of the cell wall by CSP-mediated 

expression of expansins, cellulose synthase, and endotransgycosylases, which are expressed 

regionally or in individual cells upon contact with the fungus (Balestrini and Bonfante 2014; 

Bapaume and Reinhardt 2012; Dermatsev et al. 2010; Siciliano et al. 2007). These cell wall-

related genes are universally present in plants, though as in other cases mycorrhizal species may 

have copies that are dedicated solely to symbiosis (Balestrini and Bonfante 2014). Among the 

various cell wall remodeling genes implicated in arbuscule formation, xyloglucan 

endotransglucosylase/hydrolases and expansins show promise for engineering because they seem 

to work by generally priming cells for a localized response to the physical pressure of fungal 

hyphae, an effect that is in theory agnostic of signaling and membrane metabolic functions.  

Xyloglucan endotransglycosylase/hydrolase (XTH) is a large gene family with at least 33 

members in Arabidopsis that are subspecialized in expression and biochemical function (Ishida 

and Yokoyama 2022; Becnel et al. 2006; Vissenberg et al. 2005; Rose et al. 2002). XTHs are 
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ubiquitously expressed in primary growth, where they have been implicated in both relaxation 

and loosening, and both thinning and thickening of cell walls (Niraula et al. 2021; Miedes et al. 

2013; Maris et al. 2009; Van Sandt et al. 2007; D. Choi, Cho, and Lee 2006). The variable 

contributions of this gene family may relate to individual members' balance of xyloglucan 

endohydrolase activity, which terminates a xyloglucan chain after cleavage, and 

endotransglycosylase activity, which ligates the cleaved molecule to another xyloglucan mid-

chain, as well as what other cell wall modifying enzymes XTHs are coexpressed with (Cosgrove 

2016; Eklöf and Brumer 2010). 

XTH expression and enzymatic activity is observed to increase sharply in roots upon 

mycorrhization (Nanjareddy et al. 2017; Sampedro et al. 2007; Maldonado-Mendoza et al. 2005). 

It is distinctive that although the increase in XTH expression of mycorrhizal roots can be 

attributed to gene copies with AM-specific transcription, based on evidence from Medicago 

truncatula XTH1, their expression is induced across the entire root system and not tightly 

confined to arbuscocytes as with many other AM-specific genes (Maldonado-Mendoza et al. 

2005). The biochemical activity of the specific XTHs upregulated in mycorrhization is a key 

unanswered question to determine their exact role in colonization and to select transgene 

candidates. MtXTH1 has greatest sequence similarity to the relatively poorly studied XTH6 of 

Arabidopsis (Ishida and Yokoyama 2022). AtXTH6 possesses both glycosidase and hydrolase 

activity, and is associated with cell wall loosening in abscission zones during flower 

development (Lashbrook and Cai 2008; C. Yang et al. 2007; Becnel et al. 2006; Rose et al. 

2002). AtXTH6 is also upregulated as part of an increased growth phenotype induced by 

transgenic expansin expression (Ilias et al. 2019).  
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Improved understanding of the cell wall alterations executed by XTHs in arbuscule 

formation remains paramount for successful engineering. For example, some XTHs also bind 

alternative substrates or mediate linkage of xyloglucan with other cell wall components including 

cellulose, with significant implications for their impact on structure (Majda and Robert 2018; 

Cosgrove 2016). In an indirect line of evidence, it has been proposed that the whole-root 

expression pattern of MtXTH1 in symbiosis means it does not explicitly loosen the cell wall to 

enable penetration by AM fungi, but may more subtly alter wall chemistry to allow general 

proliferation of the fungus and passage through the wall without compromising cellular integrity 

(Maldonado-Mendoza et al. 2005). This idea is consistent with the evolution of the general view 

that XTHs are secondary actors in cell wall structure whose exact effect is determined by their 

role as enablers or modifiers of other proteins' activity (Ishida and Yokoyama 2022; Cosgrove 

2016; Kaewthai et al. 2012). 

If XTHs function as auxiliary proteins that are necessary but not sufficient for cell wall 

passage, they should intersect with expression of another cell wall modifying enzyme to enable 

colonization. This partner appears to be expansin(s), particularly ɑ-expansins, which 

transcriptomes of mycorrhizal roots and arbusculated cells consistently find to be upregulated 

(Vangelisti et al. 2018; Dermatsev et al. 2010; C.-Y. Liu et al. 2020; Siciliano et al. 2007; 

Weidmann et al. 2004). Silencing of AM-specific expansin homologs leads to stunting of the 

arbuscules and reduced colonization (Dermatsev et al. 2010). ɑ-expansins are a large subgroup of 

the even larger expansin gene family (D. Choi, Cho, and Lee 2006). In general, expansins are 

structural proteins that interact with cell wall components to relax the wall in a pH-dependent 

manner, with the effect becoming stronger at lower pH (Marowa, Ding, and Kong 2016; 

Cosgrove 2015). Unlike XTHs, the cell wall loosening effect of expansins is direct, and they are 
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shown to alter growth via cell elongation in many transgenic studies (Ashwin Narayan et al. 

2021; Muthusamy et al. 2020; Ilias et al. 2019; Marowa, Ding, and Kong 2016; Boron et al. 

2015). 

Immunostaining and electron microscopy show that some expansins in AM localize to 

the walls of cells that are in contact with AM fungi, and others to the intracellular region around 

the growing arbuscule (Wiśniewska and Golinowski 2011; Balestrini, Cosgrove, and Bonfante 

2005). Timecourse transcriptomics show that AM-inducible expansin expression peaks shortly 

prior to the fungus' first contact with the plant, and is presumably mediated by presymbiotic 

signaling through the CSP (Dermatsev et al. 2010). This is confirmed by the fact that symbiotic 

expansin expression–and subsequently root colonization–is strongly impaired in the dmi3 CSP 

knockout mutant (Siciliano et al. 2007). In situ fluorescent localization of transcripts shows that 

expansin expression peaks early in colonization in the epidermis and is found later in the cortex 

during active symbiosis (Dermatsev et al. 2010; Siciliano et al. 2007).  

A combination of knockout, biophysics, and modeling studies suggest that xyloglucan-

mediated microfibril contact points are also the sites where α-expansin binds and acts by 

separating the microfibrils to make the cell wall more fluid (Tuo Wang, Phyo, and Hong 2016; 

Park and Cosgrove 2012, 2015; Cosgrove 2014; Tuo Wang et al. 2013). It is likely under this 

model that the expression of XTH directly relates to expansin activity, leading to increased cell 

wall flexibility to enable penetration. An interactive effect of expansin and XTH for wall 

softening may also explain the paradoxical results that are sometimes obtained from transgenic 

experiments that overexpress expansin alone, resulting in wall stiffening in some plants and 

tissues (Samalova et al. 2020). 
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The presymbiotic expression pattern of XTH and expansin does not predetermine fungal 

entry points given that both genes are expressed across the epidermis prior to contact (Dermatsev 

et al. 2010; Siciliano et al. 2007). In natural AM, the first contact of the fungus with a root cell 

induces extensive organellar movement and formation of the prepenetration apparatus which 

guides the hypha through the cell, likely with mechanical force exerted by the fungus serving as 

a highly specific signal to localize this process to the single cell level (Balestrini and Bonfante 

2014; Genre et al. 2008; Genre and Bonfante 2005; Balestrini, Cosgrove, and Bonfante 2005). It 

has been noted that these additional processes, while intricate, share similarities with deeply 

conserved cell structuring processes seen in cell division and may involve cooptation of their 

genetic mechanisms (Genre et al. 2008). This is supported by the fact that AM are not unique in 

triggering a plant response with extensive membrane restructuring and organellar movement; the 

same occurs with intracellular pathogens (Leborgne-Castel and Bouhidel 2014; Ivanov, 

Fedorova, and Bisseling 2010; Skalamera and Heath 1998; Steinberg et al. 1998). We make the 

significant assumption that as long as the fungus is allowed access across the cell wall, these 

conserved mechanisms will permit development of observable intracellular structures without 

directly engineering the PPA response. However, we note that this is an area where further 

iteration will likely be needed in regard to cytoskeletal and membrane restructuring functions 

that are highly involved in normal arbuscule formation. 

In the absence of more specific information about the biochemical properties of AM-

specific XTH proteins, the most reasonable option for engineering is use of a known homolog 

from a symbiosis model, such as Medicago truncatula MtXTH1 under a promoter conferring 

expression in all root tissues (Maldonado-Mendoza et al. 2005). The choice of expansin is 

similar, with fine differences between localization of multiple expansins being shown in some 
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cases of AM colonization but their different functions not biochemically described (Wiśniewska 

and Golinowski 2011; Balestrini, Cosgrove, and Bonfante 2005). A dependency on the 

intersection of multiple expansins with biomechanical force is also consistent with results for 

expansins' effect on general growth (Samalova et al. 2020; Rebocho et al. 2017; Vogler et al. 

2003; Caderas et al. 2000). The choice of gene and promoter is clearly essential to producing the 

desired cell wall softening effect, but as with XTH, we simply note that in the absence of 

stronger information it will be essential to perform further experimentation on one or more 

candidate expansins chosen from the transcriptomic and functional literature in Arabidopsis 

and/or AM host plants. 

1.3.5: Crosstalk and control mechanisms 

In the simplest manifestation of synthetic AM, mycorrhization may be set to a static, 

constitutively high level conferred by the promoters of the various genes used. Even in the 

course of producing a static overall phenotype, however, it will be necessary to balance the 

expression of the component genes against each other and any deleterious effects on plant 

metabolism. Synthetic mycorrhizae must also be balanced against any potentially deleterious 

effects from manipulations of host plant immunity used to enable AM fungus colonization. 

Where possible in the above sections we proposed specific promoters that are highly tissue- and 

cell-type specific and/or subject to dynamic regulation from underlying plant metabolism to 

provide this balance. An essential experimental task in developing synthetic AM will be the 

identification of additional AM-responsive promoters that can be used to refine expression of 

transgenes, ideally at the single-cell level for genes with pleiotropic effects. In this section, we 

discuss two additional aspects of control and regulation. First, we show areas of potential 
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crosstalk between the modules described above when they are coexpressed. Second, we describe 

options for control of synthetic AM other than constitutive expression. 

Crosstalk 

The most significant point of intersection between all 4 engineering modules is pH. We 

proposed driving nutrient exchange by expressing a proton exporter. This will have a direct 

effect of enhancing cell wall softening for arbuscule formation because the activity of expansins 

is pH dependent (Marowa, Ding, and Kong 2016; Cosgrove 2015). It is conceivable that reduced 

pH alone will enable fungi to cross the cell wall, or, on the other hand, that expression of 

expansin and XTH will be effective only when combined with reduced pH. pH-induced cell wall 

alterations that change porosity will also affect the diffusion of apoplastic nutrients and signaling 

metabolites. While the H+ ions are not intended for secretion into the soil, it is also likely that the 

root exudate will be acidified, which may in turn affect the diffusion of strigolactones and 

scopoletin into the soil that are enabled by the metabolite engineering module. The availability 

and enzymatic activity of AtBGLU42 in liberating scopoletin might also be altered by pH 

changes. Scopolin, like other glycosylated coumarins, is stored in the vacuole prior to secretion; 

compensatory pH regulation between the vacuole and cytosol following expression of plasma 

membrane H+ATPase could alter vacuole storage conditions (Robe et al. 2021; Stringlis et al. 

2018; Vassão et al. 2018; Zamioudis, Hanson, and Pieterse 2014). General upregulation of oil 

synthesis in the root and its export to fungus will also increase its strength as a sink tissue. This 

may lead to increased sucrose flux from the shoot to the root (Durand et al. 2018). Some but not 

all mechanisms of phloem loading and unloading are mediated by pH-sensitive sugar 

transporters (Schulz et al. 2011; Giaquinta 1977). This intersection of lipid and pH manipulation, 
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affecting the fundamental issue of source-sink flow of nutrients and photosynthate, may require 

direct manipulation of sugar transporters or other mediators of carbon flux to bring into balance. 

The intersection of all of these traits with pH is of particular concern for potentially 

increased pathogen susceptibility, given that similar patterns of low apoplastic pH, cell wall 

flexibility, and increased sink strength accompany successful infections. However, the extensive 

opportunities described under the nutrient uptake section for selecting among many candidate 

genes or post-transcriptionally regulating H+ATPase activity to stay within a particular pH range 

offer at least one direct means of controlling these effects. 

Overexpression of lipid synthesis in the root and export of MAGs to the apoplast may 

interact with formation of the arbuscule in two ways. First, if biomechanical pressure from 

hyphae is needed as a direct component of cell wall access or as a signal, accumulation of cutin 

and other fatty acids in the ground tissue as seen in GPAT6 overexpression lines may alter the 

fine physical interactions that take place in intraradical colonization and arbusculation (Fawke et 

al. 2019; E. Wang et al. 2012). Ideally, all secreted MAGs will be taken up by the fungus when 

lipid synthesis is combined with arbuscule formation, avoiding this issue, but it may be necessary 

to balance expression levels of genes across multiple cassettes to achieve the desired outcome. 

Second, diverting lipid metabolism to MAGs might interfere with synthesis of membrane lipids 

needed to accommodate an intracellular structure. Alternatively however, general upregulation of 

lipid synthesis by expression of WRI1 might enhance plants' ability to undergo membrane 

restructuring. 

Inducible control 

Nonconstitutive regulation of synthetic AM could be made to follow nutrient availability 

somewhat like natural AM, but less conservatively. The phosphate starvation response is already 
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likely to play some role in synthetic AM just as it does in natural hosts. Recent detailed work 

using bioinformatics alongside yeast 1-hybrid assays revealed a previously uncharacterized 

degree of control by the deeply conserved SPX/PHR phosphate sensing system whose activation 

is determined by phosphate abundance.  Forty-two percent of genes functioning in rice AM 

were directly regulated by a PHR transcription factor, and 87% of genes could ultimately be 

traced to PHR control (Shi et al. 2021). This includes CSP-specific transcription factor members 

such as RAM1, RAD1, and CYCLOPS; WRINKLED and RAM2 controlling lipid synthesis; sugar 

transporters; and nutrient transporters. The same study identified the P1BS promoter element as 

the binding site for these PHR-regulated AM genes, and showed that knockout of SPX or 

overexpression of PHR could greatly increase mycorrhizae under high phosphorous fertilization 

that otherwise leads to strong autoinhibition of AM. Considering that PHR regulation of the 

P1BS element is conserved and well known in Arabidopsis, this finding is quite significant in 

showing that one of the main control mechanisms of AM is intact and available in Arabidopsis 

(Oropeza-Aburto et al. 2012; Sobkowiak et al. 2012; Bustos et al. 2010). Importantly, in the 

study by Shi et al, PHR overexpression was able to partially but not fully induce AM genes in 

the absence of an AM fungus, and it did not fully overcome the colonization-inhibiting effect of 

high nutrients (Shi et al. 2021). This result is consistent with the failure of attempts to increase 

mycorrhizae by engineering other genetic components of P starvation such as miR399, and 

indicates that at the genetic level the conservative nature of AM regulation partly involves a 

requirement for the CSP and PHR regulation to activate the symbiosis genetic program 

(Carbonnel and Gutjahr 2014; Branscheid et al. 2010). In our engineered AM that are built 

outside of CSP control, however, the addition of P1BS elements to some or all of the constitutive 

promoters used would instead have the effect of enhancing the baseline response when the plants 
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encounter unexpectedly low phosphate. This is a promising prospect that might better enable 

downstream users to experiment with reducing fertilizer under real-world conditions. 

Rather than any one soil nutrient, a conserved promoter element could also be used to 

connect AM regulation directly to the availability of photosynthate. The calcium-sensing kinase 

DMI3 long assumed to have a single, highly AM-specific function deep within the CSP, has 

recently been found to also interact with an ortholog of the mobile transcription factor HY5 that 

is transported from the shoot in response to a wide array of stimuli (T. Wang et al. 2021). The 

implication of HY5 is interesting as this gene is responsible for coordinating root traits with 

photosynthesis during general growth (Gangappa and Botto 2016). In Arabidopsis, HY5 moves 

from the shoot to the root in response to light, where it regulates genes with functions including 

hormone response and at least one nitrogen transporter as well as its own promoter in a positive 

feedback loop (X. Chen et al. 2016). HY5 also activates sucrose exporters in the shoot in 

response to increased sucrose; this effect of HY5 is essential for phloem loading to direct carbon 

to the root, and its knockout strongly reduces root growth (X. Chen et al. 2016). In synthetic AM, 

HY5 could be used to tie mycorrhiza formation to the availability of carbon in order to avoid 

potential negative effects from the cost of constitutively supporting AM. A subset of the 

necessary transgenes could be placed under control of a promoter from any of HY5's known 

targets in the root, correlating the amount of symbiotic accommodation to what the plant can 

afford. This is appealing as a means of dealing with circumstances arising later in the season 

where mycorrhizae might compete for photosynthate with seeds or other harvested products. As 

there are a large number of HY5 target genes as well as known promoter motifs, the goal would 

be to identify or construct a HY5-regulated promoter for AM genes that is slightly outcompeted 

by the sink strength of harvested products (Lee et al. 2007). 
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A synthetic AM system at the point of deployment in crops should be a net positive for 

pathogen resistance by maximizing MIR while calibrating genetic design to avoid unnecessary 

tradeoffs with defense. To partially address this, we suggest engineering a 'fallback' that ties a 

shutdown of symbiotic machinery into the response to locally active infection. This could be 

done via the Damage Associated Molecular Pattern (DAMP) or hypersensitivity response (HR). 

Because AM do not breach the cell membrane, and do not naturally result in a hypersensitive 

response, the distinction between signals involved in these defense processes and in AM function 

should be quite large. DAMPs include a variety of cell contents released from ruptured cells and 

detected as a sign of damage (Hou et al. 2019). DAMP components that don't overlap with 

expected signals of AM and that have known receptors include extracellular ATP and NADP, 

inceptin, HMGB3, and GRI/GRIp signaling proteins (Hou et al. 2019; Jewell et al. 2019; 

Medina-Castellanos et al. 2014). The hypersensitivity response is mediated by a complement of 

NLR sensor proteins, whose binding to pathogen virulence proteins results in local cell death 

(Balint‐Kurti 2019). NLRs regulation includes (among other mechanisms) a positive feedback 

loop where they are upregulated in response to initiation of the HR response, leading to increased 

sensitivity (Lai and Eulgem 2018). This transcriptional control is known to relate to specific 

promoter elements common across NLR genes in Arabidopsis (Mohr et al. 2010). In case of 

either DAMP or HR related signaling, the promoter of key genes in the synthetic AM system 

could be designed to include a target site for a strong synthetic repressor such as TetR, while 

TetR itself is placed under a promoter induced by one of the existing defense responses (Gossen 

et al. 1995). The intention is not to alter native defense signaling, but to suppress expression of 

the AM system and its potentially vulnerability-inducing components in cells near sites where 

the native defense system identifies a bona fide infection as taking place. A weakness of this 
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approach is that it explicitly does not defend against biotrophic pathogens that neither damage 

cells nor induce a cell death response. However, if TetR regulation is built into the engineered 

system from the start, a more tailored response to infection by specific pathogens of concern in 

specific crops could be easily induced by altering the expression conditions of TetR, without 

needing to rework the majority of the gene cassettes. 

1.4: Conclusions 

The extreme theoretical case we presented of engineering AM back into the 

nonmycorrhizal model Arabidopsis is, for now, far from realization in that model species, let 

alone application to crops. However, it represents a path towards benefits from restoring AM 

both to nonmycorrhizal crop species and to elite lines of mycorrhizal species that do not gain the 

full benefit of mycorrhizae due to decades of breeding for a greatly different set of priorities (X. 

Liu, Le Roux, and Salles 2022; Tilman et al. 2002). 

Although research increasingly demonstrates the intricacy of AM as they occur in nature, 

the core biochemical facts support engineerability. Nutrients must be secreted and taken up 

between partners in roughly balanced fashion over the long term, but there is no need for the 

rapid shuttling of metabolites between cell types as in, for example, the long-targeted trait of C4 

photosynthesis (Leegood 2013). Chemical processes must be redirected from one part of the 

plant to another, but they are endogenous to plants, generally conserved, and well studied. Unlike 

root nodules, engineering of mycorrhizae involves a trait that all plants are ancestrally equipped 

to undertake, with cases of loss, not gain, being the derived state (Radhakrishnan et al. 2020). 

The strides made in engineering of these other complex traits illustrate that biotechnology is 

capable of taking on such projects, while the greater tractability and flexibility of AM host traits 

offer the prospect of a faster route to success (Cope et al. 2021; Ermakova et al. 2020). 
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A number of aspects of AM formation were not discussed in detail here, including 

membrane remodeling and vesicle transport, the signaling and fungus-nutritional role of hexoses, 

hormonal patterns, and of course the common symbiosis pathway. The first three are obvious 

areas to take into account when assessing our suggested modifications and potential targets for 

future iterations of engineering. The common symbiosis pathway, as we described, was 

specifically avoided because the multilayered nature of its regulation–to the extent we 

understand it at all–suggests that even with modification of multiple genes the CSP may be 

recalcitrant to durable change. Nevertheless, the CSP could also present a completely different 

means of engineering AM by overexpressing or altering individual components of this elaborate 

regulatory pathway.  

In devising an engineered system explicitly intended to escape millions of years of 

evolved adaptation, we should be aware of the possibility of creating a 'Potemkin village' system 

that looks like mycorrhizae but lacks their remarkable ability to coordinate responses to multiple 

stresses. While we have illustrated reasons to swap a conservative regulation system for a 

constitutive or more liberal induction of AM, it could be that the seemingly byzantine regulation 

of natural AM is more beneficial than we think. Experimental work to assess engineered AM 

should be designed with recognition that this may be the case. We should also consider that real-

world applications when deployed in crops that already have mycorrhizae likely would not 

involve replacing the native system with synthetic AM, but deploying synthetic AM alongside 

the native system. In the simplest conception, the two systems are separated and work in parallel 

to expand the benefits of AM. In a more complex view, though, synthetic AM could be 

engineered with specific connection points to the native AM system that let them benefit from 

sophisticated regulation without being completely subordinate to it. 
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The benefits of engineered AM go beyond what was discussed explicitly here, especially 

in terms of long-term change to farm soils, the agroecosystem, and even land use. A recent study 

estimated that over 1.2 billion acres of cropland expansion into natural areas could be avoided 

through 2050 by a 7% net increase in phosphate fertilizer, primarily in sub-Saharan Africa 

(Mogollón et al. 2021). Achieving some or all of this effect by improved fertilizer use efficiency 

is even more advantageous, as it avoids a tradeoff with the harms of fertilizer extraction and the 

projected limits to phosphate production and access (Folberth et al. 2020; Herrera-Estrella and 

López-Arredondo 2016; Obersteiner et al. 2013; Scholz et al. 2013). Over many years, 

mycorrhizae also improve soil structure, water retention, and organic nitrogen availability 

(Berruti et al. 2016; Gosling et al. 2006). Rotation of nonmycorrhizal crops into fields reduces 

the population of AM fungi, limiting their benefits to the soil as well as the future speed of 

colonization and benefit provided to host crops planted on the same soil (Berruti, Bianciotto, and 

Lumini 2018; Karasawa and Takebe 2012). Engineering of mycorrhizae in non-AM crops could 

therefore encourage crop rotations and directly increase yield of not only the neomycorrhizal 

species, but also the naturally AM plants they rotate with.  

The effect of neomycorrhization on fertilizer use is particularly synergistic in regard to 

carbon emissions and climate change. The reduction in nutrients relative to yield means less 

fertilizer must be mined (P), synthesized (N), and transported, all at a significant carbon savings. 

Mycorrhizal plants also continuously transfer a significant fraction of fixed carbon into AM 

fungi, where it is sequestered in the living extraradical hyphae as well as the durable 

glycoprotein substance glomalin which takes up to 40 years to degrade (Holátko et al. 2021; 

Verbruggen et al. 2013; Wright and Nichols 2002). Finally, mycorrhizae mediate the transfer of 

photosynthate to other microbes, and richness of fungi in the soil microbiome is associated with 
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more durable accumulation of biomass (D’Hondt et al. 2021; Domeignoz-Horta et al. 2021; 

Kaiser et al. 2015). Increasing soil carbon sequestration through various methods including 

enrichment of the microbiome and genetic engineering of root metabolites has become a recently 

prominent topic; engineering mycorrhizae offers a means of doing so via an ancient and widely 

shared plant trait.  

Mycorrhizae are also capable of shaping plants' other microbial relationships (Cozzolino 

et al. 2021; Taktek et al. 2015). Interest in the use of beneficial microbes for agriculture has 

shifted from identification of individual species to development of synthetic microbial consortia 

that profoundly alter the microbiome (Vishwakarma et al. 2020; Ray et al. 2009). Controlling not 

only mycorrhizal association, but its associated nutrient flux, provides a path to shape and 

stabilize such beneficial communities. By the same token, deployment of promising microbes on 

new crops in the field may not be possible unless we have the ability to reliably regulate the 

plants' underlying mycorrhizal associations. This raises the further prospect of combining 

engineered host plants with engineered AM fungi, for example to enable symbiotic signaling via 

novel molecules that exclude pathogens or dictate specific host-symbiont pairings. While no 

stable transformation method for AM fungi currently exists, transient transformation has been 

achieved and numerous gene targets underlying their interaction with plants and other microbes 

have been identified (P. Wang 2021; Helber and Requena 2008). One of the few other papers 

addressing biotechnology in this area, from the perspective of engineered AM fungi rather than 

plants, described targets that specifically enhance the stress resistance aspect of engineered AM, 

such as production of trehalose, sequestration of heavy metals, and upregulation of water 

transport (French 2017). 
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We agree with other commenters in identifying AM as having tremendous potential to 

improve sustainable agriculture and climate adaptation (Sosa-Hernández et al. 2019; Berruti et 

al. 2016). We also do not differ in identifying the genetic and ecological complexity of AM as 

contributing to a gap between their potential in agricultural sustainability and their adoption 

(Genre et al. 2020). To existing calls to bring AM into the heart of agriculture via increased 

effort in identifying and culturing useful fungal strains, accounting for symbiosis in conventional 

breeding, and changing ideas of farm management, we add the idea of genetically engineering 

the AM control system in plants (Jamiołkowska et al. 2021; Verzeaux et al. 2017). 
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Chapter 2: Restoring IPD3, a master regulator of nutrient-saving symbiosis, to Camelina 

sativa, a nonmycorrhizal crop for nutrient-poor land 

Abstract 

Arbuscular mycorrhizae are structures formed by symbiosis between plant roots and soil 

fungi. Arbuscular mycorrhizae (AM) are conserved in land plant evolution and found in the 

majority of all plant species today. AM aid uptake of nutrients and water and confer stress 

resistance. Despite the benefits of AM, however, the ancestral hosting trait has been 

independently lost from diverse plant lineages at least 50 times, adding up to more than 20% of 

extant species. The phylogenetic minority of nonmycorrhizal plants presents a puzzle: if the trait 

is so beneficial, why did they lose it? This question is important for basic understanding of 

symbiosis' role in plant biology, but also for agriculture. The nonmycorrhizal families 

Brassicaceae and Amaranthaceae contribute crops of high economic importance whose nutrient 

usage may be impacted by lack of mycorrhizae. Prior research implicates the Common 

Symbiosis Pathway (CSP) in the ancestral loss of mycorrhizae. Some CSP genes are 

unambiguously lost in nonmycorrhizal plants. In one such case, Interacting Protein of DMI3 

(IPD3) is an inducible transcription factor unique to symbiotic functions which has been clearly 

lost from the genome of Camelina sativa, a nonmycorrhizal oilseed, while putative orthologs of 

other CSP genes remain, including some of its downstream targets.  We hypothesize that 

expression in Camelina of IPD3 from a symbiotic model plant (Medicago truncatula) can re-

establish CSP signaling and the formation of mycorrhizae with potential benefits in agriculture. 

The interactions of transgenic IPD3 can also be used to probe conserved function of putative 

Camelina CSP orthologs. 
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2.1: Introduction 

Arbuscular mycorrhizae (AM) are symbiotic structures formed between plant roots and 

soil fungi which can improve uptake of nutrients and water (Berruti et al. 2016; Bonfante and 

Genre 2010). Arbuscular mycorrhizal symbiosis is approximately as old as land plants 

themselves. Structures similar to arbuscules can be observed even in nonvascular plants that lack 

true roots, and appear in early land plant fossils (Rimington et al. 2018; Walder and van der 

Heijden 2015; Bonfante and Selosse 2010). The ancient origin of mycorrhizae is confirmed by 

phylogenomic work which finds AM hosting to be the result of a single ancient innovation that 

has been maintained throughout the evolution of diverse extant plant clades (Radhakrishnan et al. 

2020; Delaux et al. 2015).  

Nonmycorrhizal plant clades represent individual losses of this ancestral state (Delaux et 

al. 2014; B. Wang and Qiu 2006). The Brassicaceae are a typical example of an entirely 

nonmycorrhizal family, nested within a mycorrhizal class and separated from other 

nonmycorrhizal groups (Hohmann et al. 2015). It is widely accepted based on this pattern that 

the ancestors of modern nonmycorrhizal plants had mycorrhizae, and the trait was independently 

lost in each case. The ancestral hosting trait has been independently lost from diverse plant 

lineages at least 50 times, adding up to 20-30% of extant species (Radhakrishnan et al. 2020; 

Bravo et al. 2016; Delaux et al. 2015, 20; Smith and Read 2008). 

A long-outstanding question is why and how a trait considered to be beneficial is so often 

lost. Solving this puzzle is important for basic understanding of symbiosis' role in plant biology, 

but also for improving agricultural practices and crop genetics. The nonmycorrhizal families 

Brassicaceae and Amaranthaceae contribute crops of high economic importance whose nutrient 

usage may be impacted by lack of mycorrhizae, but which may also benefit in unknown ways 
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from their lack of AM (Hohmann et al. 2015). To help resolve this issue, we set out to 

genetically engineer components of AM symbiosis back into plants which have lost them. There 

are three prospective benefits to this endeavor: 

1: restoring AM to nonmycorrhizal crops may improve sustainability 

If a functional AM symbiosis that was present in the ancestors of extant nonmycorrhizal 

crops can be fully re-engineered, it offers a unique means to improve nutrient use efficiency and 

decrease the relative fertilizer requirements of these crops. AM can also increase stress and 

disease resistance across a wide range of conditions, a quality that is potentially of higher interest 

to agriculture than nutrient efficiency given the relative difficulty of mitigating these other plant 

stresses (Jajoo and Mathur 2021; Yooyongwech et al. 2016; Calvo-Polanco et al. 2014; Bárzana 

et al. 2014). 

2: the effect of AM-related transgenes in nonmycorrhizal plants may explain the trait loss 

Conventional characterization of AM genetic mechanisms in symbiosis models 

(Medicago truncatula, Lotus japonicus, and rice) describes a central set of genes with functions 

tightly constrained to symbiosis (Genre and Russo 2016; Groten et al. 2015; Oldroyd 2013 ). 

However, the conception of AM as a trait whose components are insulated from other roles in 

plant biology offers little explanation of why so many covergent evolutions of nonmycorrhizal 

plants have occurred, or why they are characterized by a similar slate of multiple gene losses 

across independent and phylogenetically diverse species (Genre et al. 2020; Radhakrishnan et al. 

2020). Such a pattern implies that either mycorrhization is itself deleterious in these plants and 

multiple genes must be lost to fully remove the AM phenotype, or that "AM-specific" genes have 

yet-undescribed additional roles in other parts of plant biology that impact selection even when 

their symbiotic roles become irrelevant. Restoring lost AM genes to nonmycorrhizal plants has a 
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unique ability to reveal deleterious effects that may explain why it would benefit a plant to lose 

even the ability to form the symbiotic relationship. Restoring fully functional AM could 

demonstrate a previously unknown negative effect on growth or disease resistance, as can the 

effects of individual genes even if mycorrhization is not enabled. 

3: expression in nonmycorrhizal plants can reveal additional functions of AM genes 

As described in (2), the current state of knowledge about the molecular workings of AM 

is likely not the full picture. Many genes with symbiotic functions have been characterized by 

forward genetics based on screening of mycorrhizal phenotype in model legumes, a laborious 

and narrowly focused process (Banba et al. 2008). Due to relatively greater and longer-standing 

interest in N-fixing rhizobial root nodules, the set of identified genes AM genes is also skewed 

by the fact that many are identified as follow-ons to initial detection based on nodule phenotype. 

Subsequent functional genetic work often takes place in transformed hairy roots, which lack 

aboveground organs (or are grafted to wildtype shoots) and do not engage in photosynthesis or a 

normal life cycle (Gutierrez-Valdes et al. 2020). Given that the known role of many genes acting 

in AM is the complex cross-regulation of each other, efforts to overexpress them in AM host 

plants may fail to achieve strong expression due to these persistent regulatory processes. 

Consequently, the typical approach to characterizing genes' symbiotic function is not well suited 

to detect effects outside the expected arena. However, in the limited cases where broader 

assessments of plant biology are made, effects of "symbiosis-specific" genes outside the context 

of AM have indeed been found. Knockout of the lipid metabolic gene RAM2 in Medicago 

truncatula severely alters mycorrhization, but also seed color, permeability, and disease 

resistance (E. Wang et al. 2012). In rice the signal-transducing kinase DMI3 which enables a 

highly specific response to AM fungus also alters whole-plant abscisic acid signaling and ROS 
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production unrelated to symbiosis, an effect which was also seen in transgenic overexpression of 

DMI3 in Arabidopsis (Yang et al. 2011; B. Shi et al. 2012; 2014). The depletion of interacting 

AM genes in nonmycorrhizal plants, paired with the relative ease of stable whole-plant 

overexpression in Brassicaceae, can allow us to better isolate the functions of individual 

transgenes, especially as they relate to roles not directly involved in symbiosis. 

Selection of Camelina as a target plant 

Camelina sativa is a nonmycorrhizal Brassicaceae member used as the engineering target 

for this study. Camelina is an alternative crop of significant interest for development in 

sustainable agriculture due to its ability to grow in poor soils, in the winter, and as an oilseed 

source of both food and fuel (Berti et al. 2017; Gesch, Archer, and Berti 2014; C. Chen et al. 

2015; Keske et al. 2013). The fact that Camelina is targeted to growth in nutrient-limiting 

conditions makes it an appealing agricultural application for the benefits of reintroducing 

mycorrhizae (Mohammed, Chen, and Afshar 2017). In addition, Camelina is primarily intended 

as a crop in rotation with staples, especially cereals, that are natural AM hosts (Royo-Esnal and 

Valencia-Gredilla 2018; Obour et al. 2018; Gesch, Archer, and Berti 2014). At present, rotation 

with nonmycorrhizal crops can cause a decrease in the amount of mycorrhizal fungi in the soil 

which impacts subsequent rotations of host crops (Berruti, Bianciotto, and Lumini 2018; 

Bakhshandeh et al. 2017; Kunze et al. 2011; Bittman, Kowalenko, and Hunt 2000; Harinikumar 

and Bagyaraj 1988;). Engineering of AM in Camelina could avoid this type of effect and is 

therefore not just a target for improvement of the crop itself, but of its ability to fit into a real-

world cropping system. 
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Camelina is easy to transform and has a publicly available genome (Kagale et al. 2014; 

Liu et al. 2012). Camelina is closely related to Arabidopsis, allowing application of the trove of 

genetic knowledge and tools generated in the model species (Vollmann and Eynck 2015). 

Camelina is also a relatively recent allohexaploid (~5mya) whose three ancestral genomes 

evolved independently between the split from the nearest mycorrhizal relatives ~73-65 mya and 

the polyploid event (Hohmann et al. 2015; Kagale et al. 2014). The allopolypoidy of Camelina 

can be an asset in the search for interactors of ancestral symbiotic genes, as the three ancestral 

genomes may carry different patterns of gene loss and mutation that increase the chance of 

finding at least one retained interacting component. 

Selection of transgene 

Prior research in both functional genetics and phylogenetics implicates the Common 

Symbiosis Pathway (CSP) in the ancestral loss of mycorrhizae (Radhakrishnan et al. 2020; Genre 

et al. 2020; Bravo et al. 2016; Delaux et al. 2014; Favre et al. 2014; Delaux et al. 2013). The CSP 

is a signaling chain that allows initial recognition of the fungal symbiont by the plant (Oldroyd 

2013). The concordance between independent analyses, and between evolutionary and functional 

data provides strong evidence that maintenance of the CSP is central to whether plants can or 

cannot host mycorrhizae. The CSP has also been of high interest in efforts to engineer nitrogen-

fixing symbiosis into new species, as the pathway is partially shared with rhizobial nodulation 

(Pankievicz et al. 2019). 

Phylogenetic work by Delaux (2014), Favre (2014), and Bravo (2016) independently 

identified the same 11 genes within the CSP as essential to mycorrhizal hosting by comparing 

multiple AM and non-AM species. Notably, a much larger number of genes (~1,600) are 

identified as AM-induced by at least one of the three studies was not confirmed by the others, 
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suggesting there is significant variability in the overall AM genetic program outside of a more 

limited conserved element. The diversity of species included in the different studies and the 

different analytical methods also likely account for some differences in the larger set of 

identified genes. The most recent and comprehensive study of this type by Radhakrishnan et al, 

which includes mycorrhizal and nonmycorrhizal representatives of all plant groups going back to 

liverworts, identified a smaller set of 6 genes as having coevolved with AM from the first 

common ancestor of the AM host trait (Radhakrishnan et al. 2020). Of these, 5 overlap with the 

gene set common to the 3 previous studies, providing a fairly small set of prime transgene 

candidates. Table 2.1 shows the genes identified by these studies, with points of overlap 

highlighted. 

Seven of the 12 genes presented in Table 2.1 belong to the signaling functions of the 

CSP: SymRK (DMI2) and NFP are extracellular receptor kinases involved in initiating the CSP 

response to microbial signals (Gherbi et al. 2008; Li et al. 2018). CASTOR 

(CASTOR/POLLUX) is a calcium channel that releases Ca+ ions from the lumen of the nuclear 

envelope into the nucleus in response to upstream signals originating from the receptors. 

CCaMK (DMI3) is a calcium-sensitive kinase located in the nucleus, that upon release of Ca+ by 

CASTOR is activated and phosphorylates IPD3 (CYCLOPS), a coiled-coil transcription factor 

(Pimprikar et al. 2016; Messinese et al. 2007; Hayashi et al. 2010). IPD3 assumes DNA-binding 

activity when phosphorylated, and upregulates RAM1, encoding a GRAS transcription factor. 

RAM1 in turn both transcriptionally upregulates RAD1 and interacts with it at the protein level; 

RAD1 is another GRAS protein with high homology to RAM1 (Yano et al. 2008; Pimprikar et 

al. 2016; Prihatna et al. 2018; J. Shi et al. 2021; Park et al. 2015).
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Table 2.1: Protein-coding genes responsible for AM loss based on phylogenetic comparisons, their functions, and nearest protein 
BLAST hits in Camelina using Lotus queries. Shading in 'Gene' column: blue, identified in common by Bravo et al 2016, Delaux et 
al 2014, Favre et al 2014; yellow, identified by Radhakrishnan et al 2021, green, identified by all 4 studies. Shading in 'Functional 
conservation' column: orange, homolog from a non-AM plant fails to complement an AM host mutant; purple, non-AM homolog 
successfully complements an AM host mutant; gray, no tests have been done. 

Gene Function Closest Camelina BLAST match Functional conservation 

NFP Cell surface LysM receptor with PKC kinase LYK5 
 

SymRK 
(DMI2) 

Cell surface LRR-malectin receptor with STK kinase LRR-RLK (predicted) XP_010415352.1 Arabidopsis thaliana SymRK  
NP_564904.1 (Li et al. 2018) 

CASTOR nuclear Ca2+  ion channel, mediates signal from SymRK POLLUX (predicted) XP_010441348.1 
 

CCaMK 
(DMI3) 

Ca2+ -dependent kinase, mediates signal from CASTOR, 
phosphorylates CYCLOPS 

CDPK3-like (predicted) XP_010439150.1 
 

IPD3 
(CYCLOPS) 

Inducible coiled coil transcription factor, activated by 
CCaMK, upregulates RAM1 and RAM2 

no results Physcomitrella patens IPD3 
(Moss) (Kleist et al. 2022) 

RAM1 GRAS transcription factor, upregulated by CYCLOPS, 
upregulates RAM2 and RAD1 

DELLA RGL1-like (pred.) XP_010415179.1 
 

RAM2 Glycerol-3-phosphate acyltransferase GPAT6-like (predicted)XP_010517096.1 Arabidopsis thaliana GPAT6 
(E. Wang et al. 2012) 

RAD1 GRAS transcription factor, upregulated by and interacts 
with RAM1 

DELLA RGL1-like (pred.) XP_010415179.1 
 

VAPYRIN Cell membrane/cytoskeleton remodeling, aids localization 
of PT4 and others to the peri-arbuscular membrane 

ankyrin-3 (predicted) XP_010453541.1 
 

STR ABC transporter for 2-MAG lipids synthesized by RAM2 
(and upstream elements) 

ABCG18 (predicted) XP_010427259.1 
 

STR2 ABCG16-like (predicted) XP_010427257.1 
 

PT4 AM-inducible phosphate importer PHT1-4 (predicted) XP_010517219.1  
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The other 5 candidates identified from the phylogenetic literature have nutrient exchange 

functions. VAPYRIN functions in cell membrane restructuring to form the arbuscule and 

localize transporters to it as well as mediating symbiotic vesicle transport (Bapaume et al. 2019; 

Pumplin et al. 2010). RAM2 as described previously performs the final step of 2-MAG synthesis 

for nutrition of the fungus, a biochemical function otherwise limited to the shoot epidermis 

where 2-MAGs are the monomers of cuticle wax (Rich et al. 2021; Jiang et al. 2017; Rey and 

Jacquet 2018). RAM2 is transcriptionally regulated by CYCLOPS, RAM1 and RAD1. STR and 

STR2 are two halves of an ABC transporter that export the 2-MAGs produced by RAM2 across 

the cell membrane (Rich et al. 2021; Jiang et al. 2017; Rey and Jacquet 2018). STR and STR2 are 

regulated by RAM1, but it is not known if this regulation is direct or indirect (Park et al. 2015). 

PT4 is a phosphate importer that localizes to the arbuscular membrane via the chaperone 

function of VAPYRIN, and is regulated by RAM1 (Park et al. 2015).  

From among these candidates, we selected IPD3 as an initial transgene based on multiple 

factors. First, we limited selection to genes supported by all 4 phylogenetic studies, eliminating 

NFP, RAM1, RAM2, RAD1, and PT4. From the remaining genes, we focused on the signaling 

components of CSP rather than VAPYRIN and STR1/2 that have relatively restricted functions. 

Of the 4 remaining genes, we note two key patterns. First, while the primary symbiotic homolog 

of these genes appears to have been lost from Camelina, for all but IPD3 there is some homolog 

belonging to the same gene family still remaining. Given knowledge that the primary 

specialization of many AM genes is in their expression pattern and activation, we consider that 

this makes it theoretically possible for the respective functions to be preserved by one of the 

retained homologs, particularly in a case where interaction with a constitutively expressed 

transgene may allow these functions to manifest in tissues where their expression would not 
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normally intersect. In contrast to the 4 potentially conserved genes–and indeed all other genes on 

this list–there is no gene that looks remotely like IPD3 in the genome of Camelina or any other 

nonymcorrhizal plant we considered, making its loss unambiguous. Second, functional and 

phenotypic knowledge of these genes indicates an outsize role for IPD3. IPD3 is the point where 

AM signal transduction is first translated into transcriptional regulation, and complementation 

studies show that constitutive expression of IPD3 can complement knockouts of DMI3 and genes 

acting upstream of IPD3 (Singh et al. 2014; Pimprikar et al. 2016). Phenotypic evidence 

underscores this view: while AM formation is severely perturbed in knockout mutants of all the 

genes considered, all but DMI3 and IPD3 do in fact undergo some amount of intracellular 

colonization. dmi3 and ipd3, meanwhile, show no arbuscules and almost no root colonization 

(and overexpression of a non-DMI3-dependent IPD3 complements dmi3 but not vice versa). 

Thus, IPD3 appears to have both the strongest phenotypic effect in knockouts and the strongest 

phylogenetic signature, giving it the strongest support as a transgene. 

While complementation in multi-gene mutants would be needed for full confirmation, it 

is likely that constitutive IPD3 expression and activation can essentially substitute for the entire 

upstream CSP pathway. This is contingent on either activation by DMI3, interaction with some 

native gene, or the use of a modified IPD3 version with constitutive DNA binding activity (Singh 

et al. 2014; Pimprikar et al. 2016). Well-characterized phosphomimic versions exist that provide 

constitutive transcription factor activity and upregulate downstream genes in the absence of a 

fungal signal (Singh et al. 2014). In plants forming rhizobia, which also depend on IPD3, 

overexpression of a phosphomimic version results in constitutive formation of nodules even in 

the absence of a bacterial symbiont, indicating the strength of this gene's effect. Ultimately it will 
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be necessary to test both native IPD3 and phosphomimic versions to determine the most effective 

gene version. 

This project takes a contrasting engineering approach to the theoretical path described in 

the first chapter of this thesis. There, we described the ability to recruit universal biochemical 

functions into a synthetic mycorrhizal program with many genes. This had the advantage of 

avoiding the complicated control mechanisms intrinsic to the CSP and native AM genetics, and 

sets aside the question of exactly what AM-related functions might be conserved in 

nonymcorrhizal plant genes in favor of using well-known genetic parts. Here, we select a deeply 

embedded member of the CSP and attempt to use it to activate –and discover– fully or partially 

conserved interactors still present in the nonmycorrhizal genome. This has the advantage of 

reducing the potential number of transgenes that might be needed, if AM symbiosis can be 

"repaired" rather than reconstructed. Expression of IPD3 as a truly symbiosis-specific gene, 

meaning one whose biochemical function (DNA binding to a particular set of AM-specific 

motifs) is not executed by any other plant gene, also has greater potential to explain the 

underlying reasons for mycorrhizal loss. However, the disadvantage of prospective post-

transcriptional regulation or lack of key interacting proteins that have yet to be described even in 

CSP models remains a significant concern for this approach. We expect that in the likely event 

expression of IPD3 does not alone restore AM symbiosis, we will instead use clues provided by 

the phenotypic and transcriptomic effect of IPD3 to identify further targets. 

2.2: Materials and methods 

Plasmid preparation 

All primers used in cloning and screening are shown in supplemental table 2.1. The 

complete cDNA of IPD3, including a 325 bp 3' UTR, from Medicago truncatula wildtype 
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Jemalong/A17 (Genbank  EF569224.1) was synthesized including restriction sites for BamHI 

(5') and SphI (3') (Integrated DNA Technologies, Research Triangle Park, NC) and 

assembled  into pUC19 using digestion of the plasmid and insert with the respective enzymes 

and ligation with T4 DNA ligase (NEB, Ipswich, MA). The resulting plasmid was transformed 

into chemically competent E. coli DH5a cells via heat shock, and grown overnight at 37C on LB 

medium with 1.5% agar and 100 ug/mL carbenicillin. Twelve antibiotic-resistant colonies were 

transferred to liquid LB with 100 ug/mL carbenicillin and cultured overnight. Liquid cultures 

were screened by anchored colony PCR with primer pair 1 to detect the presence of the intended 

IPD3 insert in the correct orientation in pUC19. All PCR used Q5 polymerase (NEB, Ipswich, 

MA). Plasmid was extracted from positive cultures using a Qiaprep Spin Miniprep kit (Qiagen, 

Germany) and Sanger-sequenced using M13 primers (Genewiz, Research Triangle Park, NC) to 

confirm the correct sequence of the insert.  

To construct the plant expression vector, the validated IPD3 sequence was cloned into 

pC-GW-mCherry (pCGWMC) (Dalal et al. 2015). IPD3 was PCR-amplified from pUC19-IPD3 

using primer pair 2 to generate a fragment with XbaI and BamHI restriction sites flanking IPD3 

at the 5' and 3' ends, respectively. The IPD3 fragment was digested with BamHI (NEB, Ipswich, 

MA) and purified using the QiaQuick Column Cleanup kit (Qiagen, Germany) (the addition of 

XbaI binding to the IPD3 fragment was intended for potential future modifications and was not 

used in this cloning step). pCGWMC was digested with BamHI and SwaI (NEB, Ipswich, MA). 

pCGWMC is a large plasmid that provides low yield on silica column-based cleanup kits. To 

ensure sufficient material for ligation, standard 50 uL digestion of pCGWMC was performed in 

triplicate, combined, and concentrated by evaporation to ~⅓ volume to yield 3 ug total DNA in 

50 uL. This pooled sample was separated on an agarose gel and a gel slice containing the desired 
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vector fragment was dissolved in buffer QG of the Qiaquick Gel Extraction Kit (Qiagen, 

Germany), then purified by isopropanol precipitation prior to ligation. The digested fragments 

were ligated using T4 DNA ligase (NEB, Ipswich, MA) and transformed into electrocompetent 

DH5a E. coli by electroporation, then selected on LB agar with 50 ug/mL kanamycin. Twelve 

resistant colonies were transferred to liquid LB with 50 ug/mL kanamycin and grown overnight. 

Overnight cultures were screened by colony PCR for presence of the plasmid using primer pair 

4, and 2 positive cultures were grown to OD600 of 0.8 in 200 mL before plasmid extraction via 

the ZymoPURE Express Plasmid Midiprep Kit (Zymo Research, Irvine, CA). Purified 

expression plasmids were Sanger-sequenced using primer set 3 to confirm the correct sequence 

of the promoter, insert, terminator, and right border. 

Generation of transgenic lines 

Camelina sativa Calena wildtype plants were grown in the NC State University phytotron 

for approximately 8 weeks until the onset of flowering. The plant expression plasmid was 

transformed into electrocompetent GV3101 Agrobacterium tumefaciens by electroporation, then 

grown for 2 days on LB agar medium containing 50 ug/mL kanamycin, 25 ug/mL gentamycin, 

and 15 ug/mL rifampicin. 12 resistant colonies were transferred to the corresponding liquid 

medium and grown for 24 hours at 30C, then screened by colony PCR for the presence of the 

plasmid. 2 positive cultures were transferred to 50 mL LB with antibiotics and grown overnight 

to saturation, then used to inoculate 500 mL of LB with antibiotics and grown for 8-12 hours to 

an OD600 of ~.8. Bacteria were harvested by centrifugation at 3,000 x g for 10 minutes, then 

resuspended in 500 mL of 5% sucrose. Immediately before vacuum infiltration of plants, 500 

uL/L Silwet L-77 (Phytotech Labs, Lenexa, KS) was added to the Agrobacterium suspension. 

Camelina seedlings were placed upside down in a cup filled with Agrobacterium suspension, 
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then subjected to approximately -22 PSI vacuum for 2 minutes before releasing the vacuum over 

~2 minutes. Infiltrated Camelina seedlings were wrapped in plastic on their sides in the dark for 

24 hours, then returned to the growth chamber and briefly misted with water. Plants were grown 

to maturity.  

T1 transformants were selected using red fluorescence of the mCherry marker. The 

fluorescent seeds were sterilized in 40% commercial bleach plus 20 uL/mL Tween-20 for 5 

minutes, followed by 5 washes in sterile DI water, and germinated on ½ MS agar plates in a 

growth chamber. After approximately two weeks, the germinated seedlings were transferred to 

soil pots in the NC State University Phytotron. DNA was extracted from leaf tissue to confirm 

the transgenic genotype and lack of mutations in the transgene coding sequence via PCR and 

Sanger sequencing with primer pair 5.  

Plants were grown for the subsequent T2 generation in a greenhouse. The seed of at least 

8 T2 individuals of each line were subjected to segregation analysis of the fluorescent marker 

confirmed with PCR using primer pair 4. In some lines, fluorescence of the marker became 

difficult to detect with successive generations; when fluorescence was not reliable in the seed of 

T2 plants, segregation analysis was instead conducted by germination of seed (e.g. T3 

individuals), DNA extraction, and PCR of the transgene with primer pair 4. Some screening 

PCRs conducted with primer pair 4 were multiplexed with primer pair 6 to amplify the Expansin 

A1 gene as an internal control against DNA degradation and the presence of PCR inhibitors. RT-

PCR was also conducted to confirm expression of the transgene in T2 and T3, and lines without 

detectable expression were discarded. For RT-PCR, RNA was extracted with the PureLink RNA 

Mini Kit (Invitrogen, Waltham, MA), treated with the TURBO DNA-free DNAse kit 

(Invitrogen, Waltham, MA), and used to generated cDNA with RNA to cDNA EcoDry master 



 108 

mix (Takara Bio, Japan). The seed of T2 individuals whose segregation pattern was consistent 

with Mendelian ratios for a homozygous individual containing a single transgene insertion were 

again Sanger-verified for the transgene coding sequence and propagated as homozygous lines. 

Protein expression analysis 

Protein was extracted from roots and shoots of seedlings grown on ½ MS medium in 

sterile conditions. Tissue was frozen in liquid nitrogen and kept frozen while thoroughly hand-

grinding in a mortar and pestle. ~100mg ground tissue was transferred to a microcentrifuge tube 

containing grinding beads, and extraction buffer consisting of 50 mM Tris-HCL pH 8, 150 mM 

NaCl, 2.5 mM DTT, 2% SDS w/v, 10% glycerol v/v, and 2% 2-mercaptoethanol v/v, and 1.5% 

Sigma plant protease inhibitor cocktail (Sigma-Aldrich, Burlington, MA) was added. Samples 

were immediately homogenized using a bead mill, then centrifuged for 10 minutes, and the 

supernatant collected. 

For Western blotting, protein lysate was diluted 1:1 in NuPage LDS sample buffer 

(Invitrogen, Waltham, MA) and heated at 95C for 10 minutes with an additional 2% v/v 2-

mercaptoethanol. 45 uL of sample was run on a Novex Wedgewell 12% Tris-Glycine 

(Invitrogen, Waltham, MA) acrylamide gel in SDS running buffer for approximately 25 minutes 

at 225 mV. Protein was transferred to PVDF membranes using an iBlot dry transfer system 

(Thermo Fisher, Waltham, MA). Membranes were blocked in Tris-buffered saline plus 2.5% 

nonfat milk powder and 1uL/mL Tweenr-20 for 1 hour. Membranes were then incubated for at 

least 16 hours at 4C with 1:1000 dilution of custom rabbit anti-IPD3 peptide primary polyclonal 

antibody (Genscript, China) in blocking buffer. Membranes were washed 3 times in blocking 

buffer, then incubated at RT in TBS-T with 1:2,500 dilution of goat anti-rabbit Alexa Fluor 488-
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conjugated fluorescent secondary antibodies (Thermo Fisher, Waltham, MA) for 2-4 hours. Blots 

were imaged on a GelDoc SR (Bio-Rad, Hercules, CA). 

AM fungus interaction time course experiment 

Nutrient media plates were prepared as described by Nouri et al (2014), with either 1 or 

100 uM total phosphate, pH 5.8, and 0.8% agar in 100 mm square dishes. Sterilized Camelina 

seeds were stratified for 2 days then placed on plates, with 7 seeds per plate. Seeds were allowed 

to germinate for 4 days while laying flat, then plates were held at a 60 degree angle to promote 

vertical root growth (Camelina on agar at a full 90 degree vertical tend to fall off the medium 

when grown for an extended time). One week after seeding, the root of each newly germinated 

plant was inoculated with 250 uL of aseptic spore suspension of Rhizophagus irregularis 

(Premier Tech, Canada) containing ~100 spores. One plate per line per treatment was collected 

each week for six weeks for microscopic phenotyping.  

Immediately after collection, plant roots were stained to detect AM fungal structures with 

either trypan blue in acetoglycerol or Pelikan black ink in acetic acid following Vierheilig and 

Piché (1998) or Vierheilig et al (1998), respectively, with the following modifications to account 

for the fineness and small amount of root tissue. Buffer transfers and washes for staining were 

carried out either by gentle pipetting in 1.7 mL tubes or by transferring 440 um Netwell mesh 

strainers between 12-well tissue culture plates (Corning, Corning, NY). Roots were cleared by 

heating to 60C for 4-6 hours in 10% KOH, rather than boiling or autoclaving. All other steps 

were carried out at room temperature. For microscopy roots were mounted in a solution of 5% 

acetic acid, 30% glycerol, 65% water v/v. Stained roots were examined on a compound 

microscope for evidence of root penetration, intraradical or intracellular structures, and the 

condition of the fungi. 
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Growth time course 

The general growth experiment was conducted in the NCSU Method Road greenhouse 

facility. Seeds were direct-sown into 4" pots containing a mix of 70% Fafard 4P potting soil and 

30% quartz sand amended with either 5 or 0.5 grams/liter Osmocote slow-release fertilizer 

(Scotts, Marysville, OH). Seeds were misted 2x daily until germination, then misted or watered 

as needed for the duration of the experiment. To avoid bias from position effects in the 

greenhouse, the location of pots was randomized on a grid 1-2 times per week. Height, 

flowering, and seed-setting were measured at least once a week throughout growth. 

Transcriptome experiment 

Plants for the transcriptome were grown using the single-sandwich method described by 

Gutjahr et al. (2009). Briefly, seeds were sterilized and germinated for one week on moist filter 

paper, then placed between two disks of .45 uM sterile nitrocellulose filter paper. One gram of 

Pro-Mix Pur powdered mycorrhizal inoculum (Premier Tech, Canada) containing ~150 spores of 

R. irregularis was added to the interior of each sandwich in direct contact with the seedling root; 

in control plants, the inoculum was first autoclaved. Assembled sandwiches were placed upright 

in autoclaved tissue culture boxes (PlantMedia, Dublin, OH) filled with a 1:1 (v:v) mix of sand 

and vermiculite watered with sterile MS medium modified to contain reduced macronutrients as 

described. Plants were grown in a growth chamber for 6 weeks. 

RNA extraction 

Complete plant root systems were removed from tissue culture boxes, briefly rinsed in DI 

water, and blotted dry. The entire root system was cut and transferred to a 1.7 mL tube 

containing 3-8 1.7 mm zirconia grinding beads and 1 steel 4 mm grinding bead. Tissue was 

frozen in liquid nitrogen within 15 seconds of opening each box, and all tissue collection took 
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place between 2-6 hours after start of the day period. Frozen tissue was ground twice in a bead 

mill and briefly centrifuged in a 4C centrifuge to collect in the bottom of the tube. RNA was 

extracted using the PureLink RNA Mini Kit (Invitrogen, Waltham, MA), with the following 

modifications. All samples were lysed in 600 uL lysis buffer. Samples were shaken in a bead 

mill immediately after adding lysis buffer. Rather than transferring lysed supernatant to a new 

tube followed by addition of 0.5 volumes of ethanol, 500 uL supernatant from each sample was 

added to tubes already containing 250 uL of ethanol. Drying and elution steps were carried out at 

16,000 x g rather than 12,000 x g. DNA was removed via treatment with Turbo DNA-Free 

DNAse (Invitrogen, Waltham, MA) both on-column as described in the kit protocol and again 

after elution. RNA and DNA was quantified using a Qubit fluorometer (ThermoFisher, Waltham, 

MA). 

Transcriptome analysis 

RNA libraries were prepared by BGI Genomics (China) using poly(A) selection and 

sequenced on the DNBSeq sequencing platform to obtain 150 bp paired-end reads. Raw reads 

were checked for quality using the FastQC tool (Andrews 2010) and only high-quality read pairs 

(base score >= Q30) were used for mapping. Paired reads were simultaneously mapped to the  

Camelina sativa and Rhizophagus irregularis reference genomes (GCF_000633955.1 and 

GCF_000439145.1 respectively) using the BBsplit function in BBmap (Bushnell 2014) using 

default parameters with ambiguous reads assigned to the genome with the first-best match. To 

quantify expression of the inserted transgene, unmapped reads were remapped to a synthetic 

reference genome containing the transgene sequence, promoter, coding sequence, and marker 

using the BBmap aligner. Aligned reads were counted at the gene level for each genome 

separately using htseq-count (Anders, Pyl, and Huber 2015) using the respective reference 
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genome annotation files. Reads aligned to the transgene reference genome were counted in the 

same manner, using htseq-count, and read counts were summarized at the feature level. 

To test for significant differences in gene expression between lines containing IPD3 and 

non-transgenic wildtype and null segregant lines, counts were used as input for differential 

expression analysis in R using DEseq2 (Love, Huber, and Anders 2014). Because IPD3 

transgene expression was highly variable between independent lines and biological replicates 

with an approximately 10-fold range of variation, weighted gene co-expression network analysis 

(Langfelder and Horvath 2008) was used to determine if global patterns of gene expression were 

correlated with IPD3 expression. To account for differences in sequencing depth between 

samples, size-factor normalization was applied to both transgene and native reads and 

normalized counts were used as input for network analysis. 

2.3: Results 

2.3.1 Generation of transgenic lines 

Five independent transgenic lines of +IPD3 Camelina were evaluated to confirm correct 

sequence of the transgene, expression of the transgene, and zygosity. Homozygous individuals 

were identified by fluorescent screening of seeds from T3 plants. Genotype of putative 

homozygous individuals was also confirmed by PCR of 8 germinated T4 offspring (Figure 

2.1A). The transgene coding sequence was successfully confirmed by Sanger sequencing 

(Supplemental folder 2.1). RNA expression was confirmed by RT-PCR (Figure 2.1B) and 

protein expression of IPD3 was evaluated in T3 seedlings using a custom primary antibody to 

IPD3. Protein was faintly detected in leaves but not roots (Figure 2.1C); protein extraction in 

roots may have been confounded by large amounts of waxes that were visible during extraction. 
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Figure 2.1: generation of homozygous transgenic lines expressing IPD3. (A) PCR of genomic 
DNA for IPD3 in T4 seedlings to confirm homozygosity of the T3 generation. Each lane is 1 
individual. IPD3 fragment expected size is 508 bp. PCRs were multiplexed with 1,024 bp 
CsEXPA1 fragment as internal control. (B) IPD3 expression confirmed by PCR of cDNA from 
root tissue of T4 seedlings. Each lane is 1 individual. Positive control is the plasmid used to 
generate the line. (C) Western blot of T3 individuals for protein expression. Each lane is pooled 
tissue of 5 seedlings. IPD3 is 513 aa and 57.98 kDa. Positive control is the 348 aa, 39.04 kDa. 
 peptide used to generate the antibody. 
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2.3.2: Interaction with AM fungus 

Gravity plates containing 7 seedlings each of +IPD3 Camelina as well as wildtype and 

null segregant controls growing on agarose medium with either very low (1 uM) or intermediate 

(100 uM) phosphate were inoculated with spores of Rhizophagus irregularis. Starting one week 

after inoculation, a new set of roots was harvested each week for six weeks and stained to 

identify any occurrence of arbuscules, vesicles, hyphopodia, intraradical hyphae, or any other 

structures distinguishing wildtype and transgenic plants. This experiment was done on T2 plants 

screened by fluorescence, providing a mix of homozygotes and heterozygotes of each line. 

By one week after inoculation, all spores had germinated but all visible hyphae were 

septate (Figure 2.2). Hyphae were observed to adhere to or wrap around the roots of some plants, 

particularly root tips (Figure 2.2A-C). However, no unambiguously intraradical structures were 

observed for the duration of the experiment. We quantified the occurrence of in the first week of 

extraradical hyphae of any kind in contact with plant roots; t-tests across all genotypes and 

phosphate treatments showed no significant differences between groups at p=0.05. The inability 

in many cases to distinguish hyphae directly adhered to the root from those that may have been 

incidentally tangled in root hairs, especially from weeks 4-6 where extensive secondary and 

tertiary root branching took place (Figure 2.2H) prevented us from quantifying extraradical 

adhered hyphae after week 1, though we qualitatively noted that the incidence of fungus of any 

kind in root samples declined with time across all genotypes and treatments. 

A small number of distinctive structures occurred only in transgenic roots, however, at 

such low frequency that they cannot be conclusively linked to the genotype or predictably 

obtained in enough numbers for further study. These included fine ramified hyphae similar to 

branched absorbing structures (Figure 2.2B) (Bago et al. 1998), dense mats of hyphae adhered to  
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Figure 2.2: root-fungus interactions observed over 6 weeks in monoxenic culture. (A-C) 
Hyphae adhered to transgenic roots observed in week 1 or 2 of coculture on 100 uM PO4. (D) 
Hyphae (arrows) adhered to wildtype root in week 1 at 100 uM PO4. Some distinctive structures 
were observed only on transgenic roots, but were overall extremely rare. (B) Fine branched hyphae 
(arrow) adhered to root tip (transgenic line 10, week 2, 100 uM PO4); (C,E) mantle-like sheets of 
hyphae adhered to root surface (line 12, week 1, 100 uM PO4 & line 9, week 3, 1 uM PO4); (F) 
peg (arrow) formed on hyphae adhered to root (transgenic line 11, week 3, 1 uM PO4); (G) 
arbuscule-like structure (transgenic line 13, week 3, 1 uM PO4) (associated with an area where the 
cortex was crushed, disturbing root anatomy). (H) increasing amounts of root branching and root 
hair growth inhibit clear identification of fungal structures at later time points (transgenic line 9, 
week 6, 1uM PO4). Scale bars 100 uM. 
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small areas of the root (Figure 2.2C,E), peg-like structures on extraradical hyphae (Figure 2.2F) 

and exactly 2 arbuscule-like structures in a single sample (Figure 2.2G). 

 2.3.3: Effect on plant growth 

To assess whether IPD3 expression has an effect on plant growth in the absence of the 

fungus, we grew plants in a greenhouse with low and high nutrient treatments provided by 10x 

difference in the amount of slow-release fertilizer (0.07 and 0.7 g/L phosphate, 0.07 and 0.7 g/L 

potassium, 0.041 and 0.41 g/L ammonium, 0.029 and 0.29 g/L nitrate) added to a 70:30 soil:sand 

mixture. We compared five transgenic lines to wild type and null segregants from 2 lines. This 

experiment was carried out on T2 plants screened by fluorescence; zygosity of all plants in the 

experiment except for those in transgenic line 11 was determined by segregation of the 

fluorescent marker in seed. Line 11 underwent near-complete silencing of the fluorescent marker 

in T3 seed, and zygosity of all individuals was therefore not determined (zygosity of a subset of 

individuals for propagation of the line was determined by PCR of germinated seedlings).  

Plants were compared for total dry mass, including seed, shoot (stem and leaves), and 

root collected and measured separately, then added together. Plants were also compared for total 

seed yield, seed number, and number of branches (Figure 2.3). Limited significant differences 

(p<0.05) were identified between transgenic lines and wildtype. However, the pattern with which 

differences occurred was sporadic, and differences were also identified between null segregants 

and wildtype, suggesting that the observed differences may be attributable to random variation or 

to insertion site effects rather than the transgene. In lines where zygosity was established (e.g. all 

except line 11), effects were observed in the full population of transgenic individuals and/or in 

homozygotes alone, but never in heterozygotes alone, suggesting an effect of either transgene 

dosage or zygosity of insertion site effects on native genes. 
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Figure 2.3: effects of IPD3 on growth characteristics under greenhouse conditions with high 
and low nutrients, in the absence of AM fungus. Total plant dry mass, seed yield, seed number, 
and branch number for 5 transgenic IPD3 lines were compared to null segregant and wildtype. 
Red and blue brackets indicate a significant difference from the wildtype at p<0.05 under high 
(red) and low (blue) nutrient treatments, respectively. ‘All’ indicates a significant difference 
detected including all transgenic individuals, ‘hom’ indicates a significant difference detected only 
when comparing homozygous transgenic individuals to wildtype (no differences were significant 
when comparing only heterozygotes to wildtype). Comparisons with transgenic line 11 were only 
made for ‘all’ because the marker was silenced in the seed of these plants, preventing zygosity 
determination of all individuals. 
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Under the high nutrient treatment, lines 9, 11, and 13 had reduced total dry mass, while 

line 13 had increased total dry mass under the low nutrient treatment. Null segregants from 

transgenic lines 10 and 13 also had increased total dry mass under the low nutrient treatment. 

Lines 11 and 13 showed significantly reduced seed weight under high nutrient treatment, with 

line 11 but not line 13 also having significantly reduced seed number. Line 10 as well as both 

null segregants showed increased seed weight under low nutrient treatment, with line 10, the null 

segregant of line 10, and line 13 also showing increased seed number. No significant differences 

in branch number were observed under high nutrient treatment, but lines 11, 12, 13, and both null 

segregants had more branches than wildtype under low nutrient treatment. 

To assess growth rate, we also measured height either weekly or every 3 days (during 

flowering) starting 30 days after sowing. A 3-way additive model for height with interactions 

between nutrient treatment, line, and day of growth found effects across the growing period at 

p<0.01 from nutrient treatment and the genotype of line 13 and 11, but also for the two null 

segregant controls from lines 10 and 13 compared to wildtype (supplemental table 2.2).  

2.3.4: Effect on native gene expression 

To determine whether IPD3 directly or indirectly alters the transcription of Camelina 

genes, we generated a transcriptome using all 5 transgenic lines, a null segregant, and a wildtype 

control grown on sterile sand with low-phosphate medium (10 uM) with and without fungal 

treatment. n=3 for all treatment x line groups, with the exception of wildtype x fungus, line 10 x 

fungus, and line 11 x fungus, for each of which n = 2 due to unsuccessful library preparation 

eliminating one sample each. We hypothesized that expression of IPD3 would have a detectable 

effect on native gene expression in isolation, and would also alter the transcriptional response to 

fungus treatment. 
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Separation by treatment is limited 

Principal component analysis (PCA) shows only limited clustering of gene expression by 

treatment and genotype (Figure 2.4).  In a comparison of all samples, transgenic plants show 

somewhat greater separation between those treated and not treated with fungus, however, the 

majority of samples across all groups overlap (Figure 2.4A). When treatments are compared 

within each genotype there is again subtle clustering by treatment in transgenics (Figure 2.4B), 

however, the extent of clustering in transgenics cannot be clearly distinguished from what occurs 

in the null segregant, and comparison to wildtype is hampered by the loss of one out of three 

fungus-treated samples. 

Transgene expression is present but surprisingly low 

Transcriptome sequencing confirmed that IPD3 RNA expression was present in all lines. 

However, IPD3 transcript levels fell within the range of native gene expression, typically 

between the median and top 10% (Figure 2.5). This was unexpected as IPD3 was driven by the 

35S promoter that is generally considered to provide very high gene expression. By comparison, 

the mCherry marker located adjacent to IPD3 on the transgene construct and driven by the 

2x35S promoter was the highest-expressed gene in most transgenic samples, and mCherry 

transcripts were 100-5,000x more abundant than IPD3 across all samples (Figure 2.5) 

Due to the limitations indicated by these core features of the data, we approached 

analysis of the transcriptome with caution. To account for the relatively low level of expression 

of IPD3 as well as the variation in IPD3 expression level between transgenic samples, we treated 

the transgene as a continuous rather than categorical variable across all 5 transgenic lines, and 

scaled differential expression and correlation analysis to the expression level of IPD3 in each 

sample. 
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Figure 2.4: Principal component analysis of gene expression data. (A) PCA of all samples; 
the greatest degree of separation occurred between treated and untreated transgenic plants (green 
and orange) but overall clustering was poor with notable outliers (arrows). (B) PCA of samples 
in each genotype. Clustering by treatment remains very limited within genotypes. 
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Figure 2.5: expression levels of the transgene of interest IPD3 and transgenic fluorescent 
marker mCherry. Read counts (y axis) are normalized for total reads in each sample. IPD3 
expression (yellow) in most transgenic lines fell between the median (blue diamond) and top 
10% most abundant overall reads (red cross). mCherry (red circle) was the most abundant 
transcript in most transgenic samples (black cross shows most abundant native transcript) and 
much more abundant than IPD3—note that the y axis in the mCherry plot starts at 25,000 reads. 
IPD3 was not detected in wildtype or null segregant samples. 
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Expression of IPD3 and treatment with AM fungus induce differential gene expression, and the 

combination of IPD3 with fungus can reverse the effect of the individual treatments 

The effects on Camelina gene expression of the IPD3 transgene (IPD3), AM fungus 

treatment (fungus), and the interaction of IPD3 transgene expression and fungus treatment (IPD3 

x fungus) on gene expression were calculated as main effects of each treatment with false 

discovery rate-adjusted p value <0.05 (unadjusted p <0.00419). 

9,791 significant differentially expressed genes (DEGs) in response to IPD3 expression 

were identified. Of these, 360 genes were upregulated by log2 fold change (L2FC) >1 (i.e. 

expression more than doubled) and 257 genes were downregulated by L2FC < -1 (Supplemental 

File 2.2). 4,759 genes were found to be significantly differentially expressed in response to AM 

fungus treatment. Of these, 898 genes were upregulated by L2FC >1 and 913 were 

downregulated by L2FC < -1 (Supplemental File 2.2). 4,951 genes were found to be significantly 

differentially regulated by the interaction of IPD3 X fungus. Of these DEGs, 634 were 

upregulated by L2FC >1 and 548 were downregulated by L2FC < -1 (Supplemental File 2.2).  

Comparison of the up- and downregulated genes for individual treatment effects shows 

very little overlap in genes responsive to IPD3 alone or fungus alone (7 upregulated and 10 

downregulated, Figure 2.6). There is considerable overlap in DEGs for IPD3 alone and fungus 

alone with the DEGs responsive to the interaction of IPD3 x fungus; these represent genes where 

the extent of up- or downregulation seen in the individual treatment is altered by the interaction 

of genotype and treatment (Figure 2.6). The majority of DEGs responsive to IPD3 x fungus, 

however, occur only in response to the interaction.  
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Figure 2.6: DEGs associated with effect of AM fungus treatment, IPD3 expression, and the 

interaction of the two. Data shown includes genes with L2FC >1 (A) among upregulated genes 

and L2FC < -1 (B) among downregulated genes at FDR-adjusted p <0.05. 

The ~150 genes with greatest differential up- and downregulation under IPD3, fungus, 

and IPD3 x fungus were manually reviewed to identify genes with well-studied Arabidopsis 

homologs indicating a discrete function relevant to our areas of interest in biotic interactions, 

nutrient and carbon metabolism, and stress. We also preferentially noted genes where multiple 

homeologs (originating from the 3 parent genomes of Camelina) were simultaneously regulated. 

Selected genes of interest differentially regulated by the IPD3 x fungus interaction are reported 

in Table 2.2. We also compared the expression of these genes to DEGs detected under IPD3 only 

and fungus only. Notably, where genes in this set were differentially regulated in both IPD3 x 

fungus and IPD3 only, IPD3 x fungus enhanced the effect of IPD3 alone. In contrast, where 



 125 

genes were differentially regulated in both IPD3 x fungus and fungus-only, IPD3 x fungus 

tended to counteract the effect of fungus alone (Table 2.2).  

Table 2.2 included 2 cases where the IPD3 genotype apparently reversed the 

transcriptional response to fungus treatment: PDC1, a pyruvate decarboxylase induced by 

drought and hypoxia in Arabidopsis, and ADH1, an alcohol hydrogenase also known to be 

induced by hypoxia were both downregulated in the fungus-only treatment but strongly 

upregulated by IPD3 x fungus (Berardini et al. 2015). Among all genes differentially regulated 

by LFC >1 or < -1 in any of the three treatment groups, we identified a total of 19 genes with this 

opposite-regulation pattern: 14 genes that were downregulated by LFC >1 by fungus alone but 

upregulated by IPD3 x fungus, and 5 genes that were upregulated by IPD3 alone but 

downregulated by IPD3 x fungus (Figure 2.7).  

 

 
Figure 2.7: Identification of DEGs that switch direction of regulation when IPD3 and 
fungus treatments are combined vs. applied in isolation. Data used for this analysis includes 
genes with L2FC >1 or < -1 at FDR-adjusted p <0.05. 
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Table 2.2: Selected DEGs from the 35 most up- and downregulated genes in IPD3 X fungus  
main effect.  
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Most of the 14 genes downregulated by fungus alone but upregulated by IPD3 x fungus 

had functions, like PDC1 and ADH1, implicated in the hypoxia response or that were unclear. A 

notable exception is Aspartate Aminotransferase 2 (Asp2), 2 homeologs of which were found 

among this gene set and which is implicated in fungal pathogen defense and intracellular 

aspartate accumulation (Brauc et al. 2011). The 5 genes upregulated by IPD3 alone but 

downregulated by IPD3 x fungus related to defense and plant hormone responses, notably 

including two homeologs of UDP-gylcosyltransferase 73B4, which effects sugar modification of 

plant hormones and flavonoids in the root metabolome and is implicated in the defense response 

to a wide range of pathogens (Rehman et al. 2018). 

 

Gene ontology of DEGs illustrates potential effects of IPD3 on stress, metabolites and post-

transcriptional regulation, and greater divergence among treatments 

To more comprehensively assess the potential functional effects of IPD3 in isolation and 

in interaction with AM fungus, we performed gene ontology (GO) enrichment analysis on up- 

and down-regulated DEGs of all treatments. GO analysis confirmed the functions of interest 

manually identified from DEGs (Table 2.2) and identified additional enriched biological 

processes in each treatment all GO data is provided in supplemental file 2.3. While many 

individual DEGs from IPD3 or fungus treatment overlapped with those induced by IPD3 x 

fungus (Figure 2.6), the top enriched GO terms derived from these DEGs showed less overlap 

across treatments.  

Gene ontology of upregulated DEGs in the IPD3 x fungus interaction confirmed the 

manual identification (Table 2.2) of genes related to oxygen deprivation, and also identified 

mRNA processing and microRNA-mediated silencing, beta-glucan metabolism, and wax 

biosynthesis among the 35 most enriched terms (limited to GO terms enriched with p<0.0005 
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and represented by at least 5 DEGs) (Supplemental Table 2.3). Among downregulated DEGs, the 

35 most enriched GO terms related to DNA replication and cell growth, tissue acidification, and 

nucleoside decoration of sugars (Supplemental Table 2.4). Cell wall organization, lipid transport, 

and lipid localization, although not in the top 35 terms, were also highly enriched among 

downregulated DEGs and are among the terms with lowest p-value for enrichment.  

Many of the top GO terms reflected contributions by the same gene to enrichment of 

terms at multiple levels of specificity. To clarify these relationships, we plotted enriched GO 

terms by hierarchy. A plot of the 25 top GO terms among genes upregulated in the IPD3 x 

fungus treatment reveals that at the highest level of specificity all of these terms converge on just 

3 biological processes: gene silencing by miRNA, mRNA splicing via spliceosome, and response 

to hypoxia (Figure 2.8). Hierarchical mapping of the top 25 terms among IPD3 x fungus 

downregulated genes converges on 8 terms, notably including lipid transport and cell wall 

organization (Figure 2.9). 
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Figure 2.8: hierarchical mapping of top 25 Gene Ontology biological process terms 
enriched among genes significantly differentially upregulated by the interaction of IPD3 
expression X AM fungus treatment. Intensity of red color corresponds to strength of 
enrichment. Rectangular nodes belong to the top 25 terms; colored oval nodes are enriched GO 
terms not in the top 25 that contain some genes nesting into one or more downstream (more 
specific) terms in the top 25; uncolored oval nodes are non-enriched GO terms that provide a 
nesting relationship between enriched go terms. 
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Figure 2.9: hierarchical mapping of top 25 Gene Ontology biological process terms enriched 
among genes significantly differentially downregulated by the interaction of IPD3 expression 
X AM fungus treatment. Intensity of red color corresponds to strength of enrichment. 
Rectangular nodes belong to the top 25 terms; colored oval nodes are enriched GO terms not in 
the top 25 that contain some genes nesting into one or more downstream (more specific) terms in 
the top 25; uncolored oval nodes are non-enriched GO terms that provide a nesting relationship 
between enriched go terms 
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The same process was executed for fungus treatment alone and IPD3 alone. The top 10 

enriched GO terms for genes upregulated by fungus treatment converge on systemic acquired 

resistance, response to organic substance, and response to oxygen-containing compound (Figure 

2.10). The top 10 GO terms for genes downregulated by fungus treatment show only limited 

convergence and functional specificity. 

Figure 2.10: hierarchical mapping of top 10 Gene Ontology biological process terms 
enriched among genes significantly differentially upregulated by AM fungus treatment.  
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The top 10 GO terms for genes upregulated by IPD3 expression alone converge on 

nitrogen compound metabolism, cellular catabolic process, response to stress, and response to 

chitin (Figure 2.11). The top terms enriched in genes downregulated by IPD3 converge on cell 

wall organization and glucosinolate biosynthesis (Figure 2.12, Supplemental File 2.3). 

 

Figure 2.11: hierarchical mapping of top 10 Gene Ontology biological process terms 
enriched among genes significantly differentially upregulated by IPD3 transgene 
expression.  
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Figure 2.12: hierarchical mapping of top 10 Gene Ontology biological process terms 
enriched among genes significantly differentially downregulated by IPD3 transgene 
expression.  
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Correlation network analysis validates some effects of IPD3 expression 

Finally, we generated a correlation network from all samples using WGCNA as a second 

means of transcriptome analysis independent of differential gene expression. The correlation 

network analysis treats IPD3 the same way as all other genes and builds the network entirely 

from internal correlations, rather than using IPD3 to provide a priori structure to the experiment 

as in DEG identification. This provides a cluster of genes that correlate not just with IPD3, but 

also with each other. Construction of the network does not discriminate positive vs. negative 

correlations. 

 

 

Figure 2.13: dendrogram of gene correlation network drawn from all transcriptome 
samples. IPD3 belongs to the yellow module and is indicated by a red asterisk and arrow. 
Metabolic functions enriched for genes in this module are listed in the table below. 
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IPD3 is placed in a gene cluster enriched for sulfur and glucosinolate metabolism (Figure 

2.13). Glucosinolate biosynthesis was previously identified by GO analysis of genes 

downregulated by IPD3 expression (Figure 2.12). The IPD3 correlation cluster is also enriched 

for oxidoreductase activity, heme binding, and cofactor binding (Figure 2.13). Oxidoreductases 

are found among significant DEGs both up- and downregulated in all 3 treatments (Supplemental 

File 2.2). Significant but mild upregulation of a single heme-binding protein in the IPD3 x 

fungus treatment was also identified among DEGs. 

2.4: Discussion 

Phenotyping of 5 lines of IPD3 transgenic Camelina for effect on general growth and 

development as well as interaction with AM fungus did not identify any obvious phenotypic 

changes due to the presence of the transgene. Although limited differences from wildtype in 

plant weight, seed weight, seed number, and branching were observed, they were not consistent 

across lines (Figure 2.3). Similarly, while some intriguing differences were noted in qualitative 

observations of AM fungus' interaction with transgenic plants, they occurred at very low levels 

and were not quantifiable at the level of replication or experimental setup used (Figure 2.2). 

Finding that IPD3 as a sole transgene does not result in gross phenotypic difference is not an 

unexpected outcome. Consistent with lack of an obvious phenotype, we focused on using the 

transcriptome results to identify potential interacting genes of IPD3 or more subtle phenotypes 

that can be investigated in further work. 

In analyzing both transcriptome and phenotype data, we must also take into account the 

limitations of the transgene construct revealed by molecular characterization. While IPD3 

expression in roots was maintained through multiple generations, transcript quantification via 

RNA sequencing revealed that expression was lower than expected despite being driven by the 
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35S constitutive promoter, and we were not able to confirm expression in roots at the protein 

level (Figure 2.1). IPD3 RNA expression was well below native housekeeping genes and also 

below expression of the mCherry marker driven by the 2X35S promoter, which was typically the 

most abundant transcript in transgenic roots (Figure 2.5). In retrospect, the literature also 

indicates that the 35S promoter is potentially less reliable in roots than in shoots, and can result 

in cell-type-specific expression that varies with species (Anuar, Ismail, and Zainal 2011). Any of 

these factors could contribute to the poor overall clustering seen in among samples for each 

treatment (Figure 2.4). Evidence of miRNA-mediated silencing as the primary effect of 

upregulated genes in IPD3 x fungus (though not shared with the main effect of IPD3 alone) 

could result from silencing of the IPD3 transcript itself, indicating potential direct targeting of 

this gene by unknown native Camelina elements (Figure 2.8). Taken together these issues offer 

significant complications to assessment of the transgenic, and effects observed in the 

transcriptome should be viewed as corresponding to relatively subtle expression of IPD3 at best, 

that may become more obvious with a more successful transgenic and transcriptomic approach. 

The response to AM fungus 

The most notable effect of AM fungus treatment alone was an enrichment among 

upregulated genes of GO terms relating to defense, including GO:0098542 'defense response to 

other organism' and GO:0009627 'systemic acquired resistance' (Figure 2.10). This finding is 

consistent with documented effects of AM fungus in both Arabidopsis and host plants. 

Arabidopsis grown in a specialized system that permits colonization (without symbiotic 

exchange) by AM fungi supported by a host plant show enrichment of gene expression related to 

systemic acquired resistance, salicylic acid signaling, and defensive sulfur metabolism 

(Fernández et al. 2019). Arabidopsis also shows a similar defense response in coculture with the 
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freeliving ectomycorrhizal (EM) fungus Laccaria bicolor (Arabidopsis is neither an AM nor EM 

host) (Labbé et al. 2019). AM host plants also show a degree of defense-related gene regulation, 

including a transient salicylic acid-mediate defense response early in colonization and a semi-

specialized version of systemic induced resistance referred to as mycorrhizae-induced resistance 

that can protect against insects and fungal pathogens (Cameron et al. 2013; Dey and Ghosh 

2022). Very few studies have investigated the response of non-AM plants to AM fungus in 

mechanistic detail (Cosme et al. 2018). Our results help expand this work, including the addition 

of Camelina as a new species for study and with the notable finding that the defense response is 

observed even in plants where the AM fungus is not supported by nurse plants or a pre-grown 

hyphal network. 

The response to IPD3 

Downregulated DEGs from the effect of IPD3 alone are enriched for GO terms relating 

to glucosinolate metabolism (GO:0019761 and others) and cell wall organization (GO:0071555) 

(figure 2.12). Expression of glucosinolate-related genes is also correlated with IPD3 expression 

in our network analysis (figure 2.13). Thus it is possible that one effect of IPD3 could be to 

modulate metabolism of these defense compounds, even in the absence of a fungal stimulus. This 

would be a novel finding in regards to the molecular function of IPD3. If IPD3 acts directly as a 

transcription factor of these downregulated genes, it would not only suggest a new target, but 

that IPD3 can act as a transcription inhibitor in addition to its known function as a transcription 

enhancer (Pimprikar et al. 2016). If IPD3 acts indirectly to reduce glucosinolate metabolism, its 

effects could lie upstream in the defense response including fungal signal perception or hormone 

control. To confirm and resolve this potentially interesting finding, it will be essential for future 

work to clarify the mechanism of action for IPD3's involvement with these genes. 
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The functional consequences of altered gene expression contributing to GO enrichment 

for cell wall organization is difficult to parse. The specific downregulated DEGs are mostly 

enzymes known to be involved in modifications of cell walls by crosslinking (e.g. xyloglucan 

endotransglycosylase Csa15g059770, expansin Csa06g043770 and many others) 

depolymerization (pectate lyase Csa15g020360 and others), or decoration of wall polymers 

(pectin acetylesterase). While many genes in these families show differential expression in AM 

colonization, their natural functions can involve tight coordination between subtly different 

homologs, with overexpression and knockout of individual genes sometimes producing 

paradoxical effects (Niraula et al. 2021; Miedes et al. 2013; Maris et al. 2009; Van Sandt et al. 

2007). The transcriptomic data therefore offers little suggestion of what type of cell wall 

modification is actually taking place, especially considering that no obvious alterations to growth 

were observed. Nevertheless, more detailed chemical or anatomical study of cell walls of 

transgenic plants is an interesting avenue for future work. 

The finding from IPD3 upregulated DEGs most obviously linked to AM symbiosis is the 

GO enrichment for response to chitin (GO:0010200). However, most genes contributing to 

enrichment of this term are transcription factors whose known functions are not strictly limited to 

the chitin response, and include responses to a variety of other stresses (supplemental file 2.3). 

The enrichment of this term therefore does not necessarily imply that expression of IPD3 

switches on a narrow fungus response, but could indicate that some of the ancient connections 

between abiotic stress response and symbiotic signaling are conserved in Camelina. 

Upregulation in IPD3 x fungus 

Remarkably, 22 of the 25 most significantly enriched GO terms among upregulated 

DEGs in IPD3 x fungus relate to RNA processing (figure 2.8). These culminate in terms specific 
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for gene silencing via microRNA, and mRNA splicing. One possibility is that these terms reflect 

silencing of the transgene itself, although there is no clear explanation in that case for why 

similar results are not observed in the effect of IPD3 alone. High differential regulation of RNA 

metabolism has previously been reported as an effect of mycorrhization in AM hosts, though 

without explanation of its exact role (Gaude et al. 2012). If not due solely to transgene silencing, 

differential splicing and silencing taking place on specific transcripts would suggest that IPD3 

activates a highly specific response that relies on interfacing with conserved genetic machinery.  

The potential target of gene silencing induced by the combination of IPD3 with fungus 

treatment is a point of significant interest: any of the downregulated genes highlighted for this 

treatment could potentially be so-affected as a result of silencing specific to IPD3 expression. 

Evidence that silencing is specific to IPD3 x fungus samples supports silencing as a genuine 

effect of the combination, not a sign of transgene silencing (figure 2.11). A future experimental 

approach could take advantage of the likely involvement of microRNAs to identify actively 

silenced genes by targeting the microRNAs themselves, and comparing predicted targets to the 

current differential expression data.  

Silencing and downregulation in IPD3 x fungus 

Whether IPD3 expression changes the plant response to AM fungus was a central 

question for this study. Our results suggest it does. As shown in Figure 2.6, 15% of upregulated 

DEGs and 18% of downregulated DEGS from the effect of fungus treatment alone are shared 

with the IPD3 x fungus treatment. For these genes, the presence of IPD3 enhances the existing 

effect of fungus alone. The genes shared by the two treatment effects do not include those 

implicated in the defense response to fungus treatment alone, and the defense-related GO terms 

enriched for fungus treatment alone are not found among DEGs for IPD3 x fungus (Figures 2.8 
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& 2.9, Supplemental File 2.2). Consequently, one effect of IPD3 expression appears to be a 

modulation of the defense-independent portion of the AM fungus response. 

More than 300 up-and downregulated genes are specific only to the interaction of IPD3 x 

fungus, and 5 genes in this experiment underwent a large shift where they were upregulated by 

IPD3 but downregulated by IPD3 x fungus (Figure 2.6 and 2.7). These gene sets represent 

candidates for an IPD3-conditional response to AM fungus. All 5 of the genes where direction of 

regulation is reversed have functions of strong interest that are related to modifying root 

metabolites, hormones, or both, as described below. 

Two genes, Csa19g046540 and Csa15g071450, are homeologs corresponding to group D 

Arabidopsis UDP-glycosyltransferase UGT73B4 (Ross et al. 2001). AtUGT73B4 is known to 

glycosylate both coumarins and flavonoids, and likely fulfills these functions in relation to 

phosphate starvation and pathogen attack (E.-K. Lim 2003; M.-H. Lim et al. 2004; Miura et al. 

2011). Csa03g006920, is also a UGT but homologous to AtUGT75B1 belonging to the L group 

of UGT enzymes (Ross et al. 2001). AtUGT75B1 glycosylates 4-hydroxybenzoic acids as well as 

the hormone ABA and is induced by multiple abiotic stresses; its overexpression alters hormone 

signaling, germination, and stress tolerance (T.-T. Chen et al. 2020; Sasaki et al. 2014; E.-K. Lim 

et al. 2002; Eudes et al. 2008). 

The fourth gene in this set, Csa10g045310, is homologous to Arabidopsis phenolic 

glucoside malonyltransferase 1 (PMAT1), which malonylates glycosides of molecules including 

brassinolide hormones, N-ethanolamines, coumarins, and phenolics, potentially as a storage or 

inactivation function (Gan et al. 2021; Khan et al. 2016; Taguchi et al. 2010). Coordination 

between PMAT and UGT functions has been specifically noted as essential for processing of 

both endogenous and exogenous metabolites, linking these 4 genes to a potential single function 
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(Gomez-Cano 2020; Gan et al. 2021). Areas of intersection in substrate specificity between the 

UGTs and PMAT identified here could suggest metabolites of particular interest, however, the 

substrates that happen to be listed in the literature to date for the closest Arabidopsis homologs 

also cannot be assumed to be exhaustive. 

The remaining gene in the set of 5 is Csa01g017210, a homolog of Arabidopsis 

cytochrome p450 72A14 (AtCYP72A14). CYP72A proteins in Arabidopsis act as 13-

hydroxylases to alter the activity of gibberellins, with overexpression causing hormonal 

alterations that result in dwarfing and delayed flowering (He et al. 2019). cyp72a14 knockouts 

have also been marked of interest for studies of suberin metabolism (Soler et al. 2007). 

The co-downregulation of these genes could be due to direct regulation induced by IPD3, 

but could also result from downregulation of an upstream target that alters metabolite production 

but which is not captured in this analysis. Investigating metabolomic changes is a promising area 

of followup that can shed light on the potential role of silencing as well as functional effects of 

IPD3. However, the transcriptomic results for this gene group are consistent with multiple types 

of metabolomic changes. The affected molecules could be among any of several large groups 

including phenylpropanoids and plant hormones, and could be produced at lower levels due to 

the treatment, or could be produced at equivalent levels but processed differently. Any 

metabolomic analysis method used will therefore have to be untargeted or wide-reaching. An 

interesting question to consider is whether the decreased expression of glucosinolate synthesis 

enzymes seen for the effect of IPD3 alone relates to decreased expression of metabolite-

modifying enzymes downregulated in IPD3 x fungus, given the relevance to glycosylation in 

both cases. 
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In GO analysis, IPD3 x fungus, like IPD3 alone, includes cell wall organization among 

the most enriched terms for downregulated DEGs, with the same limits to interpretation 

described above. IPD3 x fungus also shows enrichment of lipid transport (GO:0006869) among 

downregulated DEGs. 34 of 59 genes contributing to enrichment of the lipid transport term are 

lipid transfer proteins (LTPs), and another 14 are homologs of Arabidopsis auxin-enriched in 

root cultures 1 (AIR1), a gene with similar protein structure to LTPs known to be involved in 

lateral root morphogenesis (Jacq et al. 2017). Lipid transfer proteins have an apoplastic secretion 

signal and bind to lipids, mediating their transit through the cell wall. LTPs have an important 

role in cuticle formation, and also act in pathogen defense via an unknown mechanism (Ali et al. 

2020). The downregulation of multiple LTPs suggests that potential alterations to extracellular 

wax deposition could take place in transgenic plants exposed to fungus, and/or that reduction of a 

defense response could include downregulation of LTPs. Change in the anatomical or subcellular 

distribution of lipids is a phenotype that may be relatively simple to assess in future work. The 

potential involvement of LTPs is also of interest given the similarity of the b-monoacylglycerol 

carbon source used by AM fungi to the wax monomers transported by LTPs (Rich et al. 2021). 

Overall conclusions 

In this study, transgenic expression of IPD3 in Camelina sativa altered native gene 

expression. In addition, IPD3-expressing plants showed a different pattern of gene expression in 

response to AM fungus inoculation relative to both uninoculated transgenic plants, and 

inoculated wildtype plants. This suggests that IPD3 may not only retain activity in 

nonmycorrhizal plants, but confer a conditional response to AM signals. 

The nature of IPD3's activity in Camelina remains hard to characterize despite evidence 

of altered transcription, because no phenotypic effect was detected in the transgenic lines. 
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However, differential expression analysis suggests at least three avenues of future work with 

concrete means of study. Glucosinolate biosynthesis genes were downregulated in uninoculated 

IPD3 plants, and upregulation of some pathogen defense genes in response to AM fungus 

treatment of wildtype plants was absent in AM-treated IPD3 plants. Direct measurements of 

glucosinolates and defense-related hormones could confirm these effects in fact occur. 

Alterations to defense can also be explored by testing pathogen susceptibility of the transgenic 

lines developed here. Lipid transfer proteins were downregulated in the IPD3 x fungus treatment, 

indicating potential differences to lipid accumulation if not synthesis. 

An important limitation to understand the potential functions of IPD3 discovered here is 

that the protein used is the native form of IPD3, which in its known function in AM signaling 

strictly requires phosphorylation to have DNA binding activity (Pimprikar et al. 2016; W. Wang 

et al. 2017). This form of IPD3 functioning in Camelina by its canonical activity requires that 

either the protein is activated by an unknown native gene, it has some degree of DNA binding 

activity without phosphorylation, or it has modes of action that have not yet been characterized. 

Constitutively active forms of IPD3 have been established via phosphomimicking sequence 

modifications or truncation (Singh et al. 2014). Generation of transgenic lines with these forms 

of IPD3 would offer a strong means to increase the effect of the gene and distinguish whether 

DNA binding activity is primarily responsible for the effect of IPD3 in this study. 
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2.5: Supplemental tables 

Supplemental table 2.1: PCR primers 
Pair 
/set 

Primer Sequence 5’à3’ Target/purpose 

1 EL034 CATATGATTGAGGTTGGTGG IPD3 plasmid screening 
by PCR and Sanger 

EL041 GTAAAACGACGGCCAGT M13 primer for 
anchored PCR of 
plasmid 

2 EL035 AAAAAATCTAGAATGGAAGGGAGAGGATTTTC 
 

IPD3 cDNA with XbaI 
overhang for cloning 

EL036 AAAAAAGGATCCGCATGCGCATAAACAAATTG 
 

IPD3 cDNA with 
BamHI for cloning 

3 EL044 AGCGGATAACAATTTCACACAGG Sanger sequencing of 
pCGWMC-IPD3 EL033 CTTGAAGACAGTGATGGAGA 

IPD3 
_Early 

CATCCACAAGTAAACTGTGG 

EL021 CCCACCAACCTCAATCATAT 
EL136 CCGCACCCGACATAGATA 
EL138 CCGTTGGTTGGTCAAGTC 

4 EL175 CTGGCCAAGGCCTGGTTTAT IPD3 screening 
fragment for colony 
PCR and segregation 

EL176 GCATGACTCCGGGATCGTTA 
5 EL135 GGTCAAAACCTGGCCTAT Full-length IPD3 CDS 

for plant transgene 
confirmation with PCR 
and Sanger 

EL136 
CCGCACCCGACATAGATA 

6 EL181 ACCTTGAAACCTTCTCTCATGATGC Expansin A1 for internal 
PCR control EL182 CGTCATCAAGGGCCTCGTGC 
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Supplemental table 2.2: statistical model of IPD3 effect on growth across genotype and 
nutrient level. Measured as mm height over time, comparing 5 transgenic lines and 2 null 
segregants to wild type. Multiple R-squared:  0.7809, Adjusted R-squared:  0.7796  
F-statistic: 593.3 on 19 and 3163 DF,  p-value: < 2.2e-16. 
Coeffs: Estimate Standard Error t value Pr(>|t|) Significance 
(Intercept) 89.38 9.294 9.617 < 2e-16 p=0 
lineNS10 -35.881 10.379 -3.457 0.000553 p=0 
lineNS13 -31.826 10.345 -3.076 0.002113 p<.001 
line9 -4.093 8.434 -0.485 0.627475 not sig. 
line10 -4.677 8.353 -0.56 0.575533 not sig. 
line11 -52.993 8.406 -6.304 3.29E-10 p=0 
line12 -16.222 8.362 -1.94 0.052467 p<.1 
line13 -26.051 8.381 -3.108 0.001899 p<.001 
day37 117.355 10.112 11.606 < 2e-16 p=0 
day44 332.827 10.112 32.916 < 2e-16 p=0 
day51 537.52 10.112 53.159 < 2e-16 p=0 
day54 571.186 10.12 56.44 < 2e-16 p=0 
day61 621.611 10.147 61.262 < 2e-16 p=0 
day65 639.203 10.156 62.94 < 2e-16 p=0 
day68 644.235 10.156 63.435 < 2e-16 p=0 
day72 645.489 10.156 63.559 < 2e-16 p=0 
day75 648.155 10.156 63.821 < 2e-16 p=0 
day79 649.116 10.156 63.916 < 2e-16 p=0 
trtLO 93.605 4.339 21.572 < 2e-16 p=0 
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Supplemental Table 2.3: GO terms enriched in IPD3 X Fungus-upregulated genes 

Top 35 terms when ranked by lowest p-value 

GO term Annotation p value fold enrichment 

GO:0010467 gene expression 7.30E-26 1.458182 
GO:0070482 response to oxygen levels 2.00E-24 6.258149 
GO:0090304 nucleic acid metabolic process 8.90E-24 1.458556 
GO:0016070 RNA metabolic process 1.50E-23 1.48422 
GO:0036293 response to decreased oxygen levels 6.60E-23 6.076618 
GO:0010468 regulation of gene expression 7.70E-22 1.518162 
GO:0006139 nucleobase-containing compound metabolic process 1.30E-21 1.408147 
GO:0060255 regulation of macromolecule metabolic process 1.60E-20 1.476248 
GO:0016071 mRNA metabolic process 1.40E-19 2.424942 
GO:0001666 response to hypoxia 8.40E-19 5.769231 
GO:0006396 RNA processing 1.30E-18 2.063882 
GO:0019222 regulation of metabolic process 1.30E-18 1.430367 
GO:0035195 gene silencing by miRNA 1.70E-18 6.846473 
GO:0006397 mRNA processing 2.20E-18 2.59481 
GO:0043170 macromolecule metabolic process 5.10E-18 1.236844 
GO:0046483 heterocycle metabolic process 5.70E-18 1.349379 
GO:0008380 RNA splicing 3.10E-17 2.934621 
GO:0006725 cellular aromatic compound metabolic process 3.10E-17 1.333565 
GO:0006807 nitrogen compound metabolic process 4.10E-17 1.217505 
GO:0050789 regulation of biological process 3.60E-16 1.285068 
GO:0000398 mRNA splicing, via spliceosome 4.40E-16 3.751804 
GO:0000375 RNA splicing, via transesterification reaction 1.40E-15 3.494282 

GO:0000377 
RNA splicing, via transesterification reactions with 
bulged adenosine as nucleophile 1.40E-15 3.494282 

GO:1901360 organic cyclic compound metabolic process 2.00E-15 1.306369 
GO:0034641 cellular nitrogen compound metabolic pro... 2.50E-15 1.29286 
GO:0010629 negative regulation of gene expression 7.80E-15 2.207462 
GO:0097659 nucleic acid-templated transcription 5.20E-14 1.428671 
GO:0032774 RNA biosynthetic process 7.70E-14 1.424848 
GO:0019219 regulation of nucleobase-containing comp... 8.40E-14 1.427065 
GO:0006351 transcription, DNA-templated 1.10E-13 1.422693 
GO:0048519 negative regulation of biological proces... 1.20E-13 1.734052 
GO:0034654 nucleobase-containing compound biosynthe... 1.50E-13 1.396039 
GO:0044260 cellular macromolecule metabolic process 2.10E-13 1.231086 
GO:0051252 regulation of RNA metabolic process 2.40E-13 1.422206 
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Supplemental Table 2.4: GO terms enriched in IPD3 X Fungus downregulated genes 

Top 35 terms when ranked by lowest p-value 

GO term Annotation p 
value 

fold 
enrichment 

GO:0005975 carbohydrate metabolic process 3.50E-29 2.407516 
GO:0009225 nucleotide-sugar metabolic process 3.50E-29 9.185804 
GO:0071554 cell wall organization or biogenesis 5.20E-27 2.634772 
GO:0071555 cell wall organization 3.00E-23 2.813176 
GO:0055114 oxidation-reduction process 4.20E-23 1.961935 
GO:0006869 lipid transport 3.80E-22 4.605777 
GO:0045229 external encapsulating structure organiz... 2.40E-21 2.649304 
GO:0006091 generation of precursor metabolites and ... 3.60E-20 3.073699 
GO:0010876 lipid localization 4.40E-19 3.989182 
GO:0055086 nucleobase-containing small molecule met... 7.20E-19 2.909448 
GO:0042546 cell wall biogenesis 9.50E-18 3.423237 
GO:0006260 DNA replication 2.10E-17 4.149715 
GO:0044281 small molecule metabolic process 6.00E-17 1.737282 
GO:0006268 DNA unwinding involved in DNA replicatio... 6.70E-17 20.83333 
GO:0044262 cellular carbohydrate metabolic process 1.80E-16 2.65751 
GO:0005976 polysaccharide metabolic process 2.20E-15 2.547953 
GO:0006261 DNA-dependent DNA replication 6.20E-15 4.656863 
GO:0009768 photosynthesis, light harvesting in phot... 7.00E-15 11.84211 
GO:0044264 cellular polysaccharide metabolic proces... 5.40E-14 2.888889 
GO:0015979 photosynthesis 6.40E-14 3.103264 
GO:0009226 nucleotide-sugar biosynthetic process 1.00E-13 6.936416 
GO:0006270 DNA replication initiation 1.10E-13 10.28571 
GO:0006073 cellular glucan metabolic process 1.80E-13 3.137479 
GO:0044042 glucan metabolic process 1.80E-13 3.137479 
GO:0046686 response to cadmium ion 1.40E-12 2.442893 
GO:0010583 response to cyclopentenone 1.50E-12 7.722008 
GO:0071103 DNA conformation change 2.10E-12 3.873598 
GO:0032392 DNA geometric change 3.50E-12 10.06289 
GO:0032508 DNA duplex unwinding 3.50E-12 10.06289 
GO:0009765 photosynthesis, light harvesting 1.70E-11 6.802721 
GO:0010410 hemicellulose metabolic process 3.00E-11 4.183536 
GO:1901135 carbohydrate derivative metabolic proces... 3.20E-11 1.91114 
GO:0050896 response to stimulus 3.60E-11 1.246469 
GO:0006631 fatty acid metabolic process 5.00E-11 2.657343 
GO:0016051 carbohydrate biosynthetic process 8.60E-11 2.380952 
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Chapter 3: The mycorrhizal master regulator IPD3 retains transcriptional links to stress 

and defense in nonmycorrhizal Arabidopsis thaliana 

Abstract 

Arabidopsis thaliana naturally lacks arbuscular mycorrhizae (AM), a trait dating to the 

original colonization of land by plants. AM were evolutionarily lost from Brassicacea at their 

divergence from an AM ancestor ~66 million years ago. In addition to contributing nutrients, 

AM can confer resistance to pathogens and abiotic stress. In 15-25% of plant species, AM have 

been displaced by alternative symbioses, and in an estimated 5% of plant species, including 

Arabidopsis, AM loss occurs without replacement by another form of mycorrhizae. What would 

cause the loss of a trait considered beneficial is a question that extends from basic understanding 

of the microbiome’s role in plant biology, to prospects for improving agricultural practices and 

crop genetics. To explore this question, we expressed the symbiotic transcription factor 

Interacting Protein of DMI3 (IPD3) in Arabidopsis. IPD3 was lost in Arabidopsis and all other 

nonmycorrhizal plants along with the AM trait and is considered unique to a relatively narrow 

symbiotic function. Our results show that IPD3, in the form of its constitutively active DNA 

binding domain, induces a phenotypic and transcriptomic response in Arabidopsis, including 

regulation of genes related to defense, metabolism, and phenology. Cross-species comparison to 

wild type and ipd3 knockouts of the symbiosis model Lotus japonicus further highlights a role 

for stress-related gene regulation in AM host and nonhost plants. The observed effects in both 

species are partially independent of AM fungus treatment. This suggests that IPD3 has a set of 

functions beyond what is currently known for its role in symbiosis signaling, and that portions of 

this genetic network remain intact in nonmycorrhizal plants like Arabidopsis. Overlap with stress 

and defense functions may help explain the reasons for and consequences of AM trait loss. 
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3.1: Introduction 
 

As a member of the Brassicaceae, Arabidopsis thaliana naturally lacks arbuscular 

mycorrhizae (AM) (Cosme et al. 2018; Hohmann et al. 2015; Veiga et al. 2013). Only 5% of 

plants cannot form mycorrhizae of any kind, including the economically important families 

Amaranthaceae and Brassicaceae (Cosme et al. 2018; Smith and Read 2008). In AM, the plant 

provides fixed carbon to the fungus, and receives water, nitrogen, and phosphate in return (Rich 

et al. 2017; Oldroyd 2013). In addition to contributing nutrients, AM can also confer resistance 

to pathogens and abiotic stress (Ramírez-Flores et al. 2020; Aliyu et al. 2019; Begum et al. 2019; 

Ceballos et al. 2013). 

The AM host trait dates back to the original colonization of land by plants, and has 

accompanied diverse plant species throughout their evolutionary adaptations to a wide range of 

stresses and environments (Genre et al. 2020; Radhakrishnan et al. 2020; Delaux et al. 2013, 20). 

Structures similar to arbuscules can be observed even in nonvascular plants that lack true roots, 

and appear in early land plant fossils (Walder and van der Heijden 2015). The ancestral hosting 

trait has been independently lost from diverse plant lineages at least 50 times to produce species 

where AM are replaced by other forms of symbiosis, and completely nonmycorrhizal plants like 

Arabidopsis (Radhakrishnan et al. 2020; Bravo et al. 2016; Delaux et al. 2015; Smith and Read 

2008). A long-outstanding question is why and how a trait considered to be beneficial is so often 

lost. Solving this puzzle is important for basic understanding of symbiosis' role in plant biology, 

but also for improving agricultural practices and crop genetics. 

  Here, we express the symbiosis-essential transcription factor Interacting Protein of DMI3 

(IPD3) in Arabidopsis as a means of understanding AM loss. IPD3, which was lost in 

Arabidopsis along with the trait itself, belongs to the Common Symbiosis Pathway ('CSP') that 
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mediates AM-specific signal transduction (Radhakrishnan et al. 2020). Early signal binding 

initiates a cytoplasmic signal transduction pathway that ultimately results in calcium spiking in 

the nucleus. Doesn’t Make Infections 3 (DMI3) is activated by binding to the released calcium, 

upon which it phosphorylates IPD3, enabling DNA binding to downstream targets (Pimprikar et 

al. 2016; Oldroyd 2013). 

            Multiple other AM symbiosis genes are lost in Arabidopsis, including DMI3 

(Radhakrishnan et al. 2020). To overcome the likely requirement of IPD3 protein to be activated 

by phosphorylation, we test synthetic, constitutively active forms of the protein. As already 

shown in the literature, phosphomimetic IPD3 versions, in which serine phosphorylation sites at 

positions 50 and/or 154 are replaced with a residue bearing a high negative charge, provide 

constitutive transcription factor activity and upregulate downstream genes in the absence of 

upstream CSP members and in the absence of a fungal signal (Singh et al. 2014). The same is 

true of a minimal version of IPD3 in which the N-terminal protein domain containing the 

phosphorylation sites is simply removed, and the DNA-binding domain alone functions as a 

constitutively active form of the protein (Pimprikar et al. 2016; Singh et al. 2014). 

Mycorrhization is subject to an autoregulation system on the part of the plant, both within 

and beyond the CSP. Functional genetic work increasingly reveals that many genes acting in AM 

engage in cross-regulation of each other, and efforts to overexpress them in AM host plants may 

fail to achieve strong expression due to these persistent regulatory processes. The most 

significant contributor to autoregulation is the amount of macronutrients in the soil, particularly 

phosphate (J. Shi et al. 2021; Carbonnel and Gutjahr 2014; Nouri et al. 2014). Plants exposed to 

progressively higher levels of nutrients progressively decrease their AM colonization (Nouri et 

al. 2014). Recent work using yeast-1-hybrid studies has revealed in mechanistic detail that the 
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AM genetic program is in fact subordinated to the general plant phosphate sensing pathway at 

multiple points, where it is governed by the well-known PHR-SPX inducible transcription 

system (J. Shi et al. 2021). Mycorrhizal colonization and autoregulation also intersect with other 

plant processes via shared messenger molecules including mevalonate, calcium, and hormones 

(MacLean, Bravo, and Harrison 2017; Gobbato 2015; Venkateshwaran et al. 2012). The 

elaborate cross-regulation seen in AM genetics likely helps maintain a specificity of perception 

and response amidst this crowded field of shared functions and genetic components, however, it 

also hinders the investigation of individual gene functions. Re-expressing lost individual AM 

genes in the background of nonmycorrhizal plants where multiple other genes are still absent 

provides an escape from the regulation system of natural AM plants, and represents a unique 

approach to highlighting less-obvious functions and intersections with non-symbiosis-specific 

functions of these genes. 

  There is little precedent for what to expect from the expression of symbiosis genes in 

Arabidopsis. RAM2, a target of IPD3 regulation and one of the few AM-specific genes with a 

clearly characterized homolog in Arabidopsis (GPAT6) is a lipid biosynthesis gene that affects 

cuticle and seed coat composition when knocked out or overexpressed (E. Wang et al. 2012). In 

rice the signal-transducing kinase DMI3 which enables a highly specific response to AM fungus 

in the native context alters whole-plant abscisic acid signaling and ROS production unrelated to 

symbiosis when overexpressed, an effect which was also seen in transgenic overexpression of 

DMI3 in Arabidopsis (B. Shi et al. 2012, 2014; C. Yang et al. 2011). IPD3 retains the ability to 

form symbiotically relevant protein complexes with multiple Medicago truncatula DELLA 

proteins in Arabidopsis protoplast transient expression (Jin et al 2016). The work by Jin et al 
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(2016) is the only instance of IPD3 being expressed in a nonsymbiotic species to date, and was 

limited to BiFC confirmation of the selected complexes.  

IPD3 is distinct from other CSP genes in being a transcription factor that does not belong 

to a large gene family and which to date has no reported nonsymbiotic functions, and one of the 

most interesting prospective outcomes from the present study is revealing where gene-regulatory 

relationships from —or transcending— the AM symbiotic program may still exist in 

nonmycorrhizal Arabidopsis. In chapter 2 of this thesis, we identified potential interaction with 

defense, stress, and secondary metabolism in Camelina sativa as a result of expressing native 

IPD3. Here we expand on the prior results with addition of active protein versions, enhanced 

expression, and a new nonmycorrhizal species. 

3.2: Materials and methods 

Transgenic constructs 

All primers are available in Supplemental Table 3.1; plasmid maps are provided in 

Supplemental Folder 3.1. The coding sequence of Medicago truncatula IPD3 (Yano et al. 2008), 

(Genbank accession EF569224.1) was synthesized including restriction sites for BamHI (5') and 

SphI (3') (Integrated DNA Technologies, Research Triangle Park, NC) and assembled into 

pUC19 (Addgene plasmid #50005) using digestion of the plasmid and insert with the respective 

enzymes and ligation with T4 DNA ligase, followed by selection with carbenicillin (NEB, 

Ipswich, MA).  

S50D-IPD3, containing a phosphomimic point mutation resulting in substitution of serine 

with aspartic acid at position 50 as described by (Singh et al. 2014), was constructed as follows. 

A fragment containing the first 781 bases of IPD3, reaching to an internal PstI restriction site, 

was synthesized with addition of a 5' BamHI cloning site and the S50D mutation. This fragment 
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was cloned into the pUC19-MtIPD3 plasmid produced above using BamHI and PstI to replace 

the respective portion of the native sequence and produce pUC19-S50D-IPD3. 

Plant expression constructs were prepared in the pCAMBIA0380 (Genbank AF234290.1) 

backbone by Gibson assembly. All amplifications for Gibson assembly were carried out with 

Superfi Platinum II polymerase (Invitrogen, Waltham, MA), and assembly with the NEB Hi-Fi 

cloning kit (NEB, Ipswich, MA). All fragments were digested with DpnI to remove circular 

template DNA and gel-purified with the NEB Monarch DNA gel extraction kit prior to use 

(NEB, Ipswich, MA). Plasmids were purified from E. coli using Qiaprep Spin Miniprep or Zymo 

Midiprep kits and Sanger-sequenced for confirmation at each cloning step (Qiagen, Germany; 

Zymo, Irvine, CA). 

First, the 2X35S:mCherry marker sequence was amplified from pC-GW-mCherry 

(Genbank KP826771.1) (Dalal et al. 2015) with overlaps to the empty marker site of 

pCAMBIA0380 using primer pair 2, which was correspondingly linearized by PCR using primer 

pair 1 and assembled to produce pCAMBIA0380-mCherry (pC0380-MC).  

pC0380-MC was linearized at the multiple cloning site with primer pair 3 and assembled 

with a synthetic DNA fragment containing the 35S promoter, Nopaline Synthase terminator 

(tNOS), and Arabidopsis Heat Shock Protein terminator (tAtHSP), and appropriate overlaps to 

produce pC0380-MC-p35S::tNOS:tAtHSP. Then, the 2 kb Arabidopis Ubiquitin 10 promoter 

(pAtUBQ10) and terminator were amplified from Col-0 Arabidopsis genomic DNA using primer 

pair 4 as described in (Ivanov and Harrison 2014). pC0380-MC-p35S::tNOS:tAtHSP 

pCAMBIA0380-mCherry was correspondingly linearized by PCR with primer pair 5 with 

removal of p35S and added overlaps for pAtUBQ10, then assembled to produce pC0380-MC-

pAtUBQ10::tNOS:tAtHSP. The purpose of the tNOS:AtHSP double terminator was to increase 
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expression and the purpose of replacing p35S with pATUBQ10 was to provide a promoter with 

expression document in multiple root tissues as described by Nagaya et al and Ivanov and 

Harrison, respectively (Ivanov and Harrison 2014; Nagaya et al. 2010). 

MtIPD3 or S50D-IPD3 coding sequences were linearized from their relative pUC19 

plasmids by PCR with primer pair 6, and pCAMBIA0380-mCherry-pAtUBQ10::tNOS:tAtHSP 

was correspondingly linearized with primer pair 7 at the pAtUBQ10:tNOS junction. IPD3-Min 

was cloned by amplifying the N-terminal DNA-binding domain (aa 254-513) as described in 

Singh et al. (2014) from pUC19-MtIPD3 with addition of a 5' start codon and appropriate 

cloning overlaps using primer pair 8. All IPD3 fragments were then assembled to produce a plant 

expression construct for each version of the transgene, i.e. pCAMBIA0380-mCherry-

pAtUBQ10:Mt/Min/S50D-IPD3:tNOS:tAtHSP. 

Transgenic line generation 

Col-0 Arabidopsis were transformed by the direct-dip protocol as described by Davis et 

al. (2009). Briefly, Agrobacterium tumefaciens GV3101 was transformed with transgene 

constructs by electroporation, then grown on yeast extract-beef (YEB) medium with addition of 

kanamycin, rifampicin, and gentamicin (KGR) at 28C until colonies formed. Colonies were 

inoculated into 3 mL liquid YEB with addition of 2.5% sucrose (KGR-YEBS) and appropriate 

antibiotics and grown overnight with shaking at 28C. Colony PCR of IPD3 was performed on 

overnight cultures, and fragments were Sanger-sequenced to confirm transgene sequence before 

plant transformation. 1mL of overnight culture was then used to inoculate 500 mL KGR-YEBS 

and again grown overnight or until saturation, 8-16 hours. An additional 2.5% sucrose and 300 

uL/L Silwet L-277 (Phytotech Labs, Lenexa, KS) were added to bacterial cultures and 

Arabidopsis were dipped directly into this mixture; bacteria were not resuspended in 
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transformation buffer and vacuum was not used. Plants were kept covered in the dark for 24 

hours then returned to growing conditions; each plant was dipped 3 times, 4-6 days apart. 

T1 Arabidopsis seed were screened by mCherry fluorescence, and sequence of the 

transgene was confirmed in T1 seedlings by CTAB DNA extraction, PCR, and Sanger 

sequencing with primer pair 9 (Porebski, Bailey, and Baum 1997). RNA was extracted from leaf 

tissue using the Invitrogen Purelink RNA Mini kit (Invitrogen, Waltham, MA), treated with the 

Turbo DNA-free DNAse kit (Invitrogen, Waltham, MA) and screened for expression of the 

transgene by PCR of cDNA generated with the Takara EcoDry cDNA kit (Takara Bio, Japan). 

Lines were brought to homozygosity over 3 generations by fluorescent screening, and transgene 

sequence and RNA expression were confirmed in at least 3 individuals of each subsequent 

generation using primer pair 9 and/or 10. 

Protein analysis 

Protein was extracted from roots and shoots of 5-week-old seedlings grown on ½ MS 

medium in sterile conditions. Tissue was frozen in liquid nitrogen and kept frozen while 

thoroughly hand-grinding in a mortar and pestle. Extraction buffer consisting of 50 mM Tris-

HCL pH 8, 150 mM NaCl, .1 mM Brij-35, 1 mM EDTA, 2.5 mM DTT, 2% SDS w/v, 10% 

glycerol v/v, and 2% 2-mercaptoethanol v/v, and 1.5% Sigma plant protease inhibitor cocktail 

(Sigma-Aldrich, Burlington, MA) was added to the frozen tissue and allowed to freeze, then 

further ground until the mixture thawed. Samples were centrifuged at 4C for 10 minutes, and the 

supernatant was collected and used for further analysis. 

For Western blotting, protein lysate was diluted 1:1 in NuPage LDS sample buffer 

(Invitrogen, Waltham, MA) and heated at 95C for 10 minutes with an additional 2% v/v 2-

mercaptoethanol. 45 uL of sample was run on a Novex Wedgewell 12% Tris-Glycine 
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(Invitrogen, Waltham, MA) acrylamide gel in SDS running buffer for approximately 25 minutes 

at 225 mV. Protein was transferred to PVDF membranes using an iBlot dry transfer system 

(Thermo Fisher, Waltham, MA). Membranes were blocked in buffer consisting of Tris-buffered 

saline plus 2% BSA and 4uL/mL Tween-20 for 1 hour. Membranes were then incubated for at 

least 16 hours at 4C with 1:1000 dilution of custom rabbit anti-IPD3 peptide primary polyclonal 

antibody (Genscript, China) in blocking buffer. Membranes were washed 3 times in blocking 

buffer, then incubated at RT in TBS-T with 1:2,500 dilution of donkey anti-rabbit Alexa Fluor 

488-conjugated fluorescent secondary antibodies (Thermo Fisher, Waltham, MA) for 2-4 hours. 

Blots were imaged on a GelDoc SR (Bio-Rad, Hercules, CA). 

For targeted mass spectrometry, a protein gel was run as above. Bands were harvested for 

the ~10 kDa surrounding the expected size range, then submitted for extraction and sequencing 

courtesy of Dr. Manuel Kleiner and Simina Vintila, NC State University. For shotgun 

proteomics, 5 tissue samples per line and tissue type were extracted in SDT buffer and prepared 

as described in Wiśniewski et al. (2009) before running on LC-MS/MS. Mass spectra were 

searched against a database of A. thaliana proteins and potential contaminants obtained from 

Uniprot using the SEQUEST HT algorithm executed in Proteome Discoverer. Protein abundance 

was quantified as normalized spectral abundance factor (NSAF) according to the length of the 

reference sequence and abundance relative to the total proteome. Significance was determined by 

pairwise Welch's t-test. 

Growth phenotyping 

Plants were grown in the NCSU phytotron under long day conditions in 8 oz pots filled 

with SunGro propagation mix (Sungro, Agawam, MA). Pots were hand-watered with deionized 

water and were not fertilized. Plants were censused daily for onset of bolting, onset of flowering, 
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and duration of seeding. Mature plants were dried for 1 week, then seeds were manually 

harvested and hand-cleaned to remove chaff before weighing.  

Anthocyanin extraction 

To extract anthocyanins, roots of soil-grown plants were briefly washed, then frozen with 

liquid nitrogen and hand-ground. 600 uL of pure methanol, 60% methanol/water v/v + 1% HCl, 

or 80% acetone was added to ~100 mg of ground tissue and further ground with a plastic pestle 

in a 1.7 mL microtube, then centrifuged for 10 minutes at 16,000 x g, and supernatant harvested. 

Growth for fungus exposure and transcriptomics 

Plants were grown on sterile petri dishes containing 50 mL of either 1/2MS or low-

nutrient MS (LN) media. LN media was modified to contain 4 uM phosphate and .3 mM N (in 

the form of nitrate and ammonium) (vs 600 uM phosphate and 30 mM N in ½ MS) (Murashige 

and Skoog 1962). 5 sterilized seeds were planted per plate. Plants were separated from growing 

medium by a 30 uM nylon mesh (Genesee, Research Triangle Park, NC) to prevent roots from 

growing into the media. Plates were covered with black cardboard sleeves to prevent light 

exposure of roots, and held at a 60 degree angle during growth in a growth chamber under long-

day conditions (16 hours light/8 hours dark). Lotus seeds were treated identically to Arabidopsis 

with the exception of being manually scarified on 300-grit sandpaper prior to sterilization. 

For fungus inoculation, 500 uL of inoculum containing ~200 aseptic R. irregularis spores 

(Premier Tech, Canada) that were germinated at 26C for 1 week prior to use was pipetted onto 

the roots of each plant. Control plants were sham-inoculated with water. Plants were allowed to 

sit horizontally for 2 hours after inoculation, then returned to the growth chamber. Plants were 

collected between 4 and 6 hours from the start of the light period, and roots were immediately 
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frozen in liquid nitrogen. Each replicate consisted of the pooled roots of 5 seedlings from the 

same plate. 

RNA was extracted using the Invitrogen Purelink RNA Mini kit (Invitrogen, Waltham, 

MA) and treated with the Turbo DNA-free DNAse kit (Invitrogen, Waltham, MA), then sent for 

sequencing by BGI Group (China). RNA libraries were prepared from total RNA at BGI using a 

poly-A enrichment and strand-specific mRNA preparation method and then sequenced on the 

DNBSEQ sequencing platform to obtain 100 bp paired-end reads. Raw reads were filtered for 

adaptor contamination and low-quality sequences using SOAPnuke (Y. Chen et al. 2018) and 

remaining sequences were evaluated using FASTQC (Andrews 2010) to ensure only high-quality 

read pairs (Q>30) were used for downstream analysis. After quality filtering, ~27-30M read pairs 

were retained for each replicate.  

Read alignment was performed using BBSplit, an aligner designed for metagenomics 

within the BBTools bioinformatics toolkit (Bushnell 2014), in order to align three reference 

genomes simultaneously. Reference genomes used for alignment included the latest TAIR 

assembly for Arabidopsis (GCA_000001735.1), the Joint Genomics Institute genome assembly 

for R. irregularis (GCA_000439145.3), and a synthetic reference genome containing the T-DNA 

sequence as well as the mCherry selection marker and AtUBQ10 and 2X35S promoter sequences. 

Reads were assigned to one of three reference genomes based on the best alignment score and 

ambiguous reads were discarded. Reads that aligned to an annotated feature in the genome were 

summarized using featureCounts (Liao, Smyth, and Shi 2014). Genes with zero counts or with 

overall low abundance in all samples (<10 read counts) were subsequently filtered prior to 

downstream analysis. 
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Differential expression analysis was performed in R using the edgeR package (Liao, 

Smyth, and Shi 2014; Robinson, McCarthy, and Smyth 2010). The estimateGLMCommonDisp 

function was used to test for differential expression among pairwise treatment groups and 

significance was evaluated based on the Benjamini-Hochberg adjusted p-value (threshold of 

FDR<0.05). Gene Ontology enrichment analysis was performed with PANTHER (Mi et al. 

2013). 

3.3: Results 

3.3.1: Generation of transgenic lines 

Four to seven independent transgenic lines of Arabidopsis for each of the 3 versions of 

Medicago truncatula IPD3 were generated: MtIPD3, the coding sequence as found in Medicago; 

S50D-IPD3, containing a phosphomimic point mutation resulting in constitutive protein 

activation; and IPD3-Min, containing only the N-terminal DNA-binding domain (aa 254-513 or 

MtIPD3) with constitutive gene regulatory activity as reported in the literature (Pimprikar et al. 

2016; Singh et al. 2014). All transgenes were expressed under control of the Arabidopsis 

Ubiquitin 10 promoter (pAtUBQ10) alongside p35S:mCherry fluorescent marker protein (Ivanov 

and Harrison 2014; Grefen et al. 2010). Identity of the transgene was successfully confirmed by 

PCR and Sanger sequencing and all lines were brought to homozygosity by the third generation 

via screening of the fluorescent marker. 

RT-PCR of RNA extracted from leaf tissue of individuals from T1 to T3 confirmed 

expression of the transgene in every generation (Figure 3.1A). However, Western blot analysis 

for the three transgenes in roots and shoots of T3 homozygous individuals showed expression at 

the protein level only for IPD3-min (Figure 3.1B). To confirm the identity of the IPD3-Min 

protein and to screen for potentially undetected protein products of the other constructs, targeted 
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and shotgun mass spectrometry (MS) protein sequencing was performed on gel sections (n=1) 

and whole lysate, respectively (n=5). MS analysis confirmed the results of the blot, indicating 

that MtIPD3 and S50D-IPD3 are either not expressed as protein at a detectable level or not 

effectively extracted under our methods (Figure 3.1C). Consequently, we focused on 

characterizing IPD3-min lines. 

3.3.2: Phenotype of IPD3-Min transgenic Arabidopsis 

To evaluate whether IPD3-Min alters general growth traits, we monitored growth of T3 

transgenic plants in unfertilized soil under long-day conditions (16/8-hours of light and 21/18℃ 

day/night). All 5 transgenic IPD3-Min lines were significantly slower to initiate the transition to 

flowering than wildtype, measured as days to onset of bolting and compared by ANOVA and 

Fisher’s least significant difference pairwise test, p<0.05, n=15 (Figure 3.2). Line 303 was 

significantly slower to flower than wild type, but significantly faster to flower than the other 4 

transgenic lines and did not differ from the null segregant control. All transgenic lines other than 

303 were significantly slower to flower than the null segregant control. However, the difference 

compared to the null segregant was smaller than compared to the wild type, and the null 

segregant itself was significantly slower to flower than the wild type (Figure 3.2).   

Many transgenic plants had roots that were obviously red in color, ranging from very bright red 

to faint pink. We noted that line 303, which as described above lacked a difference in flowering 

time from the null segregant, also lacked red roots in any individual (Figure 3.2). We also 

compared roots of IPD3-Min plants to lines carrying other IPD3 constructs, and found that red 

roots also occurred in MtIPD3 and S50D-IPD3 lines, but were more common in IPD3-Min lines 

and had more intense coloration (color was scored 1-5 by eye but not otherwise quantified; see 

Figure 3.4, Supplemental Figure 3.1, Supplemental File 3.2, and related discussion).   
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Figure 3.1: Validation of RNA and protein expression in homozygous transgenic lines for 3 
different IPD3 constructs. (A) RT-PCR showing expression of IPD3 in T3 leaf tissue. (B) 
Western blot showing protein expression of IPD3-min (arrows) but not MtIPD3 or S50D-IPD3 in 
shoot and root tissue. +C is a ~39.98 kDA truncated IPD3 peptide used to generate the primary 
antibody used; expected size differs from IPD3-Min (29.19 kDa) and Mt/S50D-IPD3 (57.98 kDa). 
Some spurious bands are revealed on Mt/S50D-IPD3 blots due to long exposure time. (C) 
Quantitative detection of IPD3 by shotgun proteomics. IPD3-Min was detected at normalized 
spectral abundance factor (NSAF) 0.04-.0.05, while MtIPD3 and S50D-IPD3 were not detected. 
Difference was significant at q<<.05. *line 322.5 showed loss of marker fluorescence though 
S50D-IPD3 transcripts remained detectable; replaced with line 322.2. 
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Figure 3.2: Flowering and root phenotype of IPD3-Min transgenic plants. (A) Transgenic lines 
with the exception of line 303 are slower to bolt than both wild type and null segregant controls. 
(B) Wild type and transgenic plants 6 weeks after planting; transgenic lines with the exception of 
line 303 also have red roots. 
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Although IPD3-Min plants appeared visually smaller at maturity than both the wildtype 

and a null segregant control, we did not detect a statistically significant difference in yield when 

total seed weight for transgenic lines was compared to controls over 3 repetitions of the 

experiment (Tukey’s Honestly Significant Difference, n=9-15 per repetition, p=0.05) (Figure 3.3, 

Figure 3.4, Supplemental Table 3.2). Branching was measured in the second repetition of the 

experiment; lines 308 and 312, but no other lines, had significantly fewer rosette branches than 

both controls (p<0.05, n=12) (Figure 3.4). Shoot branch number did not significantly differ 

across any lines. 

 

 

Figure 3.3: Comparison of seed yield for IPD3-Min transgenic lines and controls. Seed yield 
did not significantly vary across any lines, including all replicates over 3 repetitions of the 
experiment and accounting for block effects (Tukey’s HSD, p=.05).  
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Figure 3.4: Phenotype at maturity of IPD3-Min transgenic lines and controls. Transgenic lines have a distinctive smaller 
appearance; red dashed line in each image corresponds to 30 cm height. Rosette branch number was significantly lower than wild type 
for transgenic lines 308 and 312, but no other comparisons were significant (Tukey’s HSD, p<0.05). 

Line average 
branches

diff.
vs 303

diff.
vs 308

diff.
vs 310

diff.
vs 312

303 3
308 1 2,

P=0.09
310 2.33 0.67,

P=0.91
1.33,
P=0.42

312 1.33 1.67,
P=0.21

0.33,
P=0.99

1, 
P=0.69

WT 3.78 0.78, 
P=0.85

2.78, 
P=0.01

1.44, 
P=0.34

2.44, 
P=0.022
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To investigate the cause of the red roots observed in transgenic lines, we attempted to 

extract anthocyanins using a typical solvent of acidified methanol (MetOH-HCl) (Silva et al. 

2017). However, the red pigment in our samples was neither extracted nor stable in this buffer; 

instead, it appeared to be rapidly degraded in situ immediately upon exposure to MetOH-HCl. 

The pigment was also not extracted from tissue with neutral methanol or acetone-tris buffer used 

for carotenoid extraction. In these buffers the red pigment remained bound to the tissue, and 

appeared stable indefinitely; this constituted a reverse pattern to that observed for control 

anthocyanins from radish, which were extracted and stable in MetOH-HCL, while extracted but 

rapidly degraded in the latter two buffers (Figure 3.5A). Spectrophotometry confirmed visual 

observations, and we did not identify the metabolite (Figure 3.5B). 
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Figure 3.5: Attempts to extract red pigments from IPD3-Min transgenic roots using anthocyanin- and carotenoid-compatible 
solvents. (A) Radish skin anthocyanins used as control are unstable in 80% methanol or acetone-tris buffer, degrading within minutes 
to hours, while red color in tissue of IPD3-Min Arabidopsis is stable in both buffers indefinitely but not extracted from pellet. Radish 
anthocyanins are stable in 60% methanol + 1% HCl, while the red pigment in IPD3 Arabidopsis degrades within minutes. (B) 
Absorbance spectrum of purified methanol-HCL extract of IPD3-Min and wildtype Arabidopsis roots. No absorbance peaks for 
Arabidopsis roots are detected in the range of radish anthocyanin controls, or anywhere else in the spectrum.
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3.3.3: The genetic impact of IPD3-Min in Arabidopsis revealed through transcriptomics 

To evaluate both the genetic activity of IPD3-Min in Arabidopsis and its effect on 

interaction with AM fungus, we performed transcriptome analysis of root tissue across 2 

independent transgenic lines and wild type, with and without AM fungus inoculation, and under 

high and low nutrient conditions. All transcriptomic work used roots from five-week-old plants, 

and AM treatment consisted of 48 hours of coculture with germinated R. irregularis spores, n=3 

or 4 plants per group. 

Principal component analysis of all samples shows strong clustering by transgene and 

nutrient treatment, while clustering by AM treatment is not clear (Figure 3.6). Sequencing results 

show that average IPD3-Min expression in transgenic line 308 is 3.96 times higher than in line 

310, and mCherry marker gene expression is 1.64 times higher (Figure 3.7).  

 

 

Figure 3.6: Principal component analysis of transcriptome data for all samples. Samples 
cluster by nutrient treatment along principal component 1 and by genotype along principal 
component 2. 
 
 



 180 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Expression of IPD3-Min and mCherry transgenes. IPD3-Min expression is ~4X 
higher on average in line 308 than line 310, and marker gene mCherry expression is ~1.6X 
higher. 
 

Core transcriptional effect of IPD3-Min in Arabidopsis 

The effect of IPD3-Min was examined in 5 distinct treatment groups that differed from 

their respective controls only in the presence of the transgene: lines 308 and 310 with and 

without fungus on ½ MS media (4 groups), and line 308 with AM fungus on low nutrient media: 

Eight genes were differentially regulated by IPD3 in all of these treatment groups (Figure 3.8). 

Five of these genes related to defense functions mediated by abscisic and salicylic acid including 

CYP76C2, CSAP, UBQ10, and two ankyrin membrane proteins (Table 3.1). Notably, the 

transgene in these lines uses the AtUBQ10 promoter, suggesting potential for coincidental 

crosstalk. Functions of the other 3 genes were auxin synthesis (TAR1), abiotic stress tolerance 

(LEA4-5), and photoperiod control of flowering time (FKF1) (Table 3.1). 
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Figure 3.8: Shared and unique differential expression in IPD3-Min transgenics vs. wild type 
in 5 different treatment groups. IPD3-Min’s effect was evaluated in the 2 independent transgenic 
lines 308 and 310 under high nutrient treatment with and without exposure to AM fungus, and in 
transgenic line 308 under low nutrient treatment with AM fungus. Arrows are color-coded to Venn 
diagram category. 8 genes were shared across all 5 contrasts in these varying lines and conditions.  
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Table 3.1: Genes always regulated by IPD3-Min expression. Fold change reported is relative 
to respective WT controls, averaged across all contrasts shown in Figure 3.8. 
Transcript Avg. fold change Description 
AT1G23320.1 39.18 Tryptophan Aminotransferase Related 1 (TAR1), executes 

auxin biosynthesis and involved in hormone homeostasis 
AT2G45570.1 33.74 Cytochrome P450 family 76 subfamily C polypeptide 2 

(CYP76C2), expressed during the pathogen hypersensitive 
response and other programmed cell death processes; 
induced by ABA 

AT5G39520.1 7.40 Chloroplast-localized Senescence-Associated Protein 
(CSAP), affects ABA mediated leaf senescence and is 
responsive to viral infection 

AT4G05320.4 5.44 Polyubiquitin 10 (UBQ10) mediating protein degradation; 
may be induced by salicylic acid and function in defense. 
The transgene used this gene’s promoter. 

AT5G06760.1 5.21 Late Embryogenesis Abundant 4-5 (LEA4-5), protects 
against osmotic and cold stress 

AT1G68050.1 0.36 Flavin-binding Kelch repeat F box 1 (FKF1), interacts 
with flowering time control via the Flowering Locus T – 
CONSTANS regulatory module 

AT3G13950.1 2.61 Ankyrin repeat protein associated with cell membrane and 
functioning in salicylic acid-mediated response to 
pathogens and abiotic stress 

AT5G51160.1 1.85 Ankyrin repeat protein associated with cell membrane and 
functioning in defense 

 

As shown in Figure 3.7, the two transgenic lines used for transcriptomics differ in 

expression of the transgene. The line with lower transgene expression, IPD3-min line 310, has 

many fewer DEGs relative to wildtype than the line with ~4X higher expression (IPD3-min line 

308) under all conditions (Figure 3.6). Line 310 also has an intermediate phenotype in regards to 

root color (Figure 3.2) and on the transcriptome PCA (Figure 3.6) is positioned intermediate to 

line 308 and wildtype along the principal component corresponding to transgene expression. 

Thus while we take note of evidence from both lines where available, we considered line 308 to 

represent a greater effect of IPD3 due to increased expression, and focused on this line for future 

comparisons. 
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Next, we dissected the interaction of transgene expression and AM fungus inoculation by 

cross-comparing 4 treatment groups as shown in Figure 3.9.  

Effect of IPD3-Min expression without nutrient limitation or AM fungus treatment 

To determine the effect of the transgene in isolation from nutrient or fungus treatments, 

we considered DEGs of transgenic plants grown on ½ MS without fungus treatment. Gene 

ontology analysis of the 707 DEGs in transgenic line 308 vs wildtype (Figure 3.9, contrast A) 

shows enrichment for defense response to pathogens, systemic acquired resistance (SAR) and 

related hormone signaling, response to water stress, and sucrose transport as shown in Table 3.2. 

Twenty-five DEGs are shared by line 310 as well as line 308 in this treatment, including 

the 8 DEGs shared by all treatment groups (Figure 3.8, red and blue groups). These include an 

expanded complement of genes related to the defense, dehydration, and abscisic acid response as 

well as the notable additions of the RHA1B chitin-responsive ubiquitin ligase, which is 

downregulated, and DEVIL4 / ROTFL17, a small mobile polypeptide of a family involved in 

nodule organogenesis in legumes. This gene set likely represents the most durable targets of 

IPD3-Min expression in the absence of AM fungus. 

Effect of IPD3-Min expression on response to AM fungus 

As the baseline response of Arabidopsis to AM fungus exposure, we identified 497 DEGs 

resulting from fungus treatment of Col-0 wildtype plants on ½ MS (Figure 3.9, contrast B). GO 

enrichment terms for the effect of AM fungus on wildtype plants shows notable similarity to GO 

results for expression of IPD3-Min in the absence of AM fungus. In both cases, terms for 

osmotic stress, defense response to fungus and bacteria, and response to lipids are enriched 

(Table 3.2). Some additional shared terms related to general stress response are omitted for 

brevity, including for ROS response and hormone metabolism (Supplemental File 3.3) 
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Figure 3.9: Differential expression contrasts and comparisons used to dissect overlap and 
interaction of IPD3-Min expression with AM fungus treatment. Arrows for contrasts A-D are 
color-coded to match the Venn diagram below showing overlap in their DEGs. (A) IPD3-Min 
expressed in line 308 in the absence of AM fungus induces 707 DEGs. (B) AM treatment of wild 
type Arabidopsis induces 497 DEGs. (C) IPD3-Min line 308 differentially regulates 977 genes 
relative to wild type when both are treated with AM fungus. (D) AM treatment of IPD3-Min line 
308 results in only 11 DEGs relative to expression of IPD3-Min in the same line without fungus 
treatment. There is overlap between each pairing of contrast A-C, and contrast D contains only 
genes differentially regulated in at least one other contrast. (E) 6,775 genes are differentially 
regulated in AM-treated wild type Arabidopsis on low-nutrient medium relative to AM-treated 
wild type on high nutrient medium. (F) 4,859 genes are differentially regulated in AM-treated 
IPD3-Min transgenic line 308 on low-nutrient medium relative to AM-treated IPD3-Min 
transgenic line 308 on high-nutrient medium. 
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In addition to the overlap in GO terms, 83 of the 497 (17%) specific DEGs resulting from 

AM treatment of wildtype plants (Figure 3.9, contrast B) are also differentially regulated by 

expression of IPD3 in the absence of AM fungus (Figure 3.9, contrast A), and all but 6 of these 

shared DEGs are regulated in the same direction by IPD3-Min and by AM treatment 

(Supplemental File 3.4). While the overlap in AM treatment of wildtype (in the absence of IPD3-

Table 3.2: Selected gene ontology (GO) enriched terms and example genes. ‘Term’ is 
most-specific enriched GO term within a hierarchical grouping; ‘-AM, +/- IPD3M’ shows 
enrichment of GO term for DEGs from expression of IPD3-Min in line 308 (without AM 
treatment) (fig. 3.9 contrast A). ‘-IPD3M, +/-AM’ shows enrichment of GO term for DEGs 
from AM treatment of wild type Arabidopsis (fig. 3.9 contrast B). ‘Hierarchical categories…’ 
shows less-specific GO terms within which the term at left is nested and are also significantly 
enriched in DEGs of contrast A, ordered most→least specific. 
Term -AM, +/- 

IPD3M 
-IPD3M, 
+/-AM 

Hierarchical categories also 
enriched in line 308 
 

Notable genes and 
direction of DE in line 
308 

defense 
response to 
fungus 

Yes Yes response to fungus DMR6↓ WAK1↓ MES7↑ 
MLO12↓ RPP4↓ 
 

defense 
response to 
bacterium 

Yes Yes response to bacterium PMAT2↓ NPF4.3↓ DMR6↓ 
DREB1C↑ 

systemic 
acquired 
resistance 

Yes No defense response to organism; 
response to organism; interspecies 
interaction; resp. external biotic 
stimulus; resp. biotic stimulus 

MES7↑ PR5↓ CRK9↓ 

response to 
jasmonic 
acid 

Yes No response to fatty acid; response to 
hormone; response to endogenous 
stimulus 

AT4G14090.1 anthocyanin  
5-O UGT↓ UGT79B1↓ 
UGT75C1↓ *PAP1↓  *not 
tagged with jasmonic acid GO 
term but related to 
anthocyanins 

response to 
osmotic 
stress 

Yes Yes response to abiotic stimulus CBF2↑ HSP17.81↓ HVA22D↑ 
HKT1↓ UMAMIT10↑ 
DREB19↑ ROSY1↑ 

sucrose 
transport 

Yes No disaccharide transport; 
oligosaccharide transport 

SUC5↑ SDX1↑ SUC1↓ STP4↓ 
exporters upregulated; 
symporters downregulated 

response to 
lipid 

Yes Yes response to organic substance HVA22D↑ ABR1↑ LEC↓ 
XERO1↑ 

suberin 
biosynthesis 

No Yes* phenylpropanoid biosynthetic 
process; secondary metabolite 
biosynthesis 

GPAT5↑ ABCG6↑ ABCG20↑ 
CYP86A1↑ MYB92↓ 

  *GO hierarchy and DEGs in this row are drawn from the WT +/-AM contrast rather 
than the +/- IPD3 contrast 
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Min) and IPD3-Min expression (in the absence of AM treatment) is notable, GO analysis for 

AMF-treated wildtype plants (contrast B) showed additional enrichment for genes related to 

suberin metabolism and did not show enrichment of genes related to SAR or sucrose treatment as 

seen in expression of IPD3-Min without AMF treatment (contrast A).  

Contrast of IPD3-Min line 308 to wildtype under AM treatment results in 977 DEGs 

(Figure 3.9, contrast C). We compared this DEG set to AMF treatment of wildtype plants 

(contrast B). This cross-comparison requires careful framing: as shown in Figure 3.9, contrast C 

uses as its control the same samples that are the experimental group in contrast B. DEGs unique 

to contrast C represent those where a genetic response to AM inoculation is contingent on IPD3-

Min expression. If a gene is differentially regulated by AM treatment in both the wildtype and 

transgenic, and in a manner that is statistically indistinguishable, it will appear in contrast B but 

not contrast C. DEGs shared by contrast C and contrast B suggest that the same gene responds 

differently to AMF in the transgenic than in the wild type—either by regulation in the opposite 

direction, or in the same direction but to a greater extent. 

103 DEGs are shared between contrast C and contrast B. In the majority (89) of these 

genes, AMF-responsive expression mediated by IPD3 (contrast C) is opposite to the direction 

induced by AMF treatment of the wildtype (contrast B). The other 14 genes are all members of 

the set also shared with contrast A, where exposure to AMF is apparently multiplicative with 

expression of IPD3-Min in isolation. This suggests that while mimicking the effect of AM 

exposure for one gene set as shown by overlap of contrasts A and B, IPD3-Min also counteracts 

or suppresses the natural response of a second set of Arabidopsis genes to AM fungus. GO 

analysis provides no functional enrichment for this gene set. 
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563 DEGs of contrast C are not shared with contrasts A or B (Figure 3.9); we considered 

these genes to represent the transcriptional response to AM treatment that is contingent on 

expression of IPD3-Min. GO analysis suggests these DEGs are essentially an expansion of 

functions independently observed in contrasts A and B: similar defense-related terms to those 

identified in Table 3.2, including response to fungus, bacterium, and osmotic stress and 

jasmonic, salicylic, and abscisic acid signaling are enriched. Notable DEGs found only in 

contrast C  include strong downregulation of anthocyanin biosynthesis and transport genes DFR, 

5MAT, and TT19, downregulation of sucrose exporter SWEET12 and upregulation of exporter 

SWEET15 and Alkaline/Neutral Invertase D (Supplemental Files 3.3 and 3.4). 

As shown in Figure 3.9 contrast D, AM treatment of transgenic line 308 results in only 11 

DEGs. Although overall DEG numbers are smaller for all contrasts in line 310, a similar pattern 

is observed in that line, with far fewer (5) DEGs for the response to AM fungus in the transgenic 

than any other contrast (Supplemental File 3.4).  

Effect of low nutrient conditions 

Contrasts E and F (Figure 3.9) capture the effect of low nutrient conditions on wildtype 

and transgenic AM-inoculated plants. In accordance with the large separation of nutrient 

treatment groups along the first principal component (Figure 3.6), these contrasts produced 6,775 

and 4,859 DEGs respectively. Both DEG sets were enriched for terms related to phosphate 

starvation, glucosinolate biosynthesis, osmotic and pathogen stress (and related hormone 

signaling), noncoding RNA processing, and root morphogenesis (Supplemental Files 3.3 and 

3.4). GO terms for contrast F (IPD3-Min transgenic) were additionally enriched for nitrate 

transport and trichoblast differentiation.   
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3.3.4: Cross-species patterns in IPD3- and AMF-responsive gene regulation 

 To compare the effect of IPD3-Min in Arabidopsis to an AM host system, we conducted 

a parallel experiment in Lotus japonicus including the AM-hosting wild type Gifu and the 

symbiosis-deficient ipd3 mutant cyclops-4 (cyc4) (LjCYCLOPS is the homolog of MtIPD3). cyc4 

results in an early stop codon that eliminates ~80% of the protein, including the entire DNA-

binding domain (Primprikar et al 2016, Yano et al 2008). In the context of this experiment we 

considered the cyc4 mutant to represent a Lotus -IPD3 genotype matching the -IPD3 genotype of 

wild type Col-0 Arabidopsis. We considered wild type Gifu Lotus to represent a +IPD3 genotype 

matching IPD3-Min transgenic Arabidopsis. A key limit to cross-species comparability of the 

+IPD3 genotypes is that IPD3-Min in transgenic Arabidopsis is expected to be constitutively 

active in DNA binding activity, while DNA binding by the native LjCYCLOPS in Lotus is 

expected to require canonically described AMF-dependent activation. Lotus experiments were 

conducted only on ½ MS media. 

 Figure 3.10 shows the structure and outcome of Lotus DEG contrasts paralleling 

Arabidopsis experiments. As expected, knockout of IPD3 in Lotus corresponds to a large 

reduction in the differential transcriptional response to AMF treatment observed in wild type 

plants (Figure 3.10A, contrasts I&K). To detect candidate genes that are part of the normal Lotus 

AMF response but independent of IPD3, we compared these two DEG sets (Figure 3.10C). Only 

3 DEGs are shared in the AMF response of cyc4 and Gifu Lotus: Lj1g0209300.1 (homolog of 

OBF Binding Protein 4 (LjOBP4)); Lj2g0329400.1 (homolog of Cinnamyl Alcohol 

Dehydrogenase 8 (LjCAD8)); and Lj5g0253700.1 (homolog of Binding to TOMV RNA 1 

(LjBTR1)). All of these genes are regulated in the same direction and at similar scale in both 

contrasts, suggesting they are governed by an IPD3-independent mechanism (Figure 3.10C).  
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Figure 3.10: Cross-species transcriptomic effect of IPD3 manipulation. (A & B) Experimental 
structure of contrasts in Lotus and Arabidopsis, performed on 1/2MS medium. (C) Prospective 
IPD3-independent, AMF responsive genes from the overlap of contrasts I & J. (D) DEGs shared 
in the AMF response of +IPD3 Gifu Lotus and both Arabidopsis genotypes. (E) DEGs shared in 
the IPD3 response without AMF inoculation across species. 
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To determine whether these potentially IPD3-independent AMF-responsive genes are 

shared by naturally nonmycorrhizal Arabidopsis, or whether IPD3-Min overexpression induces 

expression of Arabidopsis homologs of IPD3-dependent, AMF-responsive Lotus genes, we 

compared contrasts B, D, I, and K. These contained the AMF-induced genes of - and 

+IPD3[Min] genotypes of both species. 14 DEGs are shared by +IPD3 Gifu Lotus and -IPD3 

Col-0 Arabidopsis (Figure 3.10D). No DEGs were shared by either Lotus genotype with +IPD3-

Min 308 Arabidopsis, and a single DEG, OBP4, was shared by -IPD3 cyc4 Lotus with -IPD3 

Col-0 Arabidopsis. 4 of the 14 shared genes, including OBP4, are regulated in opposite 

directions in Lotus and Arabidopsis. We considered these genes as candidates mediating the 

nonsymbiotic response of -IPD3 Arabidopsis to AMF. They include BCB, a lignin biosynthesis 

gene involved in cell wall-mediated immunity; CSLG1, potentially involved in glycosylation of 

secondary metabolites; and WRKY22, which acts in pathogen immunity, and VQ24, involved in 

the calcium-mediated defense response and which may interact with WRKY proteins. 

Next, we compared Lotus and Arabidopsis contrasts for the effect of IPD3 [Min] 

expression in the absence of AMF stimulus. 11 DEGs are shared across the contrasts of Lotus     

-IPD3 cyc4 vs +IPD3 Gifu and Arabidopsis +IPD3-Min vs -IPD3 Col-0 (figure 3.10E). Cross-

species interpretation of direction of differential expression in these contrasts must take into 

account that in Arabidopsis the -IPD3 wild type is used as the control and in Lotus the +IPD3 

wild type is used as the control. Consequently, we considered positive differential expression of 

a gene in response to IPD3-Min overexpression in Arabidopsis, and negative differential 

expression in response to IPD3 deletion in Lotus to both represent candidates for IPD3-driven 

upregulation, and vice versa in regards to downregulation. 9 genes are downregulated in +IPD3-

Min OX308 Arabidopsis and upregulated in -IPD3 cyc4 Lotus, representing prospective negative 
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regulatory targets of IPD3. Within these 9, 7 DEGs are also downregulated in the contrast of 

+IPD3-Min OX308 vs. -IPD3 Col-0 under AMF treatment; comprising the set of genes 

regulated by IPD3 across species and independently of AMF treatment. These genes included 

HIS1-3, which regulates drought and salt stress-related transcription; UNICORN-LIKE, a growth 

regulator; and LRL1, a deeply conserved regulator of root hair morphogenesis. One gene, ASMT, 

involved in stress-related melaton and serotonin biosynthesis, is upregulated in Arabidopsis and 

downregulated in Lotus. One gene, LEA4-5, is upregulated in both the Arabidopsis and Lotus 

contrasts, indicating conflicting effects of IPD3 in the different species contexts.  

 Unexpectedly, IPD3 knockout in Lotus results in a large number of DEGs in plants not 

inoculated with AMF (Figure 3.10A, contrast H). 136 DEGs resulting from AMF treatment of 

+IPD3 Gifu plants in contrast K are also found in contrast H, where they result solely from 

knockout of IPD3 sans AMF treatment. 135 of these shared genes are regulated in the same 

direction in both contrasts, accounting for 40% of DEGs in contrast H and 29% of DEGs in 

contrast K. Thus, although the positive gene-regulatory role of IPD3 is known to be essential for 

normal AM function, its deletion appears to partially replicate the AM response under the 

conditions of this experiment. This is consistent with PCA of Lotus samples, in which AMF-

treated and -untreated samples of cyc4 plants are separated from AMF-untreated Gifu plants 

along the first principal component, but from neither each other nor the AMF-treated Gifu plants 

(Figure 3.11). The fact that many genes in cyc4 plants are already in an AMF-treatment-like 

transcriptional state prior to treatment is also consistent with the lower number of DEGs in the 

contrast of +IPD3 and -IPD3 genotypes when treated with AMF than when untreated (Figure 

3.10A, contrasts H and J). 
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Figure 3.11: Principal Component Analysis of Lotus with and without intact IPD3. Wild 
type plants (+IPD3 Gifu) cluster according to AMF treatment along the first principal 
component. Mutant plants (-IPD3 cyc4) do not clearly separate along this axis. 
 
 An unexpected pattern of inverse effects of IPD3 in the two test species is present in 

regard to the comparative effect of AMF treatment in + and – IPD3 genotypes. In Lotus, 

knockout of IPD3 in the -IPD3 cyc4 genotype causes loss of most of the differential gene 

expression observed in response to AMF treatment in +IPD3 Gifu plants. In Arabidopsis, 

insertion of IPD3-Min causes loss of most differential gene expression in response to AMF 

(Figure 3.10A & B). As described in detail above, this effect is in part because IPD3 knockout 

and insertion, respectively, in Lotus and Arabidopsis result in induction of AMF-treatment-like 

transcription for large groups of genes. In Arabidopsis, IPD3-Min expression also fully or 

partially counteracts differential transcription of another large group of genes relative to the 

native AMF response of the -IPD3 Col-0 genotype (Figures 3.9 & 3.10B, contrasts C & B). An 

equivalent effect is not seen in Lotus though the small number of DEGs in the contrast of +IPD3 

Gifu and -IPD3 cyc4 may simply preclude its observation (figure 3.10A, contrast J). 
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3.3.5: Shotgun proteomics to validate Arabidopsis transcriptome results 

  We performed mass spectrometry protein sequencing of root samples from transgenic 

line 308 and wildtype grown on ½ MS without AM inoculation. 6,362 unique proteins were 

identified, including 119 protein products of the 707 DEGs detected as RNA in the 

corresponding transcriptomic contrast (Figure 3.7, contrast A; Supplemental File 3.5). Selected 

genes and the amounts detected by both proteomics and transcriptomics are reported in Table 

3.3. While protein sequencing confirmed the presence of translated products of a number of 

DEGs as described above, overall statistical power for quantitative comparisons within protein 

data was poor, and only 10 proteins showed differences that were significant at q<0.1, none of 

which were significantly differently expressed in the transcriptome. These proteins are reported 

in Table 3.3 as well. 
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Table 3.3: proteins significantly differentially expressed at q<.1 (highlighted green) in the 
comparison of wildtype and IPD3-Min transgenic Arabidopsis on 1/2MS with no AM fungus, 
and selected genes differentially expressed as RNA under the same conditions and detected as 
protein, but without significant quantitative difference. 
Gene Protein product NSAF quantitation mRNA fold 

change 
Col0à308 

Name/description 
wild type 
Col-0 

IPD3-Min 
308 

AT3G26460 0.1704 0.229 1.6206 Lipid transfer family 
AT4G05320 0.1192 0.1185 8.6456 Ubiquitin 10 
AT2G16005 0.02386 0.05023 3.5979 ROSY1; vesicle 

trafficking in stress 
response 

AT5G42860 0 0.0126 Not Sig. CC2; cellulose 
synthase related 

AT4G26220 0.00096 0.01137 2.2777 CCoAOMT-like; 
methylates flavonoids 

AT4G02280 0.00268 0.0063 2.5334 SUS3; sucrose synthase 
AT3G50980 0 0.00338 3.5398 XERO1; dehydration 

protectant 
AT5G59320 0 0.00272 1.8543 nsLTP3; cutin related 
AT4G35785* 0 0.00286 Not Sig. RRM/RBD/RNP 

family 
* 4 proteins with 
unique IDs correspond 
to the same single gene 

AT4G35785* 0 0.00259 Not Sig. 
AT4G35785* 0 0.0022 Not Sig. 
AT4G35785* 0 0.0023 Not Sig. 

AT4G27260 0.00036 0.00019 .4338 WES1; involved in 
auxin sensitivity 

AT3G07390 0.0064 0 Not Sig. AIR12; auxin-induced 
in root cultures 

AT4G16380 0.0024 0 Not Sig. ATHMP35; heavy 
metal 
transport/detoxification 

AT2G23610 0.0022 0 Not Sig. MES3; IAA esterase 
active in defense 

AT5G50810 0.007 0 Not Sig. TIM8; mitochondrial 
transporter 

AT4G16380 0.022 0 Not Sig. THMP35; heavy metal 
transport/detoxification 
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3.4: Discussion 

We attempted to express 3 versions of the arbuscular mycorrhizae-essential transcription 

factor IPD3 in the nonmycorrhizal plant Arabidopsis thaliana as a means to explore traces of 

retained symbiotic functions and reasons for the ancestral loss of this gene. Our results show that 

two full-length versions of IPD3 derived from the model legume Medicago truncatula, native 

MtIPD3 and constitutively DNA-binding form S50D-IPD3, likely undergo strong post-

transcriptional silencing when transgenically expressed. RNA of the transgene is detected over 

multiple generations, but two independent means of protein detection–mass spectrometry and 

Western blot–fail to find evidence that the RNA is translated (Figure 3.1). This is interesting in 

itself as it suggests a robust native regulatory mechanism for this gene still remains in 

Arabidopsis. In the prior chapter of this thesis, we found evidence of extensive silencing of 

MtIPD3 in Camelina sativa, in the form of transcriptomics and Western blotting, which lend 

support to the likelihood of silencing in nonmycorrhizal plants that targets the full-length form of 

this transgene. Further work would be required to identify the nature of silencing and rule out 

any technical reasons for failure to detect the protein. 

The IPD3-Min truncated form of the protein was successfully expressed and detected as 

both protein and RNA in T3 homozygous lines (Figure 3.1). Expression of IPD3-Min protein in 

transgenic line 308 was high, in the top 10% relative to 5,116 native proteins measured with 

shotgun mass spectrometry (Supplemental File 3.5). IPD3-Min lacks the 253aa N-terminal 

autorepression domain of the protein which accounts for 49% of total length in the MtIPD3 

sequence. The domain deleted in IPD3-Min normally enables inducible activation via protein-

protein interaction with DMI3 and DELLA proteins (Pimprikar and Gutjahr 2018; Jin et al. 
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2016). Our results suggest the portion of the gene coding for the autorepression domain may be a 

specific target site for post-transcriptional regulation. 

Constitutive expression of IPD3-Min in Arabidopsis thaliana resulted in changes to the 

growth phenotype, including delayed flowering and red-colored roots (Figure 3.2). We observed 

potential differences in other aspects of plant growth from IPD3-Min expression (Figure 3.4), but 

clarifying these observations will require quantitative measurements of more samples, additional 

traits, growth under better-controlled conditions, or all three.  

Expanding the transcriptional picture of IPD3 

Despite the fact that Arabidopsis has been nonmycorrhizal for approximately 65 million 

years, and is missing the genes considered most essential for AM symbiosis, expressing IPD3-

Min provoked a strong transcriptional response in addition to phenotypic changes (Figures 3.8 

and 3.9, Tables 3.1 and 3.2) (Radhakrishnan et al. 2020; Hohmann et al. 2015). This offers 

striking evidence that the AM genetic network has not been completely excised from the 

Arabidopsis genome, and the retained relationships may help explain the history of trait loss and 

uncover new functions for symbiosis genes. 

In the AM symbiosis model Lotus japonicus, IPD3 has a well-established role in 

converting AMF (or rhizobial) signal transduction to upregulation of symbiosis-related genes. To 

date, functions beyond this have not been proposed for IPD3. In our transcriptome, however, 

deletion of IPD3 in Lotus results in significant transcriptomic perturbation in the absence of 

AMF stimulus (Figure 3.10A). The genes affected by IPD3 knockout in non-AMF-inoculated 

plants may be divided into two large groups, each of which suggests novel functions for IPD3. 

135 DEGs are regulated similarly by AMF treatment of wild type Lotus and by IPD3 

knockout in uninoculated plants; 131 of these are upregulated. As the canonical role of IPD3 is 
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to affirmatively enable transcription following its AMF-responsive phosphorylation--as 

evidenced by the ability of constitutively active forms of IPD3 to induce symbiosis-like 

transcription in the absence of AMF--, knockout of IPD3 resulting in symbiosis-like 

transcriptional upregulation is surprising. Such a pattern could be explained by IPD3 acting 

directly or indirectly as a transcriptional repressor, potentially through a separate mechanism 

than previously described. An increasing number of protein-protein interactions by IPD3 has 

been reported, including with DELLAs, VAPYRIN, and DMI3, which may be one such 

alternative mechanism. 

202 genes that are not implicated in the native Lotus AMF response are differentially 

regulated by IPD3 knockout. These genes are potentially involved in functions outside of the 

AM-specific role of IPD3. Again, a significant amount of regulation by IPD3 of genes 

apparently unrelated to AMF response is surprising. Evidence of such functions in Lotus that are 

not tightly linked to AM symbiosis adds to general support for the existence of conserved 

interactions with IPD3 by genes of nonmycorrhizal Arabidopsis.  

We identified downregulation of the Lotus homolog of OBF Binding Protein 4 (OBP4; 

Lj1g0209300.1; At5g60850) as an IPD3-independent AMF response gene (figure 3.10). 

Regulation of this gene is also shared by -IPD3 Col-0 Arabidopsis, but not +IPD3-Min 308 

Arabidopsis. In Col-0, OBP4 is upregulated in response to AMF, while in both Lotus genotypes 

this gene is downregulated. Although the current data only indicates an absence of significant 

differential expression in the +IPD3-Min 308 Arabidopsis genotype, an intriguing possibility 

given that the gene is regulated in opposite directions in mycorrhizal and nonmycorrhizal plants 

is that counteraction of OBP4’s upregulation by IPD3 serves to enable a symbiotic AMF 

response. OBP4 in Arabidopsis is a major regulator of cell elongation and proliferation in root 
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growth, and is involved in regulating nitrogen responsiveness of lateral root development (Xu 

and Cai 2019, Ramirez-Parra et al 2017). 

Linking symbiosis with biotic and abiotic stress 

A role for IPD3 in regulation of stress and defense as indicated by our transcriptome is 

consistent with recent improvements in understanding of this area. Functional genetic work 

shows that the genes mediating symbiotic functions in individual plants go well outside the CSP, 

and interact with additional non-symbiosis-specific elements of plant biology at multiple points 

(J. Shi et al. 2021; Campo and San Segundo 2020; Genre and Russo 2016; Gutjahr et al. 2008). 

Phylogenetics also show that even core CSP genes are not limited to AM and rhizobia as 

originally characterized, but are shared across other intracellular symbioses (Radhakrishnan et al. 

2020). 

 The intersection of AM biology with other plant functions includes a fine balancing act 

in regards to defense and stress. Some induction of plant defensive genes and metabolites is a 

well-known feature of AM colonization, but it occurs in a poorly-understood manner that 

provides pathogen and stress resistance through ‘priming’ that does not prevent colonization of 

the symbiotic fungus (Diagne et al. 2020; Begum et al. 2019; Fiorilli et al. 2018; Cameron et al. 

2013; Campos-Soriano, García-Martínez, and Segundo 2012;  Enteshari Shekoofeh 2012; Abdel 

Latef and He 2011). An increasingly prominent aspect of AM interaction with biotic and abiotic 

stresses is the role of phosphate. Phosphate level has a strong inverse relationship to 

mycorrhization, indicating that plants respond to a need for soil nutrients by altering carbon flux 

and defense response to promote symbiotic association (Wanxiao Wang et al. 2017; Carbonnel 

and Gutjahr 2014; Nouri et al. 2014). Recently, this effect has been shown in mechanistic detail 

to rely on regulation of AM genes, including IPD3, by the SPX/PHR phosphate sensing system 
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used in the general phosphate stress response (Srivastava, Roychowdhury, and Kumar 2022; Das 

and Gutjahr 2022; J. Shi et al. 2021; Che, Yamaji, and Ma 2018). This is notable given that the 

SPX/PHR system is conserved in Arabidopsis, as in all plants, and further connections with AM 

gene functions could underly the results we observed for expression of IPD3-Min (Ried et al. 

2021; Poza-Carrión and Paz-Ares 2019; Bustos et al. 2010; Rubio et al. 2001). Indeed, analogous 

effects are already observed in interaction between Arabidopsis and other, non-intracellular 

beneficial microbes. This includes beneficial defense priming of Arabidopsis by commensal 

bacteria, and low-phosphate-induced defense reduction for increased recruitment of microbial 

partners (Martin-Rivilla et al. 2019; Finkel et al. 2019; Castrillo et al. 2017; Cho, Kang, and Kim 

2013; Kotchoni and Gachomo 2006; Dangl 1998). It is possible that CSP genes like IPD3 might 

function as part of this generalized defense-nutrient relationship even when an intracellular or 

intraradical symbiosis is not present. 

Patterns in the transcriptome 

The work presented here is the first instance in any plant system, naturally AM-symbiotic 

or otherwise, of untargeted transcriptomic methods being used to study the effect of synthetically 

activated IPD3. This allowed us to adopt a factorial experimental design, in which the specific 

gene-regulatory role of IPD3 could be separated from the overall effect of exposure to AM 

fungus (Figure 3.9).  

Using this framework, we found remarkable similarity in the transcriptional response of 

wildtype Arabidopsis to AM treatment and to IPD3-Min expression in the absence of AM. Both 

result in several hundred DEGs with similar enrichment of gene ontology terms for pathogen 

interactions, abiotic stress, and multiple types of hormone signaling (Figure 3.9, Table 3.2). The 

similarity is maintained at the level of individual genes (Table 3.2). Seventy-seven of the DEGs 
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(15.5%) induced by AM exposure in wildtype plants are also differentially regulated, in the same 

direction, in IPD3-Min transgenic plants in the absence of any AM fungus exposure (6 genes are 

regulated in the opposite direction by IPD3-Min).  

In symbiosis models, expression of autoactive forms of IPD3 leads to a constitutive 

symbiotic response in the absence of biotic stimulus, as evidenced by reporter gene activation 

and, in the case of legumes, formation of nodules in the absence of rhizobacteria (Gobbato 2015; 

Singh et al. 2014). Our results suggest that although the nature of the transcriptional response 

may differ, IPD3-Min expression in Arabidopsis acts analogously to activate at least a portion of 

the native AM fungus response, even in the absence of the fungus. These results are consistent 

with the idea that a network of AM-sensitive elements is retained in Arabidopsis from before the 

ancestral loss of AM symbiosis and activated upon restoration of IPD3 activity. 

A notable number of the 477 DEGs found for AM treatment of wild type Arabidopsis are 

also shared with DEGs for the contrast of AM-treated IPD3-Min plants vs. AM-treated wild type 

(Figure 3.9, contrast C). In this case, however, the pattern is different: the direction of 89 of 103 

shared DEGs between these contrasts is reversed, indicating that rather than mimicking an effect 

of AM exposure, IPD3 works to counteract the native response to AM in this gene set, and 

pushes expression back in the direction of the uninoculated, wild type state. 

The two overlaps described above help explain a third finding: IPD3-Min transgenic 

plants show far less differential gene expression in response to AM fungus than the wild type 

(Figure 3.9, contrasts B and D). Figure 3.10 presents a conceptual model suggested by the 

totality of our results. IPD3-Min can be seen as having two effects in relation to the native 

Arabidopsis response to AM. First, IPD3-Min expression causes priming of one part of the 

response, in which a set of native genes are regulated as if AM is already present. This reduces 
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the later response of transgenics to AM treatment because the plants are "already there." Second, 

IPD3-Min causes conditional suppression of another part of the response, where genes that 

normally respond to AM treatment are prevented from doing so in the usual way. The 

intersection of these modes of action would result in the very limited response of the transgenic 

plants to AM fungus observed in this study. The limited response to fungus should not be 

confused with a limited overall phenotype resulting from the transgene; constitutive regulation of 

genes in the 'priming' axis presumably results in phenotypic effects independent of fungus 

response. 

Significant questions are not accounted for in this simplified conception, including 

crosstalk or codependency between genes acting in the two proposed functions of IPD3 in 

Arabidopsis. Quantitative variation in effect sizes is also an important consideration not yet taken 

into account. Aside from relating to the underlying biology, these effects also encompass the 

apparent imbalance seen across different transcriptomic contrasts. For example, we identified 

35% of the specific DEGs from exposure of wild type plants to AM fungus as being either 

primed or suppressed by IPD3, yet the combined effect is apparently to reduce the response of 

transgenic plants to AM fungus by a much larger factor, to less than 3% as many DEGs as seen 

in the wildtype, which might be explained by the dependence of some DEGs on others.  
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Figure 3.10: Conceptual model for IPD3 [-Min or otherwise activated] function in 
Arabidopsis. Red color reflects the effect of IPD3 and green reflects the effect of AM treatment. 
Solid lines correspond to transcriptomic contrasts examined in our experiment, and dashed lines 
represent theoretical proposed relationships. X axis: relative to the wild type response to AM, IPD3 
results in priming where plants react as if AM fungus is already present before inoculation occurs, 
and subsequently change less in response to its eventual presence. Y axis: upon inoculation with 
AM fungus, IPD3 suppresses a portion of the native response, preventing some transcriptional 
changes from occurring as they would in the wild type. 
 
 



 204 

The actual function of the genes differentially regulated by IPD3-Min expression is of 

course essential to understanding the nature of the response. Within the GO categories clearly 

showing a relationship to defense and abiotic stress, the actual outcome for the phenotype of 

Arabidopsis is difficult to discern from transcriptomic data without resolving the individual 

functions and interplay of the many genes involved. For example, IPD3-Min primes 

downregulation of Mildew Locus O 12 (MLO12) and Downy Mildew Resistant 6 (DMR6) which 

would be expected from known functions to result in enhanced disease resistance and reduced 

colonization by AM or other beneficial fungi, but might be counteracted by the additional effect 

of IPD3-Min in apparently coordinating genes for sucrose export that typically favors 

pathogenesis (Hilbert et al. 2020; Jacott et al. 2020; Ried et al. 2019; Kusch and Panstruga 2017). 

Aside from further bioinformatic dissection of the results presented here, simple experiments to 

assess the pathogen susceptibility of transgenic plants would be illuminating and strongly 

indicated.  

The results relating to plant hormone signaling are in a similar position to those relating 

to defense functions. We show clear evidence at the RNA level of perturbations to salicylic (SA), 

jasmonic (JA), and abscisic acids (ABA), as well as auxins—especially IAA given the strong 

upregulation of TAR1 which contributes to its biosynthesis (Stepanova et al. 2008). SA and JA 

signaling changes are broadly consistent with changes to systemic defense (Van Wees, Van der 

Ent, and Pieterse 2008). Alteration to ABA signaling comports with the single other instance of 

CSP gene expression in Arabidopsis, where expression of the wheat homolog of DMI3 resulted 

in reduced ABA sensitivity of seeds and seedlings (C. Yang et al. 2011). Where changes 

involving all of these hormones are occurring at once, however, the transcriptome can guide 
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further experimentation but does not alone reduce the observed patterns to precise functional 

consequences. 

Our transcriptomes of wild type and transgenic Arabidopsis have little in common with a 

transcriptome of wildtype mycorrhizal Lotus japonicus plants, in which DEGs were primarily 

enriched for functions relating to amino acid metabolism and nutrient transport (Handa et al. 

2015). The applicability of this comparison is limited not only by the difference in genetic and 

experimental contexts, but by the fact that this transcriptome and most work in AM models takes 

place at later timepoints than the 48 hours post-inoculation at which our samples were collected, 

in order to observe mature intracellular structures. In AM models as well as wild type 

Arabidopsis in specialized culture with AM fungus, important differences in response occur at 

different timescales ranging from a weeks to the first hours after inoculation (Fernández et al. 

2019; Calabrese et al. 2017; Giovannetti et al. 2015; Kikuchi et al. 2014). This will be an 

important dimension to add to future experiments in transgenic Arabidopsis. 

A few transcriptomic studies have been conducted on symbiosis-defective CSP mutants, 

but unfortunately are limited in comparability. Microarray-based analysis of cyclops (i.e. ipd3) 

Lotus mutants exposed to rhizobia simply reported abolishment of symbiosis functions 

(Høgslund et al. 2009). Xue et al. characterized a knockout of ram1, the immediate downstream 

target of IPD3 (CYCLOPS) in Lotus japonicus, and str, a more distant CSP gene, grown in soil 

with AM fungus and wild fungal communities (Xue et al. 2019). They found a similar dual 

function to the conceptual model we propose, in which CSP genes were responsible for gene 

repression as well as induction and alter microbial relationships other than AM. Knockouts of 

ram1 and str in that study led to derepression of 369 shared genes enriched for oxidoreductase 

activity and additional molecular functions that are hard to parse in terms of precise functional 
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consequences. VAPYRIN, a gene with a structural function in arbuscule formation, has recently 

been discovered to also act as a negative regulator of DMI3 (and presumably therefore IPD3) 

(Lindsay et al. 2022). A transcriptome of vapyrin knockouts colonized with AM fungi shows a 

strong defensive response including differential regulation of lignin biosynthetic genes, but 

notably no alteration to ROS, SA, or JA (M. Chen et al. 2021). 

Interestingly, recent work in the moss Physcomitrella patens, belonging to the only 

nonmycorrhizal plant clade to retain a copy of IPD3, shows that it functions in that species to 

coordinate environmental stress with reproduction, and has dramatic effects on development 

when overexpressed (Kleist et al. 2022). VAPYRIN-like, a homolog of VAPYRIN, another gene 

considered AM-specific also plays a nonsymbiotic developmental role in mosses (Rathgeb et al. 

2020). Future work in Arabidopsis will benefit from comparison to this experimental system in 

addition to symbiotic higher plants, especially as it relates to unraveling the factors which drove 

evolutionary loss over time. 

Flowering time 

Transcriptome analysis of root tissues shows a strong effect of IPD3-Min expression, 

with transgenic individuals of two independent lines clustering apart from wildtype across 

nutrient and AM fungus treatments (Figure 3.6). Eight genes are regulated by IPD3-Min 

expression across all contrasts of transgenic and wildtype roots (Figure 3.8, Table 3.1). Notably 

in regards to the delayed flowering phenotype we observed, this includes downregulation of 

FKF1, a well-characterized gene acting in control of flowering time by daylength (Sawa et al. 

2007). FKF1 regulates flowering time by complex formation with GIGANTEA leading to 

derepression of CONSTANS and subsequent upregulation of master regulator Flowering Locus T 

(FT), and by direct binding to the FT promoter with a mechanism of action not yet known (Sawa 
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and Kay 2011; Salazar et al. 2009; Sawa et al. 200;). fkf1 knockouts in Arabidopsis show delayed 

flowering time under long day conditions, matching the phenotype we observed in our 

experiment (Kubota et al. 2014).  

Mechanistic intersection of the CSP with important flowering control genes would be a 

highly novel finding. At least 3 interpretations of the current information are possible: IPD3-Min 

may be a direct transcriptional repressor of FKF1; IPD3 may play a more distant regulatory role 

in FKF1-mediated flowering time; or FKF1 may have an undescribed function in the root for 

which it is regulated by IPD3. FKF1 is naturally expressed in Arabidopsis root tips as well as 

above ground tissues, and its role there has yet to be described (Nelson et al. 2000). Multiple F-

box/Kelch proteins related to FKF1 act in the response of Medicago truncatula to an array of 

abiotic stresses, and the essential nodule autoregulation gene Too Much Love (TML) is an F-

box/Kelch protein with noted similarities to FKF1 (Li et al. 2022; Song et al. 2015; Soyano et al. 

2014). FKF1 has important belowground roles in potato tuber formation, the potassium stress 

response of banana roots, and the toxin response of tobacco roots (Verhage 2021; Y. He et al. 

2019; Sosa Alderete et al. 2018). Influence of IPD3 on any of these additional functions, 

especially in light of additional evidence in our transcriptome for a biotic and abiotic stress 

response produced by IPD3-Min expression, would be of equal interest to flowering time, though 

more challenging to characterize. 

An important caveat in regards to linking IPD3-Min expression to delayed flowering will 

be confirmation that the effect on FKF1, detected here in roots, is maintained in aboveground 

tissues. The FT-regulatory activity of FKF1 is specific to light-exposed tissues and requires 

direct light sensing for at least one of its modes of action (Ito, Song, and Imaizumi 2012). The 

AtUBQ10 promoter used to drive IPD3-Min in roots of our transgenic lines is expected to be 
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widely expressed aboveground, but this requires validation (Grefen et al. 2010). The typical 

restriction of IPD3 expression to roots is consistent with the idea that its effect on flowering, if 

genuine, is not direct; a systemic or long-distance signal may interact with flowering above 

ground. FKF1, GIGANTEA and PRR5 have already been implicated as points where the 

influence of osmotic stress is integrated with flowering time control as a means of drought 

escape in Arabidopsis and tobacco (Riboni et al. 2016; Nakamichi 2015; Riboni et al. 2013). An 

ideal confirmation of whether the phenotypic and transcriptional results we obtained for 

flowering time reflect an underlying biological reality would be to examine flowering phenotype 

and gene expression in transgenic Arabidopsis where IPD3-Min is limited to expression in the 

root. 

Red roots, suberin, phenylpropanoids, and secondary metabolites 

We did not discover why the roots of IPD3-Min transgenic lines had such a dramatic red 

color. Our results effectively rule out accumulation of free anthocyanin pigments, which are 

easily extracted by the methods we employed (Wenjie Wang et al. 2016). Another explanation 

that is essential to rule out is the fluorescent marker mCherry. Although we have never observed 

this commonly-used marker to be detectable in mature plant tissues in visible light, and found no 

reports in the literature, the ability to detect red fluorescent marker proteins to some degree with 

the naked eye is not out of the ordinary (Hu et al. 2022; Bulani et al. 2012). Barring this 

explanation, one possibility is that alterations to phenylpropanoid metabolism lead to 

incorporation of atypical aromatic monomers into suberin or lignin. 

Our transcriptome results were obtained under different conditions from the soil-grown 

plants that produce the red root phenotype. However, IPD3-Min expression leads to significant 

alterations to phenylpropanoid metabolic genes in the transcriptome (Table 3.2). Notably, this 
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includes clear downregulation of the anthocyanin branch of the pathway: PAP1, a master 

regulator of the entire pathway, is downregulated, as are UGT75C1 and UGT79B1, which 

mediate glycosylation of anthocyanins for accumulation in the vacuole (Q. He, Zhang, and 

Zhang 2016; M.-Z. Shi and Xie 2014; Yonekura-Sakakibara et al. 2012). AM treatment of 

transgenic plants results in additional downregulation of DFR, another anthocyanin biosynthetic 

gene (Tian et al. 2015). These results are consistent with an overall downregulation of 

phenylpropanoid metabolism, but also with upstream diversion of metabolites to lignin and 

suberin production. Also consistent with cell wall alterations is upregulation of CCoAOMT7 

which catalyzes production of ferulate, which is an alternative metabolite of phenylpropanoid 

precursors and a mediator of lignocellulose crosslinking (Supplemental File 3.5) (S.-X. Yang et 

al. 2019).  

This transcriptome implicates a number of genes related to secondary metabolism that are 

shared with our prior analysis of Camelina expressing MtIPD3. Here we noted downregulation 

of PMAT2 as one of the genes where IPD3-Min expression alone replicates a response to AMF 

treatment of nontransgenic Arabidopsis. In Camelina downregulation of its close homolog 

PMAT1 was similarly found in the main effect of MtIPD3 x AMF. PMAT1 and PMAT2 show 

close functional similarity, and may malonylate a number of secondary metabolites and plant 

hormones. These include coumarins, and PMATs are known to alter scopoletin accumulation, 

which is a strong mediator of Arabidopsis interaction with AMF (Gan 2021, 2020, Stringlis et al 

2018). Notably in Camelina we also found a homolog of UGT73B4, a glycosyltransferase that is 

also active in mediating scopoletin storage and secretion via formation of scopoline, its glycoside 

(Ross et al 2001). Although we do not identify regulation of UGT73B4 in Arabidopsis contrasts, 

there is extensive regulation of UGT and cytochrome P450 family members in both 
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transcriptomes. Genes related to phenylpropanoid and lipid biosynthesis are also shared across 

both transcriptomes, including CCoAOMT, fatty acid and GPAT synthases, lipid transfer 

proteins. While the potential for further cross-species confirmation of these genes is intriguing, 

their wide-reaching substrate molecules make disentangling their impact on specific metabolites 

impossible without complementary work to directly assess candidate metabolites. 

Overall conclusions 

 The question of AM loss, and the related prospect of engineering the symbiosis trait to 

optimize its function in agriculture, remains tremendously complex. Our core finding is that in 

the nonmycorrhizal plant Arabidopsis, not all of the genetic machinery is lost along with the host 

trait, and it appears that expression of IPD3 can reconnect some of these ancient interactions to 

bring these points of conservation to the fore. In both Arabidopsis and Lotus we additionally find 

that IPD3 effects functions that may go beyond its canonical role in CSP signaling for AM 

symbiosis. Although the transcriptomic data we use offers much detail, extensive further work is 

needed to take full advantage in linking expression to function. Pathogen interaction, growth 

under abiotic stress, and metabolomic studies all find support from this study as areas of strong 

interest for followup work. 
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3.5: Supplemental Figures and Tables 

 

 

Supplemental Figure 3.1: Coloration of transgenic roots carrying IPD3 constructs. IPD3-
Min roots of 4 transgenic lines range in color from pink to red-purple. S50D-IPD3 and MtIPD3 
sometimes produce pink roots, but not in all lines and not consistently within a given line. The 
strongest coloration observed in S50D-IPD3 and MtIPD3 lines was fainter than that observed in 
IPD3-Min lines. 
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Supplemental Table 3.1: PCR primers 
Pair 
/set 

Primer Sequence 5’à3’ Target/purpose 

1 
EL309 

GCTCTAGCCAATAGAATATAAATTGGGAGC
T-GAATGCCACCGTC 

Linearization of pCAMBIA 0380 
with removal of marker And 
overlap sequences for product of 
pair 2 EL310 

AAAATCCAGATCCCTAGATCGGCGCGCCGG
G 

2 
EL311 

GCGCCGATCTAG-
GGATCTGGATTTTAGTACTGG 

mCherry marker with overlap 
sequences for product of pair 1 

EL312 
CAATTTATATTC-
TATTGGCTAGAGCAGCTTG  

3 EL293 GGAATTAAACTATCAGTGTTTGACAG linearization of pCAMBIA 0380 at 
MCS EL294 CGATCAATCACCGCGTCAATAAG 

4 
EL385 

ATTGACGCGGTGATTGATCGAGTCTAGC
-TCAACAGAGCTTTT 

Amplification of pATUBQ10 with 
overlaps for pair 5 product 

EL386 
TTCCTTATATAGAGGAAGGGGACAAAT-
TCGATCGCACAAACTAG 

5 
EL387 

TCTAGTTTGTGCGATCGAATCCCTTCCT-
CTATATAAGGAA 

pC0380-MC-p35S::tNOS:tAtHSP 
linearization with removal of p35S 
and overlaps for pair 4 product 

EL388 
AAGCTCTGTTGAGCTAGACTCGATCAAT
-CACCGCGTCAATAAG 

6 
EL357 

CCCTTCCTCTATATAAGGAAATGGA-
AGGGAGAGGATTTTC 

MTIPD3 or S50D-IPD3 with 
overlaps for product of pair 7 

EL358 
GCCAAATGTTTGAACGATCG-
TCAAATCTTTCCAGTTTCTG 

7 
EL359 

CAGAAACTGGAAAGATTTGA-
CGATCGTTCAAACATTTGGC 

pC0380-MC-pUBQ::tNOS:tAtHSP 
linearized at GOI site with overlaps 
for product of pair 6 or 8 

EL360 
GAAAATCCTCTCCCTTCCATTTCCTT-
ATATAGAGGAAGGG 

8 
EL361 

CCCTTCCTCTATATAAGGAAATGGA-
GAAAGAAGCTGCAGAAGA 

IPD3-min with addition of start 
codon and overlap for product of 
pair 7 

EL360 
GAAAATCCTCTCCCTTCCATTTCCTT-
ATATAGAGGAAGGG 

9 EL391 
 

CTATAAAACAATACCCAAAGAGCTC 
 

Amplifies full length transgene with 
partial flanking sequences of 
pUBQ10 and tHSP 

EL482 
 

GTTATATGCTGCAGAAGAGATCC 
 

10 EL369 ATGGAGAAAGAAGCTGCAGAAGA screening fragment for All IPD3 
versions EL370 TCAAATCTTTCCAGTTTCTG 
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Supplemental Table 3.2: Tukey’s HSD of pairwise seed weight comparisons. 
 diff lower bound upper bound p adj 
308-303 -1.96E-02 -0.0687335 0.02944465 0.8967609 
310-303 -4.02E-02 -0.0951208 0.01464577 0.3093109 
312-303 -1.96E-02 -0.0694107 0.03020086 0.9039033 
357-303 -2.71E-02 -0.0835087 0.02921173 0.7826569 
Col.0-303 6.64E-04 -0.0484252 0.04975298 1 
NS308-303 -7.32E-04 -0.0537545 0.05229006 1 
310-308 -2.06E-02 -0.0754763 0.03429022 0.9222962 
312-308 3.95E-05 -0.0497662 0.0498453 1 
357-308 -7.50E-03 -0.0638643 0.04885618 0.9996926 
Col.0-308 2.03E-02 -0.0287808 0.06939742 0.8810267 
NS308-308 1.89E-02 -0.0341101 0.0719345 0.9383457 
312-310 2.06E-02 -0.0348926 0.0761578 0.9256288 
357-310 1.31E-02 -0.0483838 0.07456184 0.9956124 
Col.0-310 4.09E-02 -0.0139819 0.09578466 0.2899215 
NS308-310 3.95E-02 -0.0189224 0.09793298 0.4095125 
357-312 -7.54E-03 -0.0645291 0.04944193 0.9997028 
Col.0-312 2.03E-02 -0.029537 0.07007455 0.8890427 
NS308-312 1.89E-02 -0.0348138 0.07255915 0.9423775 
Col.0-357 2.78E-02 -0.0285478 0.08417259 0.7626885 
NS308-357 2.64E-02 -0.0334009 0.08623346 0.8443957 
NS308-Col.0 -1.40E-03 -0.0544184 0.05162617 1 
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Chapter 4: Integrating genetic control of defense and arbuscular mycorrhizal symbiosis 

Abstract 

 Symbiosis and defense in plant-microbe interactions are not neatly divided at the genetic 

level. The same genes are involved in detection of both pathogens and symbionts, and symbiotic 

interactions also provoke defensive responses at least in part. This is true even for intracellular 

symbioses mediated by the Common Symbiosis Pathway, which recent work reveals is active in 

an increasing number of biotic interactions outside the core function of mediating arbuscular 

mycorrhizae and rhizobial root nodules. Here we provide a review of genetic intersections 

between the Common Symbiosis Pathway and pathogen defense or susceptibility. We also 

describe an attempt to investigate one such intersection in detail, involving the transcription 

factor CYCLOPS (Intersecting Protein of DMI3) in altering defense responses of Lotus japonicus 

mutants and transgenic Arabidopsis. 
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4.1: Introduction 

            The formation of arbuscular mycorrhizae (AM) is a basal land plant trait which is 

distinguished from other beneficial microbe interactions by the extent of the organisms’ 

integration. To form arbuscules, Glomeromycotan fungi must first penetrate the root epidermis 

and cortex. Hyphae then breach individual cell walls before undergoing growth and restructuring 

inside the host’s cells to form arbuscules. Finally, within each arbusculated cell, the fungus acts 

as a sink for photosynthate transported out from the plant cell’s membrane (Oldroyd 2013). In 

each of these steps, the AM symbiont executes a function shared with fungal pathogens. 

However, the overall response by the plant is clearly different to AM fungi than to pathogens: 

AM fungi are allowed to proliferate in the root without apparent harm. 

In further contrast to the two-sided defense/virulence relationship of plant and pathogen, 

the extent of nutrient exchange and symbiotic fungus colonization in AM appear to be well under 

plant control. Fungal entry into plant cells for arbusculation is dependent on plant-internal 

processes governed by a signaling chain called the Common Symbiosis Pathway (CSP). The 

CSP is so named because in the legume family its components are active in both rhizobia and 

mycorrhizae. Plants actively regulate the extent of mycorrhization and are able to eject AM fungi 

from the root according to this process even after colonization is established (Nouri et al 2014). 

In contrast to our relatively detailed knowledge of the proximate molecular mechanisms acting in 

presymbiotic signaling, nutrient exchange, and cellular restructuring along the CSP, we have 

limited understanding of exactly how AM fungi are exempted from a defense response. 

The extent to which mycorrhizal colonization relies on active suppression of defense (by 

the plant itself or fungal effectors), or whether mycorrhizal fungus species simply evade 

detection by key parts of the defensive sensing machinery remain open questions. The CSP has 
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always presented a puzzle in this regard. Why and how is it that the pathway is shared by 

bacterial and fungal symbioses, but no other plant-microbe interactions? The early focus on the 

fact that CSP members are shared by AM and rhizobia may have obscured a larger possibility 

that these proteins are active in a much wider range of plant-microbe relationships, including 

pathogenic ones, and may have an accordingly wide range of pleiotropies.  

Amidst a rapid expansion in gene discoveries related to the CSP, Genre and Russo in 

2016 made the prescient observation that:  

"In spite of its reassuring name, [...] not all evidence confirms that CSP genes actually encode a 

signal transduction pathway that is common and restricted to RLS and AM." 

These authors advocated an update to the CSP paradigm which includes greater emphasis on the 

fact that its components, while shared, can have different, context-dependent roles across and 

beyond the most familiar intracellular symbioses. As evidenced by a growing body of research, 

such roles include interactions with pathogenic bacteria and fungi. Indeed, multiple genes that 

function in AM symbiosis (both within and outside of the CSP proper) are now known to have 

species-specific roles in pathogen interactions, which include both increasing and decreasing the 

strength of the plant’s defense. Understanding how CSP members and other symbiosis genes 

function in pathogenesis offers a relatively untapped means of understanding the machinery of 

symbiosis. 

Genes with a primary function in nutrient exchange or symbiotic accommodation are now 

known to also suppress the defense response to the symbiotic fungus during colonization, and 

genes once thought to be active exclusively or primarily in AM are now known to have 

significant roles in plant-pathogen interactions. Further inquiry into these lines of evidence offers 

promises a better mechanistic understanding of mycorrhizae in real-world circumstances where 
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plants must handle frequent interactions with both friend and foe. From information already at 

hand, the overall impact is an understanding that even in deeply symbiotic systems, defense is a 

constant companion that comes into play at multiple molecular steps. 

 This study is intended to evaluate the intersection of fungal pathogen defense and AM 

symbiosis in two complementary ways. First, we investigate what we term “the defense response 

to symbiotic fungus” in Lotus japonicus mutants of the CSP gene CYCLOPS (called IPD3 in 

other AM model systems) in which the symbiotic response to AM fungus is impaired and 

colonization typically occurs at extremely low levels. By using a system where AM fungus 

growth is supported by colonized wildtype plants, colonization of these mutants can be forced to 

occur at a high level and then used to characterize whether the presence of the symbiotic fungus 

provokes a defense response in the absence of normal CSP function (Fernández et al. 2019). We 

apply this same methodology to study the effect of forced AM colonization on the naturally 

nonmycorrhizal Arabidopsis thaliana and knock-in transgenic Arabidopsis expressing a 

constitutive form of IPD3, IPD3-Min (Singh et al. 2014). Second, we investigate “the defense 

effect of symbiotic genes” by studying how cyclops knockout mutants in Lotus respond to the 

opportunistic pathogen Aspergillus niger. 

4.2: Review of genetic intersections between AM symbiosis and pathogen defense 

Symbiont and pathogen detection are linked at the cell surface 

In early work, it was suspected that the AM signal activates the symbiosis response in a 

lock-and-key mechanism analogous to Nod-LCO (nodulation-lipochitooligosaccharide) 

activation of rhizobial symbiosis by the NFP/LYK3 complex, but no such specific receptor 

acting in AM has been found (Moling et al 2014). Instead, it appears AM signal perception is 

part of a broader combinatorial chitin perception mechanism: signal specificity is conferred by 
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the mixture of chitin molecules present and the specific set of ectodomains available to receive 

them within protein complexes that are also of variable composition. And likewise, response 

specificity is conferred by the set of kinase domains present in those same protein complexes 

(Zhang et al 2021, He et al 2019, Feng et al 2019).  

This mechanism has been most clearly characterized in rice. The recently described 

protein OsMYR1/OsLYK2, a LysM-RLK chitin-sensitive receptor kinase, forms a heterodimer 

with the ubiquitous immune signaling complex member OsCERK1 (He et al. 2019). MYR1-

CERK1 binding by the short-chain chitin oligomer (Sc-CO) chitotetraose (CO4) secreted by 

fungi activates the CSP. This finding mechanistically validates many years of circumstantial 

evidence that CO4 promotes AM symbiosis in multiple plant species (Genre and Bonfante 2020; 

Genre et al. 2013). Surprisingly however, the long-chain chitin molecule (Lc-CO) chitooctaose 

(CO8), long characterized as a pathogen signal that decreases AM colonization when added to 

roots, also binds to MYR1-CERK1 and activates the same CSP response as CO4 (Zhang et al. 

2021). CO8 as a pathogen signal is sensed by immune CERK1 complexes such as OsCERK1-

OsCEBiP and MtCERK1-MtLYR4 (Suzuki et al. 2020; He et al 2019; Feng et al. 2019). Just as 

CSP signaling can be activated by CO8, CO4 is capable of binding to these defensive complexes 

(Feng et al. 2014). In other words, the chitooctaose ‘pathogenic signal’ CO8 apparently also 

activates symbiotic CSP signaling, and the ‘symbiotic signal’ CO4 activates defense signaling. 

The answer to this apparent contradiction is that symbiotic signaling, beyond inducing an 

accommodation response, involves competitive inhibition of defensive signaling at the protein 

level that leads to a net AM-specific response (Zhang et al 2021). When mixtures of chitin 

oligomers are present, as is the case in natural biotic interactions, CO4 strengthens OsMYR1 

binding to OsCERK1, limiting availability of CERK1 to form the CERK1-CEBiP pathogen 



 229 

receptor complex. AM fungus exudates, like all fungi, contain both Lc-Cos and Sc-COs but have 

relatively higher proportions of CO4. Greater abundance of CO8, by contrast, favors the 

CERK1-CEBiP defense complex formation in rice (Feng et al. 2019). Thus, while pathogen-

secreted CO8 and other Lc-COs can activate symbiotic signaling complexes, this response is 

outweighed by the simultaneous defense response. In contrast, elevated CO4 found in the 

exudate of AM fungi not only activates symbiotic signaling, but also reduces defense signaling 

to tip the plant’s net response towards symbiotic accommodation. The corollary to this 

understanding is that some amount of defensive signal perception is likely still produced by the 

presence of AM fungi. 

The mechanism of symbiotic discrimination in dicots has not been as thoroughly resolved 

as in rice but generally comports with the lack of narrow signal specificity. In the legume M. 

truncatula, Sc-COs, Lc-COs, and LCOs (lipochitooligosaccharides) can all activate both 

defensive and symbiotic gene expression in a CERK1-dependent manner, but there are 

significant differences in kinase domain composition relative to monocots, and the full set of 

coreceptors is not yet known (Feng et al. 2019).  

Binding to LCOs may play a larger role in dicots than monocots, with LCOs acting in a 

competitive-binding role analogous to CO4 binding of MYR1 in rice (Hohnjec et al. 2015). 

Symbiosis-involved LysM-RLKs SlLYK10, PhLYK10, and NbLYK4 in tomato, petunia, and 

Nicotiana benthamiana, respectively, all bind LCOs preferentially to COs (Girardin et al. 2019, 

Wang et al 2017). Knockout of these genes severely curtails AM colonization, but in at least one 

case (Nblyk4) also reduces pathogen susceptibility (Girardin et al. 2019, Rey et al. 2019: Wang 

2017; Buendia et al 2016; Rey et al. 2013). A kinase-dead LysM-RLK, LYR3, shows strong 

substrate specificity for LCOs over COs in M. truncatula and N. benthamiana (Fliegmann et al 
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2016; Fliegmann et al. 2013). LYR3 forms a complex with LYK3, a close homolog of CERK1 

which is disassociated upon binding of an LCO to LYR3 (Leppyanen et al. 2017; Malkov et al. 

2016; Pietraszewska-Bogiel et al. 2013). Interestingly, NFP-LYK3 coexpression with a 

constitutive promoter or in the tobacco leaf transient system produces a dramatic systemic 

defense response or a local cell death response, respectively (Pietraszewska-Bogiel et al. 2013). 

Adding LYR3 coexpression to the NFP-LYK3 system almost completely attenuates the cell 

death response, providing dramatic evidence that the LYR3 LCO derepression model is active in 

vivo and relates to directing signal responses toward defensive or symbiotic/neutral outcomes. 

SYMRK (DMI2 in M. truncatula) is a malectin-like LRR receptor kinase known to be 

necessary for symbiotic responses to CO8, CO4, and LCOs (Radhakrishnan et al. 2020; Pan, 

Stonoha-Arther, and Wang 2018). The fact that SYMRK provides a symbiosis-specific response 

but is apparently nonselective in its ligand is reminiscent of OsMYR1. SYMRK and NFP exhibit 

strong protein-protein interaction, and like CERK1, NFP is involved in both defensive and 

symbiotic signaling interactions depending on its coreceptor (Rey et al. 2013, Feng et al. 2019) 

suggest that the addition of SYMRK to CERK1-LYR4 complexes in M. truncatula can divert the 

CO-binding response of those complexes from defense to symbiosis, though what would 

specifically mediate the addition of SYMRK is not known.  

Interestingly, SYMRK is also implicated in susceptibility to a pathogen which does not 

produce chitin at all. Symrk knockouts of Medicago and pea are more susceptible to infection by 

the root-parasitic plant Orobanche crenata, indicating that SYMRK is involved in both 

promoting symbiosis and promoting defense (Fernandez-Aparicio et al. 2010). In a further 

contrast, symrk mutants are less susceptible to nematode infection, showing that this protein is 

involved in a full range of functions: pathogen susceptibility, pathogen defense, and symbiont 
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acceptance (Weerasingh et al. 2005). While it is not unusual for extracellular receptors to have 

such apparently contradictory functions given the complex nature of sensing already described 

here, the parasitic plant defense function apparently extends beyond any type of chitin-binding 

ability for SYMRK, and implies that significant additional means of action are yet to be 

discovered.  

Mechanisms of defense suppression 

            Given that AM fungi do not fully evade detection by defensive receptor complexes, there 

is a question of how the defensive signaling that they do trigger is dealt with. VAPYRIN is a 

prime example of a symbiotic accommodation gene with an essential second role in reducing 

defense. VAPYRIN forms mobile actively transported intracellular compartments called 

Vapyrin-bodies that move between the Golgi, the recycling endosome, and the cell membrane. 

Vapyrin-bodies associate specifically with the peri-arbuscular membrane (PAM) near sites of 

active intracellular AM fungal growth, and are hypothesized to carry membrane material and/or 

other components to be secreted at the symbiotic interface for cellular restructuring, and are 

essential for a normal arbusculation phenotype (Bapaume et al. 2019; Pumplin et al. 2010; 

Fedderman et al. 2010; Sekhara et al. 2007). Thus, VAPYRIN would seem to have a well-defined 

structural role in late symbiont accommodation, occurring well after extracellular sensing and 

CSP presymbiotic signaling that can discriminate whether the symbiont vs pathogen response 

has taken place. 

            However, vapyrin knockout mutants reveal that AM disfunction in the mutant is not due 

simply to lack of accommodation, but to induction of defense. Vapyrin knockout Petunia plants 

formed extreme thickenings of the cell wall containing lignin and beta-1,3-glucanase at 

attempted entry sites of the symbiotic fungus; these structures are essentially identical to 
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appositions formed in response to fungal pathogens (Chen et al. 2021; Underwood 2012; 

Collinge 2009; Hardham, Jones, and Takemoto 2007). In addition to lignin synthesis genes, 

disease-resistance related genes that are normally induced at a low level in mycorrhizal roots 

were strongly upregulated in AM-colonized vapyrin mutants, as were additional defensive genes 

that are expressed in wildtype plants but only in response to pathogens (Chen et al. 2021). A very 

recent work has shown that VAPYRIN in Medicago truncatula also interacts in the nucleus with 

the kinase DMI3 as a negative regulator, and this negative regulation is required to fine-tune the 

AM response for progression of the fungus through cell layers (Lindsay et al. 2022; Liao et al. 

2012). The ultimate implication is that rather than being a static endpoint of the ‘symbiosis’ 

genetic program that is turned on in response to upstream signals, VAPYRIN provides a form of 

dynamic feedback, either too much or too little of which tips the plant response to AM fungi 

towards defense. 

            A pair of well-known genes acting even farther downstream in symbiosis than VAPYRIN 

are the AM-specific phosphate and ammonium transporters PT4 and AMT2.3, respectively 

(Harrison, Dewbre, and Liu 2002, Javot et al 2007, Breuillin-Sessoms et al 2015). These genes 

are involved in the ability of plants to autoregulate the extent of mycorrhization according to the 

overall availability of macronutrients and specific contributions to uptake made by mycorrhizae 

(Volpe et al. 2016; Nouri et al. 2014; Nagy et al. 2009,). Pt4 mutants in Medicago and rice show 

a defective colonization phenotype in whichh arbuscules form inside cells but then quickly 

degrade (Yang et al. 2012; Javot et al. 2007). Like VAPYRIN, the early conception of 

mycorrhizae-specific nutrient transporters was straightforward: they are expressed at the PAM 

long after the cell has been colonized, and are involved in mutualistic exchange. However, pt4 

knockouts reveal that the observed collapse of arbuscules is due to expression of plant defenses 
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including chitinases, lipases and proteases which are likely secreted and used to directly digest 

the fungus (Gutjahr and Parniske 2017; Floss et al. 2017). This indicates that even upon full 

colonization, plants have a latent, overwhelming defense response to the presence of the 

mycorrhizal fungus that is released when not held in check by pt4 and/or interacting protein. 

Although greatly sped up in pt4 plants, a cycle of arbuscule collapse and re-colonization is part 

of normal symbiotic function, indicating that periodic alternation between a permissive defense-

repressed state, and complete obliteration of the intracellular fungal tissue by defensive enzymes, 

is an everyday occurrence in a mycorrhizal plant.  

PT4-driven defense suppression is mediated by interaction with MYB1, which is a nexus 

for defense-related effects of several other symbiosis genes. As described by Floss et al, MYB1 

in Medicago is likely a direct regulator of defense genes, which becomes derepressed upon 

knockout of pt4. MYB1 overexpression produces the same defensive destruction of arbuscules 

observed in pt4, and this activity is enhanced by interaction with DELLAs and the GRAS 

transcription factor NSP1. These interacting proteins are better known as positive regulators of 

mycorrhizal colonization. A DELLA forms a complex with the AM master regulators IPD3 and 

RAM1, where it acts as a mediator for gibberellin signaling in AM processes (Pimprikar et al. 

2016; Jin et al. 2016; Singh et al. 2014; Yu et al. 2014; Floss et al. 2013; Foo et al. 2013). NSP1 

is involved in symbiosis-specific gene expression similarly to RAM1, including control of 

strigolactone synthesis genes to form a positive feedback loop (Shtark et al. 2016; Hohnjec et al. 

2015; Liu et al. 2011; Takeda et al. 2013). The negative-regulatory roles assumed by NSP1 and 

DELLA later in symbiosis via interaction with MYB1 may represent two completely 

independent mechanisms for the same protein, but could also be a sign that protein-protein 
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interactions dictate whether these genes act in the accommodation (via complexes with 

CYCLOPS or RAM1) or defense (via complexes with MYB1) response to AM fungi. 

The DMI3-IPD3-RAM1 transcription regulatory interaction is among the best 

characterized portions of the CSP. Briefly, calcium binding to DMI3 leads it to phosphorylate 

IPD3, a coiled-coil transcription factor, which then acts (in complex with DELLA) as a 

transcription factor for targets including RAM1 (Pimprikar et al. 2016). Both RAM1 and IPD3 

then regulate a sub-network of genes including the well-documented RAM2, which is involved 

in lipid synthesis for fungal nutrition (Shi et al. 2021, Rich et al. 2017). “Suppression of defense” 

is cited as an outcome of this interaction, although surprisingly few specific gene targets have 

been identified as having immune functions and being directly controlled by either RAM1 or 

IPD3 due to the involvement of a number of additional intervening transcription factors and 

multipurpose proteins (Maclean, Bravo, and Harrison 2017). One example is Avr9/Cf-9 rapidly 

elicited protein 264 (ACRE264), a putative defensive protein kinase, which is upregulated in 

response to AM fungi in dmi3 mutants of Medicago, and presumably downregulated when DMI3 

is functional (Siciliano et al. 2007). In the tomato rmc mutant the SlSYMRK genomic sequence is 

intact but expression is lost as a result of mutation in SlIPD3/SlCYCLOPS, suggesting that this 

early-CSP receptor with roles in both pathogenic and AM fungus response is also regulated from 

deeper within the CSP. 

The disease susceptibility factor mildew resistance locus O (MLO1), which encodes a 

membrane-bound protein with calmodulin binding activity that may work as a touch sensor, is 

primarily known as an enabler of pathogen infection, but has recently been found to affect the 

expression of central CSP genes. In Medicago, barley, and wheat, mlo1 is associated with a 

delayed mycorrhization phenotype and reduced expression of DMI3, IPD3, RAM1, and several 
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of their known downstream targets (Jacott et al. 2020). This suggests that in natural mycorrhizal 

functioning, AM fungi take advantage of the decreased defense provided by MLO1 in a manner 

that is synergistic with activity of the core CSP. These examples aside, the support for a 

relationship between defense suppression and RAM1 or IPD3 rests most strongly on the fact that 

these proteins are the central transcription factors in normal mycorrhizal function that includes 

an overall reduction in defense, and their effect on defense is therefore better captured in the 

comparisons of the transcriptomic profiles of relevant mutants than in the gene-level functional 

studies currently available. 

Defense phenotypes of symbiosis gene mutants 

AM symbionts represent only a small slice of fungal diversity; pathogens are more 

numerous and drawn from many clades. Evidence on defense roles of AM genes has come from 

a variety of specific plant-pathogen pairings having different modes of infection and response, 

which are surveyed here.  

One of the earliest reported intersections for a symbiosis gene with pathogenesis is the 

decreased susceptibility of ram2 mutants in Medicago to infection by Phytophthora palmivora, a 

pathogenic oomycete with broad host range. RAM2 encodes a glycerol-3-phosphate 

acyltransferase (GPAT) that is involved in synthesis of cutin and potentially other lipids (Bravo 

et al. 2017; Jiang et al. 2017). Ram2 mutants show a very low frequency of AM colonization 

with deformed arbuscules, but also an ~80% reduction in appressorium formation by P. 

palmivora (Rey et al. 2015; Wang et al. 2012). This reduction is due to differences in secreted 

lipids used for signaling or fungal nutrition, rather than physical changes to wax coating the root, 

as treatment of ram2 roots with cutin monomers restores pathogen infection. Another oomycete, 

Aphanomyces euteiches, is also dependent on RAM2 lipid synthesis for infection of Medicago 
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with similar effects as seen in P. palmivora (Gobbato et al. 2013). The involvement of symbiotic 

lipid synthesis genes in pathogenesis also suggests a role for the AM-specific lipid transporters 

STR1 and STR2 (Roth and Pazkowski 2017; Gutjahr et al. 2012). The promotion of pathogen 

infection by lipid synthesis can also be replicated in the absence of RAM2 by overexpressing 

FatB to constitutively accumulate fatty acids, for example increasing susceptibility of 

Arabidopsis to the powdery mildew Golovinomyces cichoracaerum (Jiang et al. 2017). Given 

that plants can direct up to 20% of their photosynthate to the root-fungus interface during 

mycorrhization, primarily in the form of fatty acids, the potential for fatty acid flux to roots 

either in the course of AM symbiosis or upon hijacking of symbiotic metabolism to encourage 

pathogen colonization is significant. 

A genome-wide association study for factors contributing to Medicago infection by P. 

palmivora identified RAD1, a GRAS transcription factor highly conserved in mycorrhizal plants 

that positively regulates AM colonization, as strongly influencing root length in infected plants 

(Xue et al. 2015; Radhakrishan et al. 2020; Hartmann et al. 2019). RAD1 is revealed to be 

upregulated by P. palmivora infection as well as by AM colonization, and rad1 mutants show a 

reduction in infection (Rey et al. 2017). As the role of RAD1 in pathogen infection was identified 

by a semi-untargeted method, it may be considered among the most prominent genes in the P. 

palmivora interaction, just as it is in mycorrhization.  

The nuclear ion channel CASTOR/POLLUX normally mediates a flood of calcium ions 

during the characteristic nuclear calcium spiking response as the final step in signal transduction 

from the cell surface and cytoplasm into the nucleus (Oldroyd 2013; Charpentier et al. 2008). 

Notably, unlike other important symbiosis genes POLLUX is conserved in the nonmycorrhizal 

Arabidopsis, and is involved in other forms of calcium signaling. In AM plants, pollux knockouts 
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show significant reduction in AM and complete loss of nodulation (Imaizumi-Anraku et al. 

2005). In Arabidopsis knockouts, pollux mutants show an approximately 50% reduction in 

infection by the downy mildew Hyaloperonospora arabidopsidis. The knockout mutants do not 

show a generalized defense response and do not have altered responses to the other pathogens 

Erysiphe cruciferarum or Pseudomonas syringae, indicating a specialized interaction (Ried et al. 

2019). 

4.3: Materials and methods 

AM colonization of Lotus knockout mutants and Arabidopsis 

 Seeds of the cyclops-4 early termination mutant of L. japonicus and corresponding 

wildtype Gifu were obtained courtesy of Caroline Gutjahr, Technical University of Munich. A. 

thaliana transgenic plants expressing the truncated, constitutively active IPD3-min were 

generated and brought to homozygosity as described previously. Plants were grown in a 

modified version of the nurse-pot system described by Fernández et al. (2019). A pot consisting 

of two 50 mL chambers divided by a frame containing 30-uM nylon mesh (Flystuff, El Cajon, 

CA) was designed in Tinkercad (Autocad, San Francisco, CA) and 3D-printed in polylactic acid 

using a fused-deposition printer (Wanhao, China). The pot was printed in three parts and 

assembled as shown in figure 4.1, then each chamber was filled with dry quartz sand (Pavestone, 

Charlotte, NC) manually sieved to contain particles between 1.4 and 0.25 mM (#14 and #60 

grit). Assembled pots were placed in standard plant tissue culture containers (Magenta, Lockport, 

IL), autoclaved for 45 minutes and dried overnight in a 50℃ oven before use. 20 mL of ½ or 

low-nutrient MS medium was added to each chamber of the pot immediately before use; low-

nutrient MS contained .0039 mM phosphate and 0.3 mM N. 
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Figure 4.1: a 3D printed pot designed to enable nursed AM colonization of roots within a 
standard Magenta sterile plant culture box. (A) the pot contains a 5 m deep channel which holds 
a sandwich composed of nylon mesh held within two interlocking frame pieces. (B) Pots are 
assembled with an excess of nylon mesh folded around the outer edges of the frame to ensure a 
tight fit. The pot shown here has been autoclaved. 

 

Lotus and Arabidopsis seeds were sterilized by washing for 5 minutes in 50% 

commercial bleach plus 0.2% TweenR-20, then rinsed 5 times in sterile DI water. Lotus seeds 

were scarified with #250 sandpaper before sterilization. Sterile Lotus seeds were stored overnight 

in water in the refrigerator, then placed in sterile petri dishes on moist filter paper and transferred 

to a chamber set to 16/8 hours of light and 23/20℃ day/night, and allowed to germinate for one 

week. Arabidopsis seeds were sterilized and kept overnight at 4C immediately before use, and 

planted directly.  

 Three one-week-old Gifu wildtype lotus plants were transplanted to one chamber of each 

pot to serve as nurse plants for AM fungus. Pots for AM treatment were inoculated with 400 

axenic spores of Rhizophagus irregularis (Premier Tech, Canada) in each chamber before 

A B 
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transplant, as well as 100 additional spores at the base of each plant immediately after planting. 

Plants to be used in noninoculated controls were sham inoculated with water. Nurse plants were 

allowed to grow for 2 weeks in a growth chamber, then experimental 1 week old cyclops-4 or 

Gifu Lotus plants were transplanted into the opposite chamber and inoculated with 100 spores of 

R. irregularis each. Sterile IPD3-min or wildtype Col-0 Arabidopsis seeds were planted directly 

into pots without pre-germination. In the second iteration of this experiment, pots were instead 

inoculated by adding 2-cm fragments of R. irregularis-colonized hairy roots of carrot (Daucus 

carota), courtesy of Kevin Garcia, NCSU. An additional 5 mL of the appropriate nutrient 

solution was added to each chamber just before planting experimental seedlings or seeds. Pots 

were grown for an additional 1-3 months; 5 mL of nutrient solution was added to each chamber 

of the pot per month if grown longer than 1 month. 

Aspergillus niger sp. infection of Lotus 

 Sterile magenta boxes were filled with 100 mL dry sieved sand, then autoclaved and 

dried. 30 mL of low-nutrient or ½ MS were added to each box, and 6 sterile, 1 week old 

seedlings of Gifu or cylops-4 were transplanted into each box. Plants were either inoculated by 

adding 800 axenic R. irregularis spores to the soil surface immediately before planting, followed 

by an additional 100 spores per plant immediately after planting, or a corresponding sham 

treatment with water. Plants were allowed to grow for 1 week in a growth chamber set to 16/8 

hours of light and 23/20℃ day/night. 

 Aspergillus niger was grown at 26C on potato dextrose agar until sporulation. Conidia 

were collected by washing the plate surface in sterile water plus .02% TweenR20 and diluted to 

107 conidia/mL. After 1 week of growth with AM or control treatments, each plant was 

inoculated with 10 uL of conidia suspension at the shoot apex, and 10 uL at the shoot base. 
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Plants were returned to the growth chamber and monitored daily for infection. Data collected 

included necrosis, visible conidia, survivorship and number of nodes. Fresh weight of all living 

plants at the end of the experiment was recorded. 

Confirmation of cyclops-4 Lotus genotype 

 Primers 5’ TGGAAATGGAAGGGAGGGG 3’ and  

5’ TTACATTTTTTCAGTTTCTGATAGAATTC 3’ were designed to amplify the genomic 

region flanking CYCLOPS in Lotus. Genomic DNA was extracted from cyclops-4 seedlings via 

CTAB, and a fragment containing this region was amplified by PCR with Q5 polymerase (NEB, 

Ipswich, MA). The fragment was Sanger-sequenced from the 5’ end to confirm the presence of 

the expected early stop codon cyclops-4 mutation. 

Identification of fungus 

 Spores of an unknown fungus were collected from dead Lotus seedlings and used to 

inoculate potato dextrose agar. DNA was extracted from an approximately 200 mg sample of 

sporulating thallus using a Monarch Genomic DNA extraction kit (NEB, Ipswich, MA). PCR of 

the ribosome large subunit and internal transcribed spacer was conducted as described by Raja et 

al. (2017) and fragments were Sanger sequenced. BLAST of individual fragments was used to 

identify the fungus to the genus level. The fungus was placed into Aspergillus section Nigri by 

multilocus phylogeny courtesy of Ignazio Carbone, NCSU.  

AM staining 

 Roots were stained for AM fungal structures with wheat germ agglutinin (WGA) 

conjugated to Oregon Green using a protocol modified from Lindsay et al. (2019). Roots 

collected from sand were briefly rinsed and cut at the hypocotyl. Roots were placed in 50% 

ethanol for 2 hours at room temperature, then cleared by holding in 10% KOH at 37C for 24 
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hours. Cleared roots were rinsed 3 times in DI water for 15-30 minutes with shaking at 45 RPM, 

then 2 times in phosphate-buffered saline (PBS). Roots were transferred to PBS containing .6 

ug/mL WGA-Oregon Green conjugate (Invitrogen, Waltham, MA) and stained overnight in the 

dark at 4C. Samples were then examined for colonization on a fluorescence microscope. 

4.4 Results 

Forced colonization Lotus mutants and Arabidopsis 

 The forced-colonization experiments failed to produce results due to failure of the nurse 

pot system. In the first iteration of the experiment, no colonization was observed in experimental 

or nurse plants at 4 or 6 weeks after planting of experimental seedlings (figure 4.2C). The 

commercially produced spores used in this experiment were later found to be nonviable.  

In the second iteration of the experiment, plants were inoculated with actively growing 

hairy root cultures of AM fungus, and in the third iteration plants were inoculated with newly 

obtained, confirmed viable commercial spores. In these iterations less than 10% of nurse plants 

were found to be colonized even by 3 months, usually with low root length colonization (figure 

4.2A). Consequently, we did not assess transcriptional or phenotypic effects on the experimental 

plants.  
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Figure 4.2: colonization of Lotus nurse plants. (A, B) Colonization with infection units (iu), 
intraradical hyphae (h), and arbuscules (a) obtained in less than 10% of plants 3 months after 
inoculation with sterile spores in the third iteration of this experiment. (C) roots with no sign of 
extraradical hyphae, intraradical hyphae, or symbiotic structures, representative of most nurse 
and experimental plants examined. Obtained 3 months after inoculation with hairy root cultures 
in iteration 2. Scale bars 200 um. 
 

Effect of AM inoculation on protection against pathogenic fungus 

We isolated and identified a fungus sporadically observed infecting Lotus seedlings under 

laboratory growth conditions (figure 4.3); the fungus was presumed to be a seed coat inhabitant 

due to its ability to survive surface sterilization. Sequencing of the ribosomal large subunit and 

internal transcribed spacer identified the fungus as Aspergillus section Nigri (supplemental file 

4.1); identification to the species level was not obtained from these sequences. Cultures of this 

fungus were used as the pathogen treatment in subsequent experiments. 
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Figure 4.3: Aspergillus section Nigri fungus infecting Lotus in laboratory conditions. (A) 
Fungus in culture showing conidiophores with immature (white) and mature (brown) conidia and 
hypae on PDA. (B) mature conidiophore growing on an infected Lotus seedling. (C) Dead Lotus 
seedling infected by Aspergillus, as originally encountered before identification. (D-E) As used in 
experimental pathogen assay; (D) leaf necrosis of Lotus 1 day after inoculation . (E) Mature and 
developing conidiophores  of Aspergillus on inoculated Lotus with chlorotic leaves and stem 
necrosis. Scale bars: A,-B: 200 uM; C-E: 1 mm. 
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Figure 4.4: Infection symptoms in Lotus plants exposed to Aspergillus with and without 
AM. (A) plants with AM treatment (blue) showed less necrosis at all time points than plants 
without AM (gray). Plants not exposed to Aspergillus (yellow, orange) showed no necrosis. (B) 
fewer plants with AM fungus treatment developed Aspergillus conidia than those without AM 
treatment. (C) Plants exposed to Aspergillus in the absence of AM treatment showed 
significantly lower shoot fresh mass than all other treatments (2-tailed t-test, p<.05).  
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Two-week-old wildtype Gifu Lotus seedlings cocultured with R. irregularis spores for 1 

week, and controls, were inoculated with Aspergillus in sterile sand with low-macronutrient MS 

medium (n=18, replicated 3 times). As shown in figure 4.4, fewer of the AM-treated plants 

showed necrosis or fungal spores at each time point over 10 days, and shoot fresh mass of 

Aspergillus-infected plants without AM treatment was significantly lower than both uninfected 

controls and infected plants with AM treatment (two-tailed paired t-test, p<0.05). 

The same experiment was repeated in expanded form with ½ MS and low-nutrient 

treatments, and with knockout mutants of Lotus genes including CYCLOPS, RAM1, SymRK, 

and CERK1. In this iteration, no signs of infection were observed within 10 days in Aspergillus- 

inoculated plants of any genotype under any treatment. Consequently, data was not collected. In 

some boxes kept for observation, the first signs of infection were noted after more than one 

month. 

4.5: Discussion 

 This study largely did not produce results due to failure of the experimental system. In 

the nurse pot system, most “nurse” plants did not themselves establish AM colonization, 

preventing the AM-deficient Lotus mutant genotypes and Arabidopsis from being exposed to the 

intended form of high-strength inoculation (figure 4.2). In the first iteration this was due to the 

use of non-viable fungal spores, but reasons for the failure to colonize in later iterations with two 

different types of viable inoculum are unknown.  

Previous applications of the nurse pot system successfully producing AM colonization of 

the nonhost Arabidopsis or AM-impaired mutants of host species have been conducted in 

nonsterile conditions, in larger pots, with different soils, and with clover (Trifolium pratense), 

ryegrass (Lolium multiflorum), leek (Allium porrum), chive (Allium schoenoprassum), Plantago 
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lanceolata and Medicago truncatula as nurse plants (Cosme et al. 2021; Fernández et al. 2019; 

Jiang et al. 2017; Veiga et al. 2013; Loth-Pereda et al. 2011; Demchenko et al. 2004; Barker et 

al. 1998). Conditions in our sterile, smaller-scale version of this system may be less conducive to 

colonization in an unknown way. Notably, in all examples found in the literature the nurse plants 

used in discrete experiments were themselves colonized using mixed root and soil inoculum or 

live plants from continuously maintained, long-established cultures of AM-colonized plants. 

Colonization in our system might be improved by using a similar inoculation strategy, though 

maintaining such cultures under monoxenic conditions presents a challenge. 

In the initial experiments with Aspergillus, we detected a clear protective effect of AM 

inoculation on wildtype Lotus against pathogen infection (figures 4.3 and 4.4). Aspergillus as a 

genus in agriculture is most prominently associated with A. flavus, a serious storage pathogen 

and human health hazard (Klich 2007). Aspergillus section Nigri species are also considered 

storage pathogens but are of lower concern because they do not produce the  aflatoxins 

responsible for acute health effects of A. flavus (Barwant and Lavhate 2020; Fu et al. 2014; Lazar 

et al. 2008). However, Aspergillus sec. Nigri species are also identified as necrotrophic 

pathogens in a variety of plants, most notably as the causal agent of crown rot in peanut (Liu et 

al. 2017; Khokhar et al. 2012; Otusanya and Jeger 1996). Our results agree with other research in 

identifying a protective effective of beneficial microbes against Aspergillus (Gajera et al. 2014; 

Bagwan 2011; Gajera and Vakharia 2010). However, we were prevented from investigating the 

contribution of specific AM-related genes to this effect by the fact that our Aspergillus isolate 

unexpectedly appeared to become less infectious in later experiments including mutant 

genotypes. It is possible that maintenance in lab culture attenuated the virulence of this fungus 

over time, or that some subtle variation occurred in unknown factors across experiments. 
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Investigation of the relationship between symbiosis and defense at the whole-organism 

and gene level remains an item of high interest. Conducting studies of these effects in 

gnotobiotic conditions likely requires more intensive development of a microcosm system 

tailored to the specific application. AM colonization, especially, proceeds slowly even in 

wildtype model plants under optimal conditions; colonization of mycorrhiza-impaired mutants 

under atypical growing conditions is a challenge in itself, as our results show.  
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Chapter 5: Economic and biological pilot analysis of lupin as a new, sustainable crop 
 
Abstract 

 Diversifying our array of crops is essential to making agriculture more resilient and 

sustainable. However, the complexity of the agricultural system makes effecting any such change 

difficult, especially when there is not already a point of reference or vested interest in place to 

support development of a knowledge base. This pilot study considers how adoption of an 

interdisciplinary perspective can help overcome this inertia, using the example of lupin, an 

underused legume. We perform agronomic modeling, budgeting, economic analysis, and 

biological observations of lupin varieties to identify priorities and targets to speed adoption. Our 

results indicate that lupin offers advantages in sandy soils of the US southeast where it has 

potential to out-yield soybean, with the unique aspect of being a primary crop grown over the 

winter rather than from spring to summer. In addition to traits relating to yield and cold 

tolerance, we note that changes to product quality could have an outsize relationship to adoption 

by altering the position of lupin in the agricultural market in a way that changes its pricing 

structure. We suggest that the New World lupin clade offers a largely untapped germplasm pool 

with potential to meet these needs via the use of new breeding techniques and biotechnology. An 

essential consideration for the future will be extending this work to include more rigorous 

iterations of the biological studies, and to examine the impacts of lupin in more realistic 

agricultural systems that account for double-cropping, rotation, and policy effects such as crop 

insurance. The present work may be considered in essence a fleshed-out thought experiment 

designed to drive such future work by attracting research interest and providing an accessible 

perspective on this crop as a baseline for work in many disciplines. 
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“First consideration belongs to the lupin, as it requires least labor, costs least, and of all crops 
that are sown is most good to the land. It affords an excellent fertilizer for worn-out vineyards 
and corn-lands; it flourishes even in exhausted soil; and it endures age when laid away in the 
granary. When softened by boiling it is good fodder for cattle during the winter; in the case of 
humans, too, it serves to ward off famine in years of crop failure. […] whether you sow it in 
unbroken fallow in the month of September before the equinox, or immediately after the Calends 
of October; and whatever way you cover it, it withstands the carelessness of the farmer.” 
 
 L. Junius Moderatus Columella, 60 A.D.; De Re Rustica Book 2, Chapter 10 

5.1: Introduction 

Meet the new crops, same as the old crops 

 Cultivation of new crops is cited as one of the building blocks of an agriculturally 

sustainable future (Raza et al. 2019; Rising and Devineni 2020; Varshney et al. 2018). Currently, 

90% of global caloric intake depends on 15 major crops (directly and as animal feed) (Antonelli 

et al 2020). ‘New crops’ generally refers to diversifying the agricultural system in a given area to 

include any of the several hundred domestic crops and several thousand edible plants already 

known elsewhere in the world (Ulian et al. 2020). This makes agriculture more sustainable in 

three ways: 

(1) by providing crop mixes that enable sustainable practices such as rotation and cover 

cropping in more settings (Jordan et al. 2022; Kaye and Quemada 2017); 

(2) by providing increased resilience and a hedge against catastrophic losses of individual 

crops (Bowles et al 2020; Matsushita, Yamane, and Asano 2016; Nicholson, Emery, 

and Niles 2021); 

(3) by optimizing the total productivity of each unit of farmland or agricultural input with  

crops finely matched to local conditions—and to a changing climate (Korres et al. 

2016). 
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These factors are especially relevant to the challenge of climate change, which exerts 

countervailing forces on plant growth—carbon fertilization, weather, growing season, et cetera—

forces with varying weights in different crops and different areas (Raza et al. 2019). 

Consequently, the benefits in points 1-3 above as well as the predicted impacts of climate change 

are heavily dependent on the interaction of crops and climate in particular growing areas. The 

distinguishing factor between a predicted global average yield change of -24% (maize) and 

+18% (wheat) for major crops under the IPCC’s business-as-usual RCP8.5 climate scenario is 

the local distribution of these crops in areas that happen to experience the respective effects 

(Jägermeyr et al. 2021; Schwalm, Glendon, and Duffy 2020). There is significant room to 

optimize if we assume that crops can move freely to new ranges. For example, modeling of US 

agriculture under RCP8.5 predicts that half of yield losses to extreme temperature in 6 major 

commodities can be avoided just by redistributing these crops within existing farmland (Rising 

and Devineni 2020).  

 However, practical limitations prevent widespread adoption of new crops, including those 

that are well known but locally unfamiliar (e.g. changing from wheat to soybean), but especially 

those that—like the vast majority of crop species—are poorly studied and bound up in localized 

farming systems. Access to seed and farming guidance for this arsenal of crops is essentially 

unavailable to farmers who do not already grow them. These ‘orphan crops’ are also considered 

to need significant development to meet full potential even in their home ranges, with improved 

varieties often unavailable to the farmers who do grow them (Atnaf et al. 2020; David, 

Mukandala, and Mafuru 2002; Zsögön et al. 2022). 

 Farmers are constrained from changing crops by expensive investments in crop-specific 

machinery, expertise, and farm infrastructure, as well as access to markets via regional 
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commercial infrastructure. They are also constrained by social and cultural factors in a 

profession that remains mostly hereditary, and where the present crop system is the result of 

historical processes (Lowder, Skoet, and Raney 2016). When new crops are readily available, 

the evidence on farmer adoption shows barriers to new crops and new practices that go beyond 

simple cost/benefit analysis, even for changes with near-term benefits (Jordan et al. 2022; T. 

Wang et al. 2021). The trajectory in recent decades of US agriculture has in fact been toward 

increased specialization on existing primary crops and decreased farm- and county-level crop 

diversity, with some counties recording growth of only 1 or 2 crops (Ashraf, Giné, and Karlan 

2009; Lemken 2018). These trends are diametrically opposed to the system-wide fluidity 

required to enjoy the purported benefits of new crops; for example, the optimal loss-avoiding 

scenario modeled by Rising and Devineni (2020) would require more than half of all farming 

counties in the US to grow an unfamiliar crop.  

 Translating the big ideas about new crops into bona fide options on the ground requires 

creating a development system for each new crop-area pairing that can counteract the headwinds 

described above. Without the ability to refer to a long track record of local performance as can be 

done with existing crops, cross-integration of work in different disciplines is essential not only to 

provide answers to the many facets of agricultural change, but also as the means of supplying 

missing information needed to complete work within any one discipline. For farmers, a crop 

introduction program must provide not just useful varieties but extension outreach, crop budgets, 

and market access. The position of the new crop within economic and agricultural policy must  

be addressed, including incentives to overcome the weight of the status quo. Scientific resources 

must also be made available to researchers and breeders to support its adoption in research for 
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crop development, including culture guidance for the laboratory, genomic resources, and 

specification of improvement targets.  

This work 

 Here we apply the principle of multidisciplinary development to a pilot study of lupin, a 

little-used legume, as a new crop in the southeastern US. We used computer simulation of crop 

growth and development of an ex ante crop budget to model costs and benefits of growing lupin 

as a winter crop in the Sandhills region of North Carolina. In addition to providing extension and 

outreach material that may be made available to support farmers’ participation in the 

development of this crop, we used the economic models to help identify barriers to adoption and 

traits of interest for research and development. We performed germination studies and recorded 

flowering and self-fertility observations of domestic and wild lupin species to support their 

expanded use in laboratory, breeding, and biotechnological improvement work. The scale of 

each component in this study is very modest, and our goal is not to single-handedly accomplish 

the introduction of lupin. Rather, we aim to –at least– contribute basic information across the 

multiple areas of study needed to advance this crop and –ideally– start building a development 

framework that makes use of cross-disciplinary connections from the outset. 

Lupin 

Lupin presents three opportunities for improving the future of agriculture in the US 

southeast: as a resilient alternative to soy, as a profitable winter crop, and in access to the 

growing plant protein market (Bashi et al. 2019; Gulisano et al. 2019). Lupin, which includes 

multiple domesticated species, provides protein similar to or better than soy, with fewer 

processing requirements (Bhardwaj 2002; Gross et al. 1988; Lucas et al. 2015; Mousavi-

Derazmahalleh et al. 2018; Sujak, Kotlarz, and Strobel 2006). Lupin is tolerant of drought and 
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poor soils, and can be grown over the winter, avoiding summer temperature and drought stresses 

(French and Buirchell 2005; Huyghe and Papineau 1990; Lucas et al. 2015). Like other legumes, 

lupin fixes nitrogen and can improve the growth of other crops in rotation. Lupin is used mostly 

as animal feed, but also for direct human consumption and as a high-protein food additive (Lucas 

et al. 2015, 20; Pollard et al. 2002). 

History and qualities 

Out of 10 pulse crops for which data are available in FAOSTAT, lupin is the 9th most 

widely grown, in 2018 producing a crop equal to .34% of the soybean harvest on about 1 million 

hectares (table 5.1a, Supplemental File 5.1). Most lupin is grown in Australia and is used as 

animal feed locally and in Asian export markets (Abraham et al. 2019). Table 5.1b shows all 

countries that produced more than 10,000 tonnes of lupin in 2018, which collectively account for 

97% of world total production. The highest lupin yields are achieved in Russia, Ukraine, and 

Chile. 

Interestingly, despite being absent today, lupin has an extensive history in the US. From 

the 1930s to the 1960s lupin was grown on more than a million acres in the South and Mid-

Atlantic, earning the name of ‘lupin belt’ at the time (Bhardwaj, Starner, and Van Santen 2010). 

Lupin in the lupin belt was used as a winter cover crop providing the nitrogen source for 

subsequent cotton rotations. Lupin disappeared from this region when synthetic nitrogen made 

its cultivation for fertilizer no longer necessary. The prospect of lupin as a harvestable protein 

crop was never pursued, in part due to drawbacks of long maturation and difficult harvesting, 

and in part to agricultural policy of the time which emphasized soy production.  
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Some interest remains in the US: a recent 5-year study of narrow-leaf lupin (NLL; 

Lupinus angustifolius) as a winter cover crop in Georgia showed that it fixed more nitrogen, 

produced 200-400% more biomass, and led to 24-66% higher yields of subsequent cotton and 

sorghum when compared to 5 currently used cover crops or fallow treatments (Anderson et al. 

2022). 

Lupins naturally accumulate defensive alkaloids that make them inedible but which are 

easily extracted in water and may be removed by soaking or boiling (Lucas et al. 2015). ‘Sweet’ 

lupin varieties with less than 0.02% alkaloid have been produced via selective breeding, which 

require no processing before use (Lucas et al. 2015). The two most commonly grown species, NLL 

Table 5.1a: 2018 world and US growing statistics of the 10 pulse crops tracked by 
FAOSTAT. US yield values are from USDA NASS census/survey data. 
Crop World area 

(ha) 
World 
production (T) 

World avg. 
yield (T/ha) 

US avg. yield  
T/ha lb/A 

Soybeans (Glycine max) 124,051,963 344,731,688 2.78 3.4 3,036 
Dry beans (Phaseolus sp.) 36,218,733 27,437,441 .76 2.35 2,098 
Chickpeas (Cicer arietinum) 16,177,871 16,938,007 1.05 1.69 1,511 
Cow peas (Vigna unguiculata) 14,262,214 8,386,716 .59 1.98 1,766 
Dry peas (Pisum sativum) 7,449,515 13,406,831 1.8 2.21 1,972 
Lentils (Lens culinaris) 5,508,461 6,570,688 1.19 1.31 1,171 
Fava beans (Vicia faba) 2,847,880 5,548,961 1.95 NA NA 
Pigeon peas (Cajanus cajan) 5,479,840 5,379,543 .98 NA NA 
Lupins (Lupinus sp.) 981,971 1,185,564 1.21 NA NA 
Earth peas (Vigna subterranea) 347,607 228,597 .66 NA NA 
Table 5.1b: top lupin-producing countries in 2018. 
Country Production (T) Yield (T/ha) % of total 
Australia 714,254 1.17 62.25 
Russian Federation 136,352 1.92 11.88 
Poland 122,000 1.28 10.63 
Morocco 56,720 .67 4.94 
Chile 45,453 1.82 3.96 
Germany 22,300 .95 1.94 
Greece 18,650 1.07 1.62 
Peru 16,687 1.43 1.45 
Ukraine 15,040 1.65 1.31 
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and white lupin (WL; Lupinus albus) have total protein content similar to soybean at an average 

of 40% of dry mass (Lucas et al. 2015). Other less-commonly grown (L. mutabilis, L. luteus) and 

wild (L. munzianus) species have even higher protein content up to 70% of dry mass (Gross et al. 

1988; Sujak, Kotlarz, and Strobel 2006). Notably, L. mutabilis contains high-quality oil at an 

amount similar to soybean, while other domestic species produce significantly less (Czubinski, 

Grygier, and Siger 2021; Gulisano et al. 2019). 

The domestication history of lupin is unusual. The old-world species WL and NLL that 

account for the vast majority of modern production (and L. luteus; yellow lupin; YL) originate as 

winter annuals in the Mediterranean (figure 5.1) (Gladstones 1976; Mousavi-Derazmahalleh et al. 

2018; Palta, Berger, and Bramley 2012). Only WL has an extensive cultivation history, being 

attested as a semi-domesticated crop in Greek and Roman writings, and Egyptian tombs as early 

as 2,000 b.c.e. and used consistently in traditional agriculture of the Mediterranean and North 

Africa (Gladstones 1976; Hondelmann 1984; B.S. Kurlovich 2002; Yeheyis et al. 2010). 

 

 
Figure 5.1: Domesticated lupin species. In order left to right, inflorescences, leaves and seeds 
(insets) of L. angustifolius, L. albus, L. luteus, and L. mutabilis. Seed images are to scale. 
Inflorescence pictures obtained under Creative Commons license: 1A, 1B, 1C & 1D. 
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None of these species was meaningfully grown outside their region of origin until the 19th century, 

when WL and YL were incorporated into temperate European agriculture as a winter cover crop, 

forage, and spring-planted grain legume (Hondelmann 1984). A rigorous breeding program was 

not developed until the 1920s, when research in Germany produced the first alkaloid-free lupins 

alongside other desirable agronomic traits (Gladstones 1975). Usage in Europe, as in the US lupin 

belt, subsequently reached a large extent before declining to present levels (Supplemental File 5.2) 

(Hondelmann 1984, FAOSTAT 2022).  

Meanwhile, the Australian lupin production system was essentially created from whole 

cloth in the late 1960s. NLL, until then known as a wild plant and minor component of European 

lupin research, was found to grow well under Western Australian conditions after WL and YL 

introduction failed (Gladstones 1975). Consequently, the entire selective breeding history of lupin 

was recapitulated at incredible speed in NLL to yield the first line combining the traits of low 

alkaloids, nonshattering pods, rapid germination, low vernalization, and early flowering in 1973 

(Gladstones 1975; P. Wang et al. 2021). This makes lupin—referring by default to NLL as the 

currently dominant species—one of the most recently established crops in the world, for which it 

is of significant interest in understanding the genetics of domestication (Berger et al. 2012; 

Plewiński et al. 2019; P. Wang et al. 2021). 

Although the Mediterranean region that contributed NLL, WL, and YL to domestication is 

the center of origin for the Lupinus genus, only 12 of ~280 modern species are found there (‘Old 

World lupins’) (Nevado et al. 2016). The remaining majority of phylogenetic, phenotypic, and 

geographic variation occurs in the Americas (‘New World lupins’). The only domesticated New 

World lupin is L. mutabilis (Andean lupin; AL). AL has a domestication history similar to WL, 

with genetic and archaeological evidence placing domestication 2,600-1,800 b.c.e (Atchison et al. 
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2016). AL received little formal breeding attention until the 1970s, with the first low-alkaloid 

variety produced in 1983 (Gross et al. 1988; Gulisano et al. 2019). Although AL has received 

consistent interest due to its higher seed quality relative to other lupins, it remains underutilized 

due to agronomic issues including unstable yield, long maturation, and disease susceptibility  

(Bebeli et al. 2020; Gulisano et al. 2019).  

Cultivation 

 Here we provide only a brief overview of winter lupin growing conditions, as similar 

information is included in a structured review of extension materials and field trials as part of our 

results (Table 5.2). We do not cover spring-planted lupin as found in Northern Europe, or high-

altitude cultivation as practiced in the Andes or some parts of North Africa, as these systems 

involve significantly different conditions.  

Winter lupin is planted in early to mid-fall and harvested in late spring or early summer; 

the growing period is affected by overwintering conditions and sowing date. Cold tolerance 

depends on sowing early enough for seedlings to establish, however, extremely early plantings 

may result in formation of a flowering stem during winter which is subject to increased frost 

damage. Lupin flowers and seeds are also sensitive to high temperature, an issue for spring or 

unusually late fall plantings (French and Buirchell 2005; Huyghe and Papineau 1990; Lazaridi, 

Papadopoulos, and Bebeli 2020). In large-scale cultivation, lupin is planted in well-drained, low-

nutrient soil, often without fertilizer or other amendments; Australian production in extremely 

deep, acidic sand sometimes uses starter fertilizer at seeding (Grains Research and Development 

Corporation, Australia 2017; Von Baer 2005). In addition to producing nitrogen-fixing symbiotic 

nodules, lupins are specialized to access phosphate via formation of proteoid roots and secretion 

of anions that improve its mobilization (Dissanayaka et al. 2017; Kamh, Horst, and Chude 1998; 



 263 

Pueyo et al. 2021). Both of these traits benefit other crops in rotation by increasing the availability 

of the respective soil nutrients (Anderson et al. 2022; Kamh, Horst, and Chude 1998).  

Lupins are adapted to dry conditions by a deep root system, soil-water-responsive 

photosynthesis regulation, and drought escape via early flowering (French and Buirchell 2005). 

Lupins are rarely irrigated, though they have a noted ability to rapidly take up additional water 

when available (French and Buirchell 2005, Von Baer 2005). However, lupins are sensitive to 

drought during flowering and seed-filling, and do not tolerate desiccation well once other measures 

are exhausted (French and Buirchell 2005; Palta, Berger, and Bramley 2012).   

 The price of whole lupin seeds harvested under contract is generally noted as being 66-

80% the price of soybean (Smith 2004, GRDC Australia 2017). On the open market lupin is 

often priced under a formal version of this rule, being pegged to a reduced percentage of soybean 

price or with similar formulas based on prices of other legumes (Hein 2021; Putnam et al. 1989). 

5.2: Results 

Review of yields and growing conditions in winter lupin field trials 

 To establish baseline growing parameters and yield expectations, we reviewed field trials 

conducted for lupin in 6 US states. This included all known trials of winter lupin grown for 

harvest as a pulse crop (covering only 5 sites across Alabama and Virginia), 2 trials of spring-

planted lupin in Oregon and Minnesota, and 2 trials of lupin as a winter cover crop in North 

Carolina and Georgia. All winter lupin trials were for WL only. The best and worst results from 

each site in each trial are recorded in table 2; raw data is collected in Supplemental File 5.3. The 

highest yield of 5.9 T/ha was obtained in trial VA2 (Petersburg, Virginia 1998-2000) which was 

more than double the national average soybean yield (Bhardwaj 2002). 



 264 

All trials of harvested winter and spring lupin reported a strong effect of sowing time, 

which was attributed to the intersection of both heat and cold sensitivity with developmental 

stage (Table 5.2, trials MN1, AL1-5, VA1-2, OR1-2). In spring lupin the highest yields were 

always associated with the earliest planting date, corresponding to less exposure to heat stress 

later in the season (MN1, OR1-2). In winter lupin trials AL3, AL4, VA1, and VA2, the highest 

yields were obtained from the earliest of 3 planting treatments in each trial, which covered a 

range from 0-60 days before the local historical frost date. However, in AL2 and AL5 

(conducted at the same site, but in different years and with different varieties), maximum yield 

was obtained at an intermediate planting date 30 days before the frost date. In trial AL1, notably, 

both the best and worst yields were obtained from plantings on the frost date (differing by 

seeding rate and variety) (Table 5.2). 

 All harvested winter trials were for WL; NC1-3 and GA1-2 grew NLL as a cover crop 

only and did not report yield. AL1-3 compared variety Tifwhite-78 to Lunoble (supplemental 

file 5.3), and VA1-2 compared Lunoble to Lucyane. Lunoble was associated with higher yield 

over Lucyane in VA trials, and Tifwhite-78 was associated with higher yield over Lunoble in AL 

trials. Tifwhite-78 is a variety bred in Georgia for cold-hardiness, and authors of the reviewed 

studies noted qualitative observations of resistance to snow and frost damage as important 

factors in performance (Noffsinger, Starner, and Van Santen 1998).  

Seeding rates varied by exactly 10-fold across different studies, from 86,000 

seeds/hectare in AL4-5 to 860,000 seeds/hectare in OR1-2. Trials MN1, AL1-5, and VA2 

explicitly compared different seeding rates (Supplemental File 5.3); the highest yield was 

associated with the lowest-density seeding rate in 1 trial, AL3, but in others was obtained with 

the intermediate or highest-density sowing.
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Table 5.2: Summary of results from US field trials over the past 40 years. F/S=fall/spring planting, FC=planted as fall cover; 
Density is seeds planted/hectare, Yield is T/ha harvested seed for harvested trials, or T/ha dry biomass for cover crop trials.  
ID Location F/S Date Soil  Yield Year Sowing Density Variety Reference 
MN1 46.36 N 

-94.79 W 
S 1985 

-87 
loamy 
sand 

Best: 4.34 1986 Apr 28 629,600 WL unspecified Putnam et al 1989 
Worst: 0 1985 June 5 629,600 WL unspecified 

AL1 34.28 N 
-85.97 W 

F 1991 
-92 

sandy 
loam 

Best: 2.67 1991 Nov 5 350,000 WL Tifwhite-78 Van Santen, 
Noffsinger, and Reeves 
1996; Noffsinger, 
Starner, and Van 
Santen, 19981 

Worst: 0.13 1991 Nov 5 87,500 WL Lunoble 
AL2 32.7 N 

-85.88 W 
F 1991 

-92 
sandy 
loam 

Best: 2.61 1991 Oct 19 175,000 WL Tifwhite-78 
Worst: 0.86 1991 Nov 16 87,500 WL Lunoble 

AL3 31.58 N 
-87.33 W 

F 1991 
-92 

sandy 
loam 

Best: 3.21 1991 Oct 2 87,500 WL Tifwhite-78 
Worst: 1.23 1991 Nov 26 175,000 WL Lunoble 

AL41 34.28 N 
-85.97 W 

F 1993 sandy 
loam 

Best: 1.16 1993 Sept 11 260,000 WL 
Lunoble/Lucyane/Ludet 
/XA100/Victoria 

Noffsinger, Starner, 
and Van Santen, 19981 Worst: 0.12 1993 Oct 9 86,000 

AL51 32.7 N 
-85.88 W 

F 1993 sandy 
loam 

Best: 0.72 1993 Oct 19 173,000 
Worst: 0.2 1993 Nov 16 86,000 

VA1 38.23 N 
-78.1 W 

F 1994 
-95 

silty 
clay 

Best: 1.68 1995 Oct 3 173,000 WL Lunoble Noffsinger, Starner, 
and Van Santen, 19982 Worst: 1.1 1994 NS2 173,000 WL Lunoble 

VA2 37.25 N 
-77.52 W 

F 1998 
-99 

sandy 
loam 

Best: 5.9 1998- 
19993 

Oct 7 832,5004 WL Lunoble Bhardwaj, Hamama, 
and Van Santen, 20043 Worst: 3.1 Nov 18 832,5004 WL Lucyane 

OR1 45.72 N 
-118 W 

S 1998 
-99 

silty 
loam 

Best: 2.12 1999 Mar 30 860,000 WL Kiev Mutant Payne, Chen, and Ball 
20045  Worst: 0 1998 Apr 28 860,000 WL L1047 

OR2 45.48 N 
-120.5 W 

S 1998 
-99 

silty 
loam 

Best: 1.46 1999 Apr 1 860,000 WL Kiev Mutant 
Worst: .03 1998 Apr 27 860,000 WL Ultra 

NC1 35.87 N 
-76.66 W 

FC 2008 loamy 
sand 

Best: 2.3 2008 Oct 2 540,000 NLL Tifblue-78  
(harvested May 13) 

Parr et al 2011; cover 
crop only, yield value is 
for dry biomass at 
termination 

Worst: NA 
NC2 35.70 N 

-80.62 W 
FC 2008 

-09 
loam Best: 2.1 2008 Sept 25 540,000 NLL Tifblue-78 hvst 5/21 

Worst: .8 2009 Oct 8 540,000 NLL Tifblue-78 hvst 5/28 
NC3 35.28 N 

-77.62 W 
FC 2009 loamy 

sand 
Best: 2.3 2009 Oct 28 540,000 NLL Tifblue-78  

(harvested May 6) Worst: NA 
GA1 31.51 N 

-83.56 W 
FC 2009 

-14 
loamy 
sand 

Best: 9.54 2012 Oct 14 312,000 NLL Tifblue-78 hvst 4/24 Anderson et al 2022; 
cover crop only, yield 
value is for dry biomass 
at termination 

Worst: 5.09 2010 Nov 3 312,000 NLL Tifblue-78 hvst 4/19 
GA2 31.50 N 

-83.56 W 
FC 2009 

-14 
loamy 
sand 

Best: 6.93 2013 Nov 20 312,000 NLL Tifblue-78 hvst 5/5 
Worst: 4.16 2011 Oct 20 312,000 NLL Tifblue-78 hvst 4/25 

1: Noffsinger, Starner and Van Santen 1998 published 3 years of trials in Alabama sown from 1991-93. Data from the same trials for the year of 1991 only were also published in Van Santen, 
Noffsinger, and Reeves 1996. The 1993 trials (AL4), (AL5) were performed in the same sites as (AL1), (AL2) and published together in Noffsinger, Starner and Van Santen 1998, but are separated here 
because they used different varieties and reported grain yield only as an average across all 5 varieties. The 1992 results were reported only as part of cross-year averages with 1991 data, and are excluded 
to avoid making duplicate use of the 1991 data. 2: Sowing date recorded as NS (Not Stated) because 1994 yield data for (VA1) are reported only as an average across 3 sowing dates. 3: Data under 
(VA2) reflects cross-year averages of early and late planting treatments over 2 trials sown in 1998 and 1999 as this is the only form reported. 4: Seeding density was calculated based on data provided by 
the authors of 25 seeds/m and 30 cm row spacing. 5: This trial included 4 WL and 4 NLL varieties; all NLL yielded intermediate to the best- and worst-performing WL varieties, and so do not appear in 
this summary. 
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Seed density values in these results and their biological effects should be approached with 

caution, as all trials used small plots no larger than 4 rows wide, and most used different planting 

methods than would be applied at larger scale. 

Estimating yield 

 In addition to the field trial values reported in Table 5.2, we simulated growth of NLL in 

the Sandhills region of North Carolina using Apsim 7.10, an agricultural modeling tool designed 

to handle large changes in growing conditions and which includes a dedicated lupin crop model 

that is responsive to the full range of soil and climatic parameters (Farré et al. 2004, 200; 

Holzworth et al. 2014; Mandrini et al. 2022; Zhao et al. 2022, 202). Using historical hourly data 

records of temperature, precipitation, soil moisture, and sunlight over the past 15 years (2006-

2021) at Sandhills Research Station, Jackson Springs, NC, and the local soil properties, we 

modeled a crop of NLL planted every year on the first possible date between October 8th and 

November 2nd.  The simulation was run without use of additional fertilizer, and it does not 

account for pest and weed effects. The results are shown in figure 5.2 and Supplemental File 5.4. 

 Yields ranged from 0 T/ha in 2018 to 4.97 T in 2019 (fig. 5.2A, 5.2B) and are discussed 

in further detail in Table 5.6. Maximum yield was reached on dates from April 27th to June 2nd, 

providing a total growing period of 6-8 months. The yield of 0 T in 2018 represents a crop 

failure predicted by the simulation: biomass accumulates until encountering a fatal period of 7 

contiguous days where high temperatures were between -2.2 and .8 °C, nested within a 14-day 

period with low temperatures between 0 and -14.7 °C (figure 5.2C) (Supplemental File 5.4). 
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Figure 5.2: simulated yield of winter NLL grown in the Sandhills region of NC, 2006-2021. 
(A) Yield (right y axis, kg/ha), daily high and low temperatures (left y axis, °C), and rainfall (left 
y axis, mm) over 15 years; inset, the simulation site at Sandhills Research Station (red) within the 
Southern Piedmont agricultural district (yellow). (B) Yield and biomass in 3 recent years; note 
yield is colored orange in A, but in B yield is pink and biomass is orange. (C) A crop failure 
simulated by the model in 2018. Biomass stops accumulating following a cold weather event. (D) 
Simulation of biomass production for site, year, weather, and planting and harvesting dates used 
in the 2008-09 NC2 NLL cover crop trial (table 5.2) at Piedmont Research station (inset, blue). 
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To assess the accuracy of the model (which was developed in Australia) in NC weather 

conditions, we also simulated the NC2 2008-2009 (Table 5.2) NLL cover crop field trial (Figure 

5.2D). We modeled total biomass from the same planting date used in NC2 through the cover 

crop termination date; the model estimated a biomass of 3.161 T/ha, 33.6% higher than the real-

world data in the field trial (Parr et al. 2011). We did not compare seed yield because this was 

not measured in the field trial. 

Estimating costs 

 To determine production costs and practices for lupin in large-scale agriculture, we 

reviewed 6 crop budgets published by the New South Wales extension service, Australia, for WL 

and NLL in 2012. We recorded the timing of planting, harvesting, and inputs (Table 5.4, 

Supplemental File 5.5). We also recorded the specific input amounts (Table 5.5) and all variable 

costs (Supplemental File 5.5). All the budgets consulted assumed single-crop lupin with a 

summer fallow as part of a yearly rotation with wheat. Note for table 3 that Australian lupin 

growing zones fall 25-35° South of the equator, and seasons are offset by roughly 6 months. The 

largest expense in all budgets was weed control with fallow applications of glyphosate and 2,4-d, 

preemergents trifluralin and simazine, and the monocot-specific growing season herbicide 

haloxyfop. WL and NLL varied almost solely in the cost of seed, presumably due to the large 

seed size of WL. 

 Based on these budgets, material reviewed in table 5.2, and the simulation in figure 5.2, 

we adapted the 2022 NCSU extension no-till soybean budget to create an interactive crop budget  

and growing schedule for no-till WL and NLL in North Carolina. The budget (Supplemental File 

5.5) uses machinery and labor costs derived from NC farms and specifies pesticide and seed 

treatment formulations available in the US and approved for usage with lupin, with the exception 
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of haloxyfop, which is sold by Corteva as Verdict but not approved in the US. Subtotals of 

variable and fixed costs determined by the crop budget are shown in table 5.3. 

 

 

 

 

 

 

 

 

Table 5.3: ex ante lupin production costs for NC 
 WL NLL 
Seed Own Bought Own Bought 
175,000 seed/acre $24.52 $61.05 $15.41 $38.38 
Herbicides $84.00 
Fungicide $41.66 
Seed treatments $11.60 
Insecticide $3.98 
Machinery $26.13 
Labor $17.23 
Fixed: machinery $68.37 
7% overhead $17.19 
Total $292.08 $331.18 $277.73 $302.30 
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Table 5.4: Lupin input and cultivation timing from Australian crop calendars and US field trials 
 Budget 1 Budget 2 Budget 3 Budget 4 Budget 5 Budget 6 WL US field 

trials (Table 
2) 

Variety WL (no-till) WL (no-till) NLL  
(no-till) 

WL 
(no-till) 

NLL & WL 
(no-till) 

NLL  
(no-till) 

Region Southeast New 
South Wales 

Northwest 
NSW 

Southeast 
NSW 

Southwest 
NSW 

Centreal-Eastern 
NSW 

Southwest 
NSW 

Alabama, 
Virginia 

December 2 fallow 
herbicide 
applications 

3 fallow 
herbicide 
applications 

   2 fallow herbicide 
applications 

 
January 2 fallow 

herbicide 
applications 

2 fallow 
herbicide 
applications 

2 fallow herbicide 
applications 

 
February  
March   Spray 

fungicide and 
insecticide as 
needed; hand 
weeding or 
no weeding 

April Burndown and 
preemergent 
herbicide #1 

Burndown 
herbicide 

Burndown and 
preemergent 
herbicide 

Burndown and 
preemergent 
herbicide 

Burndown and 
preemergent 
herbicide #1 

Burndown and 
preemergent #1 

plant 350,000 
seeds/ha with 
starter fertilizer 

plant 280,000 
seeds/ha 

plant 400,000 
seeds/ha with 
starter 
fertilizer 

plant 210,000 
seeds/ha with 
starter fertilizer 

plant WL/NLL 
336,000/400,000 
seeds/ha with 
starter fertilizer 

plant 375,000 
seeds/ha with P 
and S fertilizer 
(April/May) 

preemergent 
herbicide #2 

preemergent  
herbicide 

preemergent 
herbicide #2 

preemergent 
herbicide #2 

preemergent 
herbicide #2 

preemergent 
herbicide #2 
(April/May) May      

June  In-crop 
herbicide spray 

 In-crop herbicide 
spray (time not 
specified) 

In-crop herbicide 
spray 

In-crop herbicide 
spray (time not 
specified) 

harvest 

July In-crop 
herbicide spray 

 In-crop 
herbicide 
spray 

 

August      
September  insect control 

cropdusting 
 insect control 

cropdusting 
 insect control 

cropdusting 
 
Sow 80-
800,000 
seeds/ha,  
preemergent 
and/or tillage 

October insect control 
cropdusting 

 insect control 
cropdusting 

 insect control 
cropdusting 

 

November    harvest  harvest 

December harvest harvest harvest  harvest   
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Table 5.5: crop inputs in US field trials and Australian crop budgets for WL and NLL. 
 Budget 1 Budget 2 Budget 3 Budget 4 Budget 5 Budget 6 US Trials 
Fallow 
herbicide 1 

Glyphosate 
450 1.5 L/ha  
+Triclopyr 
600 
.12 L/ha 

Glyphosate 
450 1.2 L/ha 
+2,4 D 475 
1.2 L/ha 

Glyphosate 
450 1.5 L/ha  
+Triclopyr 
600 
.12 L/ha 

Glyphosate 
450 .8 L/ha  
+Triclopyr 
600 
.06 L/ha 

Glyphosate 
450 1.2 L/ha  
+Triclopyr 
600 
.08 L/ha 

Glyphosate 
450 .8 L/ha  
+Triclopyr 
600 
.06 L/ha 

 
 
 
 
 
 
 
 
 
Prior usage not recorded; some trials 
tilled before planting 

Fallow 
herbicide 2 

Glyphosate 
450 1.25 L/ha 

Glyphosate 
450 1 L/ha 
+Triclopyr 
600 .12 L/ha 

Glyphosate 
450 1.25 
L/ha 

Glyphosate 
450 .8 L/ha  
+2,4 D 300 
.6 L/ha 

Glyphosate 
450 1 L/ha 
+2,4 D 300 
1.2 L/ha 

Glyphosate 
450 .8 L/ha  
+2,4 D 300 
.6 L/ha 

Fallow 
herbicide 3 

 Glyphosate 
450 1 L/ha 
+2,4 D 475 
1.2 L/ha 

    

Burndown 1 Glyphosate 
450 1.5 L/ha 

Glyphosate 
450 1 L/ha 

Glyphosate 
450 1.5 L/ha 

Glyphosate 450 1.2 L/ha 
 

Preemergent 
1 (preplant) 

Trifluralin 
480 1.7 L/ha 

 Trifluralin 
480 1.7 L/ha 

Trifluralin 
480 1.5 L/ha 

Trifluralin 
480 1.2 L/ha 

Trifluralin 
480 1.5 L/ha 

Ethalfluralin .84 kg/ha 

Seed 125 kg/ha 100 kg/ha 80 kg/ha 75 80 or 120 
kg/ha 

75 kg/ha Variable 

Inoculum 125 kg/ha  80 kg/ha 75 kg/ha  75 kg/ha Variable 
Seed 
treatment 

Iprodione .25 
L/ha 

 Iprodione 
.16 L/ha 

   Captan 50; carboxin 4.1 g/kg; 
benzene hexachloride .85 g/kg 

Fertilizer Legume 
starter 100 
kg/ha 

 Legume 
starter 100 
kg/ha 

P/S Grain 
Legume 
Super 
90 kg/ha 

MAP 100 
kg/ha 

P/S Grain 
Legume 
Super 
90 kg/ha 

according to soybean test; 112 kg/ha 
16-20-0-14 NPKS 

Preemergent 
2 
(postplant) 

Simazine 500  
3 L/ha 

Simazine 
500 1.5 L/ha 

Simazine 
500  
3 L/ha 

Simazine 500 2 L/ha 
 

metribuzin .28 kg/ha; metalochlor 
1.1 kg/ha; linuron 1.1 kg/ha; 
trifluralin 2.3 L/ha 

In-crop 
herbicide 

Haloxyfop-R 
520 .1 L/ha 

Haloxyfop-
R 520 .085 
L/ha 

Haloxyfop-
R 520 .1 
L/ha 

Haloxyfop-R 
520 .06 L/ha 

Haloxyfop-R 
520 .05 L/ha 

Haloxyfop-R 
520 .06 L/ha 

None 

Insecticide L-cyhalothrin 
.036 L/ha 
(Heliothis) 

Deltamethrin 
EC .5 L/ha 

L-
cyhalothrin 
.036 L/ha 
(Heliothis) 

Esfenvalerate 
50 EC 
contract 

a-
cypermethrin 
100 .03 L/ha 
(Heliothis) 

Esfenvalerate 
50 EC .3 
L/ha 

Orthene 75s 1.1 kg/ha (thrips) 
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Evaluating profitability 

 Table 5.6 shows the peak yield simulated in each year in figure 5.2, and gross income at 

the expected harvest time based on a price set to 80% of soybean price (reported in customary 

units of bushels and acres). Table 6 also shows profit after expenses determined in the ex ante 

crop budget for bought-seed NLL 175,000 seeds/acre (Table 5.3, Supplemental File 5.5), and a 

comparison to soybean using USDA records of yield and price in the Southern Piedmont 

agricultural statistical district which contains the simulation site (Figure 5.2A inset). As shown in 

table 6, both simulated lupin and real-world soybean were profitable in 11 out of 15 years. In 9 

out of 15 individual years, lupin was more profitable (or less unprofitable) than soybean and this 

led to a cumulative $569.49 higher profit per acre than soy over the 15 years. 

Table 5.6: simulated performance of NLL at an NC Sandhills site compared to 
historical average soybean performance in the Southern Piedmont agricultural district 
Year NLL 

Yield bu/A 
NLL 
Profit $/A 

Soybean 
Yield bu/A 

Soybean 
Profit $/A 

Lupin minus 
soybean 

2006 18.27 -177.50 37 -67.75 -109.75 
2007 33.64 13.33 12 -242.97 256.30 
2008 33.72 154.93 37 243.42 -88.49 
2009 26.23 -6.59 30.5 46.015 -52.61 
2010 28.31 4.98 26.8 -20.054 25.03 
2011 34.16 201.66 37.2 302.238 -100.58 
2012 55.41 356.81 45.1 286.907 69.91 
2013 65.22 435.44 29.9 39.056 396.38 
2014 43.95 166.41 42 176.13 -9.72 
2015 42.03 126.36 27 -39.48 165.83 
2016 39.18 93.31 36.3 74.376 18.93 
2017 27.34 -33.75 39 95.19 -128.94 
2018 0.00 -302.30 31.7 1.108 -303.40 
2019 73.97 429.68 32.3 15.821 413.86 
2020 41.62 144.55 38 126.23 18.324 
2021 43.48 251.08 40 252.67 -1.59 

15-year total: 1858.40  1288.91  
 

Next, we evaluated the general prospects for lupin as a competitor to soybean. We used 

equations (1)-(3) to model a simple farm decision of determining whether single-crop winter 
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lupin or single-crop summer soybean is more profitable. Equations 1a and 1b express profits of 

the two crops based on yield, costs, and price. Because the price of lupin is typically pegged at 

80% that of soy, the profitability of both crops is a function of soybean prices. Equation 2 

expresses the yield lupin must achieve to be as profitable or better than soybean in generic terms. 

Equation 3 inserts the cost values used in this study. 

Equation 1: generic lupin and soybean profit equations 
 

(1a)                            ProfitLupin = (.8)(PriceSoy)(YieldLupin) – CostsLupin      and 
 

(1b)                            ProfitSoy = (PriceSoy)(YieldSoy) – CostsSoy 
 
Equation 2: generic lupin yield required for profit to draw even with soybean 
 

set profit equal:     (.8)(PriceSoy)(YieldLupin) – CostsLupin = (PriceSoy)(YieldSoy) – CostsSoy 
 

simplify:                     (YieldCompetitiveLupin) ³ (PriceSoy)(YieldSoy) – CostsSoy + CostsLupin 

                                                                                                                                                           (.8)(PriceSoy) 
 

(2)                               (YieldCompetitiveLupin) ³ (1.25) [ YieldSoy  +   (CostsLupin)   -  (CostsSoy)] 
                                                                                                                                       [                           (PriceSoy)       (PriceSoy).] 

 
Equation 3: equation (2) inserting projected costs from this study (NLL, bought seed): 
 

(3)                               (YieldCompetitiveLupin) ³ (1.25) [ YieldSoy  +   302.3    -    383.73    ] 
                                                                                                                      [                        (PriceSoy)     (PriceSoy)] 
 

Or:                              (YieldCompetitiveLupin) ³ (1.25) [ YieldSoy  -   81.43     ] 
                                                                                                                      [                       (PriceSoy)] 
   

Equations 2 and 3 show how the dependence of lupin prices on soy prices simplifies the 

effect of differences in production costs. Because the denominator is shared, the Cost/Price 

terms cancel out as CostsLupin approaches CostsSoy, and price is only relevant when costs are not 

equal. If equal, lupin must simply yield ³ 1.25X soy to be competitive at any price. Figure 5.3 

shows a plot of how much lupin must yield to be competitive with soybean under a wide range of 

possible soybean prices and yields. This is expressed as lupin yield relative to soybean yield 

using the value of equation (3) divided by YieldSoy. 
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Figure 5.3: yield ratio required for lupin to compete with soybean. Values on the curve show 
the proportion of soybean yield lupin must achieve to be at least as profitable as soybean when 
lupin price is fixed at 80% of soybean and production costs are set at $302.80/acre. 

 

Due to its lower production cost, lupin is favored at increasingly lower yield ratios as 

soybean yield and price decrease. As soybean price and yield increase, they outweigh this effect 

and lupin yield must increase to be competitive. The boundary between the green and light blue 

layers in figure 5.3 marks the point where lupin is equally profitable to soybean at equal yield. At 

the maximum plotted values of soybean yielding 60 bushels/acre sold at $30/bushel, lupin would 

need to yield 19.35% more, or 72 bushels/acre, to be competitive.  
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If lupin were instead priced equal to soy, the two crops would be distinguished solely by 

the cost savings of lupin as expressed in equation (4). In contrast to equations (1)-(3), the 

competitive yield of lupin ii then by definition lower than soy. The ratio of lupin to soy yield still 

depends on soybean price and yield in this scenario. Figure 5.4A shows the competitive yield 

ratio of lupin vs. soy under equation (4). 

Equation 4:  
 

Lupin priced equal to soy                        ProfitLupin = (PriceSoy)(YieldLupin) – CostsLupin       
 

and                                                           ProfitSoy = (PriceSoy)(YieldSoy) – CostsSoy 
 
generic lupin yield required for profit to draw even with soybean: 
 

                                      (YieldCompetitiveLupin) ³ (PriceSoy)(YieldSoy) – CostsSoy + CostsLupin 

                                                                                                                                                              (PriceSoy) 
 
inserting projected costs from this study (NLL, bought seed): 
 

                                  (YieldCompetitiveLupin) ³  YieldSoy  +   302.3    -    383.73     
                                                                                                                              (PriceSoy)     (PriceSoy) 
 

(4)                              (YieldCompetitiveLupin) ³  YieldSoy  -   81.43      
                                                                                                                            (PriceSoy) 
   

The outlook for lupin is highly sensitive to inaccuracies in the theoretical costs and yields 

modeled here. Our crop budget and yield simulation assume that no fertilizer or other soil 

amendment is added to NLL in NC. If NLL is instead provided the starter fertilizer at planting 

according to some Australian crop budgets as well as liming at the rate given in the NC soybean 

budget, $36.09 in variable costs is added for a total production cost of $338.39, eliminating 

~50% of the reduction relative to soy. Equation (5) includes costs adjusted accordingly, and 

figure 5.4B shows the yield ratios required for lupin to be competitive with soybean. In this 

scenario lupin must yield 1-1.22X as much as soybean across almost all soybean prices and 

yields in the historical range of  

$8.5-$18.5/bu and 12-45 bu/A.  

Equation 5: competitive yield of lupin vs. soy with 
increased input costs from soil amendments 
(5).      (YieldCompetitiveLupin) ³  1.25 [YieldSoy  -   45.32      ] 
                                                                                 [                  (PriceSoy)  ] 
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Figure 5.4: yield ratio required for lupin to compete with soybean under alternative price 
and cost scenarios. (A) When lupin is priced equal to soy it is always competitive at a lower 
yield due to lower costs, but the effect size is smaller at higher price. (B) When lupin costs are 
increased by ~50% of the difference from soybean, lupin must out-yield soy to be competitive 
for most historical combinations of price and yield. 
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We also noted in figure 5.2D that the lupin crop model we use overestimates NLL 

biomass production by about 1/3 relative to the limited available field data. In table 5.7 we show 

how adding fertilizer costs (without any associated yield gain) and/or correcting simulated yield 

downward by -33.6% affect the profitability of lupin relative to soybean for the same 15 years of 

historical data covered in table 6. We also show the effect of increasing lupin prices to 100% of 

soybean in conjunction with these more pessimistic assumptions, which reduces difference in 

profit by about half. 

Table 5.7: simulated competitiveness of NLL at an NC Sandhills site compared to 
historical average soybean data, under alternative cost and productivity scenarios; profit 
values shown are relative to soybean, i.e. (lupin profit) – (soybean profit) 
 Original yield simulation Original input cost Adjusted input cost (+ $36.09 

fertilizer) & adjusted yield 
simulation (-33.6%); profit $/A 

 Original input 
cost 

Adjusted 
input cost 

Adjusted yield 
simulation 

Year NLL 
yield 
bu/A 

Basic 
model; 
$/A 

+ $36.09 
Fertilizer; 
profit $/A 

-33.6% 
 yield; 
bu/A 

Reduced 
yield;  
profit $/A 

Priced at 80% 
soy 

Priced at 100% 
soy 

2006 18.27 -109.75 -145.82 12.13 -151.67 -187.76 -167.04 
2007 33.64 256.30 220.26 22.34 150.28 114.19 166.59 
2008 33.72 -88.49 -124.57 22.39 -242.11 -278.20 -202.30 
2009 26.23 -52.61 -88.74 17.42 -151.99 -188.08 -139.00 
2010 28.31 25.03 -11.00 18.80 -78.18 -114.27 -63.25 
2011 34.16 -100.58 -136.70 22.68 -269.93 -306.02 -222.37 
2012 55.41 69.91 33.86 36.79 -151.53 -187.62 -78.20 
2013 65.22 396.38 360.32 43.31 148.52 112.43 234.90 
2014 43.95 -9.72 -45.84 29.18 -167.22 -203.31 -125.51 
2015 42.03 165.83 129.80 27.91 21.84 -14.25 56.92 
2016 39.18 18.93 -17.20 26.02 -114.02 -150.11 -84.45 
2017 27.34 -128.94 -164.99 18.15 -219.15 -255.24 -210.65 
2018 0.00 -303.40 -339.50 0.00 -303.41 -339.50 -339.50 
2019 73.97 413.86 377.80 49.12 167.93 131.84 253.35 
2020 41.62 18.324 -17.79 27.64 -131.83 -167.92 -93.75 
2021 43.48 -1.59 -37.65 28.87 -187.50 -223.59 -131.73 
15-year total: 569.49 -7.76  -391.06 -2257.41 -1145.98 
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Preliminary conclusions of field trial review and economic analysis 

 We drew brief conclusions from the economic analysis to help inform biological studies. 

The initial model of lupin yields and costs in the Sandhills is favorable, indicating an average 

$37.97 additional profit per acre per year compared to soy (table 5.6). However, this is strongly 

dependent on simulated yields that may overestimate real-world performance, and an assumption 

of lower costs based on our crop budget (Figure 5.2D, Figure 6, Table 5.7). When more 

pessimistic assumptions for these two factors are applied to assess the profitability of simulated 

lupin over the past 15 years and its competitiveness with soybean, reduced yield has the stronger 

effect, resulting in an average -$26.07 loss per acre per year vs. growing soy. Consequently, we 

identify increased or stabilized yield as a priority trait for improvement. Our lupin crop 

simulation predicted a crop loss due to frost in 2018 which was the single largest contributor to 

economic underperformance of lupin, accounting for 38% (original model) to 13% (increased 

input, reduced yield) of lost profit in years where lupin is uncompetitive with soybean (Table 

5.7). In addition, all field trial publications reviewed for table 5.2, with the exception of GA1 and 

GA2, identified frost resistance as an important factor in winter lupin yield, and lack thereof as a 

source of yield loss. We therefore considered frost and cold tolerance as a strong target trait for 

yield improvement.  

Although the low-input properties of lupin and lower production cost projected in our 

crop budget mitigate the effect of low yields and prices, when compared to real-world 

profitability values of soybean over the past 15 years, these contribute less to the overall 

competitiveness of lupin than yield (Tables 5.6 and 5.7). Furthermore, the largest costs in our ex 

ante budget are herbicides and machinery fixed costs, which are unlikely to be reduced by 

changes to lupin crop traits. Increasing lupin prices is another obvious means of improving its 
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status as a new crop. This could involve changes to marketing and downstream uses, but could 

also be achieved by improving the quality of the harvested seeds, for example via increased 

protein and oil content. 

Evaluating germplasm 

 We conducted pilot studies of germination and self-fertility in 38 varieties of domestic 

lupin and 29 wild lupin species. Experiments at this state were not designed to evaluate 

agronomic traits, but to improve the availability and basic knowledge of germplasm from species 

of general interest for use in future improvement of the key traits identified here and in the 

literature. Selected species and points of interest are summarized in table 5.8. 

 

Table 5.8: selected lupin species used in this study 
Species Origin Note 
L. angustifolius (16 varieties), L. 
albus (14 var), L. luteus (4 var) 

Mediterranean domestic species grown industrially for 
food and feed; sequenced genome & 
genetic transformation system 

L. mutabilis (4 varieties) Andes 
mountains 

domestic species grown as human staple 
crop; higher protein and oil content 

L. pilosus, L. atlanticus,  Mediterranean Old World wild/semi-domestic species 
with some genetic data available 

L. polyphyllus, L. latifolius,  
L. arbustus, L. argenteus 

Western North 
America 

Cold-tolerant perennials 

L. elegans, L. subcarnosus Southern North 
America, 
Central 
America 

high adaptability, useful seed traits 
(Brillouet and Riochet n.d.; Lara-Cabrera 
et al. 2009) 

L. rivularis, L. littoralis,  
L. succulentus 

Western North 
America 

Cold tolerance, moisture tolerance, 
ruderal growth 

 

Germination and dormancy 

In the interest of identifying differences in germination time that may affect winter cold 

tolerance, as well as to gain a practical baseline for growing some uncommonly used species in 

the laboratory, we observed dormancy and scarification response in the species listed in table 
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5.8. Seeds were scarified mechanically, with hot water, or not scarified, then sterilized and 

grown on non-nutrient .7% agar plates in a growth chamber at 21C day / 18C night and 16 hours 

daylight (n=10). Germination timing was recorded as the number of days needed to reach 50% 

germination of each plate. It is important to note that this study is intended only as a source of 

observations to inform future hypothesis-testing work; although each germination plate contains 

10 seeds, only 1 plate was grown per treatment group and data represents a single observation of 

50% germination time for each treatment group. 

Figure 5.5 shows the effect of the scarification treatments on selected varieties (data for 

all species available in Supplemental File 5.6). Among domestic lupins, NLL showed the most 

extensive response to scarification: 8 of 16 tested varieties had faster germination with hot water 

treatment. Across all other domestic varieties, only 1 line of YL and 1 of AL showed a difference 

of >2 days in germination due to either treatment (Supplemental File 5.6).  

Scarification effects were common in wild species, but did not always make germination 

faster. In L. littoralis, polyphyllus, and rivularis, scarification slowed germination by 3-9 days. 

Some species, like L. albifrons had very poor germination in all treatments, and did not reach 

50% germination by the end of the experiment. In the other 22 wild lupin species, one or both 

treatments accelerated germination by 3-13 days. In some species, e.g. L. atlanticus and 

sparsiflorus, one scarification treatment decreased germination time while another increased it. 
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Figure 5.5: effect of heat and mechanical scarification on germination of lupin species. X 
axis shows the number of days by which time to 50% germination was decreased or increased 
relative to unscarified seed of the same species (negative numbers indicate faster germination). 
 
Flowering, seeding, and pollination 

 A single individual of each variety was grown in a greenhouse from fall 2019-summer 

2020. Plants were monitored for time and duration of flowering and seed-setting, and assayed for 

self-fertilization and response to artificial pollination. Data is shown in figure 5.6. 14 wild 

species and 2 varieties of NLL that failed to flower during the course of the experiment or died  

 

days 
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before flowering are not shown.  

Most AL and NLL flowered within 3 months of planting. We noted that Tifwhite-78, 

used is in several of the US field trials reported in table 5.2, was slower to flower than most other 

WL varieties tested. Among NLL varieties, those resulting from more recent breeding efforts 

were faster to flower. Three out of 4 AL varieties tested as well as some NLL and YL had a 

notable offset in time of flowering and first observed seed setting, a trait shared with most wild 

species. This might reflect a stronger dependence on insect pollination in less thoroughly 

domesticated lines. Consistent with this possibility, most wild species required manual 

pollination, and some were self-incompatible despite pollination. Although plants were grown in 

a greenhouse with supplemental lighting, seasonal daylength variation was likely still perceptible 

and may have contributed to control of flowering time. 
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Figure 5.6: reproductive timing of wild and domestic lupin. X axis shows days after planting. 
Flowering period is shown in blue, and seed-setting period in red; boxes mark the midpoint of 
each line. Domestic species WL, NLL, YL and AL are listed by variety name; wild species are 
listed by species epithet. Species marked with a star were self-fertile only when manually 
pollinated; species marked with a red circle did not produce seed even when manually self-
pollinated.   
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Field trial 

 We prepared a field trial to assess winter survivorship and overall performance of 11 

lupin species including WL, NL, YL, AL and wild species L. pilosus, L. rivularis, L. succulentus, 

L. polyphyllus, L. elegans, L. luteolus, and L. albifrons. 30-60 seeds of each species were grown 

at Sandhills Research Station, Jackson Springs, NC from October 16th, 2019. The field site was 

subject to extensive grazing by deer throughout the growing season. Consequently we were 

unable to distinguish survivorship determined by environmental factors from herbivory, and 

report only some brief qualitative observations: 

(1) L. elegans germinated more rapidly than all other species in the field, including the 4 

crop varieties, but all died or were eaten within 2 months. 

(2) The highest survivorship was observed in L. rivularis of which 69% of plants 

survived and were flowering by May 18th, 2020. All other species had less than 25% 

survivorship. 

(3) The variety of WL used in this trial was Tifwhite-78, noted as high-performing in 

previous Southeast field trials. 7 of 30 plants survived through May 18th, 2020, but 

were notably smaller and less advanced in seed filling than surviving individuals of L. 

pilosus and NLL Tifblue-78 (figure 5.7). 

(4) With the exception of L. elegans, which had 100% mortality, and L. polyphyllus and 

L. albifrons, which did not flower during the field trial, surviving individuals of all 

species had produced harvestable seed by June 9th, 2020. 

(5) Surviving field-grown plants were much larger by the spring than the same varieties 

simultaneously grown in the greenhouse, despite the unsheltered environment and 

high cohort mortality. Growth habit was bushier and lower, with more infloresences. 
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Figure 5.7: 6 lupin species grown over the winter at Sandhills Research Station, NC. Images 
taken 7 months after planting (October 16th, 2019-May 18th, 2020). A: L. pilosus; B: L. 
angustifolius Tifblue-78; C: L. rivularis; D: L. luteolus; E: L. luteus; F: L. albus Tifwhite-78. 
 

5.3: Discussion 

 Our simulation (Figure 5.3), greenhouse study (Figure 5.7), and field experiment indicate 

that winter lupin in the NC Sandhills conforms to the characterization by other studies as a crop 

with a 7-8 month growing period, and yield that is variable but roughly comparable to soybean 

(Table 5.2). We also agree with prior research in identifying cold tolerance, leading to increased 

yield and reduced risk of crop failure, as an essential trait for the viability of lupin as a primary 

crop. Low pricing that is not tied to its nutritional content is a major limitation of lupin regardless 

of its yield and production costs.  Changing this situation will likely require additional work not 

only to analyze the market, but to directly develop it and increase farmer access. To the extent 

that development of the crop itself can affect pricing, the long-noted potential for lupin species 

A B C 

D E F 
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with higher oil and/or protein yield to move into large scale production is an important prospect. 

Improvements to product quality in this context are not linear; small changes have no impact on 

the value of the crop under the current price regime, while changes large enough to distinguish 

lupin from its own past limitations could serve to precipitate an independent market that can 

respond to quality. 

  In the absence of improvements to the crop or its market, lupin is at a disadvantage in 

direct comparison to soybean. We conclude this in part based on applying a crude adjustment to 

the results of our yield simulation, derived from comparison to a single nearby field trial in 

which lupin grown as a cover crop produced about 1/3 less biomass than predicted by the model 

(Figure 5.2D, Table 5.7). With this reduction applied to all simulated yields, lupin was predicted 

to produce an average of 25 bushels/acre over 15 years; without the reduction, lupin produces 38 

bushels/acre and is strongly competitive. Additional field trials targeted to the US southeast, 

which account for varieties other than NLL and incorporate the data density necessary to 

integrate with modeling results, will be essential  to resolve the performance and specific yield 

targets for lupin in more detail. 

 An essential factor we did not quantify here is the effect of lupin in rotation with other 

crops. The long growing season of lupin with harvest in late spring to early summer precludes, 

for example, a double-crop with corn or all but the latest-planted soybean varieties. This makes it 

necessary to consider lupin in the context of a direct tradeoff with current primary crops as in the 

scenario modeled in figures 5.4-5.5 and tables 5.6 and 5.7. However, a lupin growing season of 

October-June is fully compatible with double-cropping before warm season crops such as 

sorghum and sweet potato. Notably, these crops are also grown in sandy soils and in the regions 

of NC we target for lupin. Lupin provides cover crop-like advantages to subsequent crops, even 
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when all aboveground biomass is harvested, and consequently may provide a yield boost to other 

crops in a modified rotation that improves its position as a new crop. There are also benefits from 

the timing of winter lupin planting. Farmers growing a split acreage of corn and soybean must 

choose which crop to plant first in the spring, and are often prevented from planting all crops in 

an optimal time window due to availability of machinery, with negative impacts on crop yields. 

Lupin allows for transferring the planting activity of a primary crop to the fall, a unique means of 

lessening this type of pressure, and our crop budget (Supplemental File 5.5) provides a means of 

estimating machinery time requirements for doing so. 

US field trials have focused almost exclusively on WL (Table 5.2). In our results, WL does 

not stand out from other domestic species and even some wild species (Figures 5.7 & 5.8). In 

regards to how the plant traits of ‘lupin’ as a generic entity may be improved for application in our 

area of interest, this suggests a significant historical lesson from the development of Australian 

lupin. In that case, the key event that drove the widespread adoption of lupin—and still dominates 

the modern market--was identification and rapid domestication of NLL, with small but essential 

differences from the main lupin species of the time. We suggest a similar opportunity in the new-

world species AL and its wild relatives.  

AL is already known to have the key product traits of increased protein and oil content, 

while lagging in yield and cold tolerance. Unlike NLL, AL belongs to the New World lupin clade 

which places it in a seconday germplasm pool occupying habitats from deserts to streambanks, 

and climates from tropical to arctic with a diverse range of growth habits, from trees to ephemeral 

weeds (Graham and Turkington 2000; Planchuelo and Dunn 1984; Drummond 2008; Hughes and 

Eastwood 2006; Nevado et al. 2016). Most New World lupins share the same chromosome number 

2N=48 and unlike in Old World lupins, interspecific hybridization can occur naturally in some 
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species (Clements et al. 2008; Roy and Gladstones 1985; Sawicka-Sienkiewicz and Bredjak 1996; 

Susek et al. 2016; Wozniak 2000). The potential to integrate traits from the highly diverse New 

World lupin gene pool into agriculture via introgression into AL has been noted, and some 

preliminary hybridization experiments prove that this is feasible (Clements et al. 2008; Kurlovich, 

Stoddard, and Earnshaw 2008).  

At present, lupin in the agronomic literature is branded as narrowly adapted to 

Mediterranean conditions due to focus on current Old World domestic species, while 

simultaneously being studied in phylogenetic and ecological literature, thanks to the New World 

species, as one of the most rapidly adapting plant clades with a diversity of phenotypic innovations 

(Drummond et al. 2012; Nevado et al. 2016). We suggest that work to make use of this pool of 

genetic resources should be drastically increased. Supporting this idea, recent advances in gene 

editing have accomplished rapid domestication of wild crop relatives and improvement of orphan 

crops (Lemmon et al. 2018; Zsögön et al. 2018). The same approach may be taken with wild and 

semi-domestic lupins either prior to hybridization with domestic AL lines to ease the introgression 

process, or to once again establish a completely new domestic lupin to fit the need.  

 

 

 

“To stimulate the interest in lupins no effort seemed to be too great. In October 1918 the 
Association of Applied Botany was invited to a lupin dinner. There, on a table-cloth made of 
lupin fibers, a lupin soup was served followed by a lupin steak fried in lupin oil and spiced with 
lupin extract. In addition, lupin margarine containing 20% of lupin constituents, cheese from 
lupin protein, lupin spirits and lupin coffee were offered. Moreover, lupin soap for washing 
hands, paper and envelopes supplied with lupin adhesives were available.” 

W. Hondelmann, 1984; The lupin – ancient and modern crop plant, Theoretical and 
Applied Genetics 68:1-9. 
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5.4: Materials and methods 
 
Yield simulation 

 Apsim 7.10 was used to simulate lupin growth in the Sandhills (Holzworth et al. 2014). 

The built-in crop model for NLL cv. ‘Gungurru’ was added to a model for a 1 ha paddock. The 

‘Sand’ module was added to the paddock and manually adjusted to match soil conditions for the 

local Candor soil series as described in the USDA national soil survey (USDA 2008). 

Meteorological data for 2005-2022 including precipitation, temperature, soil moisture, and solar 

radiation were obtained from NC Econet weatherstation “JACK” hosted at the Sandhills 

Research Station and added to the model under the module ‘met’ (NCSCO 2022). Starting soil 

water content was adjusted to 50% of maximum under the ‘Water’ module. Within the 

‘Management’ module, planting density was set to 400,000 seeds/hectare, row spacing 15 cm, 

and planting date was set to fall on the first date following 15 mm of accumulated rainfall over 

any 3 days between October 8th and November 2nd of each year. For simulation of the NC2 field 

trial at the Piedmont Research Station, the same process was repeated with data from the “SALI” 

weather station and the Lloyd soil series. 

Crop budgets 

 The Australian crop budgets used in tables 5.3 and 5.4 were obtained from the website of 

the New South Wales Department of Primary Industry. For the purposes of determining the 

farming schedule, we treated dates for southern hemisphere sites in these budgets as offset by 6 

months from the southeastern US. Based on comparison of these budgets to US field trials (Table 

5.2) and our simulation (Figure 5.2), we established a model schedule for winter lupin in the 

Sandhills including all cultivation steps and inputs as shown in Supplemental File 5.5.  
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We determined pesticide and seed treatments by applying the following rules in order: 

any treatment specifically approved for lupin in the US was used when possible; where the 

Australian budgets and any US field trial agreed on an active ingredient, we included it. If there 

was disagreement or multiple options, we selected the chemical available in the US and/or 

already used on soybeans in the target area according to NC extension materials. We then 

identified pricing information based on specific products available in the US at an application 

rate intermediate to the inputs in the surveyed field trials.  

We confirmed that equipment used in Australia for lupin cultivation was comparable to 

equipment specified in the NC soybean budget. We then applied machine and labor time 

requirements as found in Australian budgets, but with costs as found in the NC soybean budget 

to reflect local rates. We also applied machinery fixed costs and 7% overhead as found in the 

soybean budget. All values in the ex ante crop budget were converted to customary units as used 

in other US extension materials and farm input labels. 

 Profitability analysis 

 All calculations and plots were completed in Microsoft Excel. June and July soybean 

prices from 2006-2021 for the Southern Piedmont Agricultural Statistical District were obtained 

from the USDA NASS Quick Stats website. Prices for the two months were averaged, and 

inflation-adjusted to 2021 dollars. Annual soybean yields were also obtained from Quick Stats 

for the Southern Piedmont in the same time period. Gross income was calculated as yield X price 

according to the values described in the results section, and profit was calculated as  

gross income – costs. 
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Germination 

 Lupin seeds were obtained from the USDA ARS-GRIN germplasm repository. For the 

mechanical scarification treatment, seeds were vortexed for 3 minutes in a 50 mL tube filled to 

the 20 mL mark with coarse sand. For the hot water scarification treatment, 50 mL of DI water 

was boiled and allowed to cool for 1 minute, then poured over the seeds and allowed to cool to 

room temperature. All seed treatment groups (including unscarified seeds) were then sterilized 

by rocking for 10 minutes in 50% commercial bleach with .2% Tweenr-20 surfactant. Seeds 

were rinsed 5 times in sterile DI water, then transferred to 150 mm plates filled with sterile .7% 

agar in DI water. Plates were sealed with micropore tape and monitored daily for germination in 

a growth chamber at 16/8 hours light/dark and 21/18C. 

Flowering 

 Seeds were germinated according to the best treatment determined for each line in the 

scarification experiment, then transferred to 2-gallon pots filled with 1 part Fafard F2 potting 

mix to 2 parts quartz sand by volume and grown in the NCSU Method Road greenhouse. Seeds 

were inoculated at planting with N-Dure lupin rhizobia inoculum (Verdesian Life Sciences, 

Cary, NC). Pots were watered as needed (no more than once per day), and were not fertilized. 

Plants were censused for flowering every three days. Plants were marked as flowering if at least 

one nonsenescent flower was present. Plants were marked as seed-filling if at least one green 

seed pod of any size was visible. Once all visible pods were dried or drying, plants were 

considered to have ceased seed filling. Any plant on which the first inflorescence senesced 

without producing seedpods was artificially pollinated on all flowers of the next inflorescence. 

Artificial pollination was conducted daily by simultaneously collecting pollen and pollinating 
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mature flowers with a dried honeybee glued to a wooden stick. The same bee stick was retained 

and used for the duration of artificial pollination of each individual plant. 

Field trial 

Seeds were scarified according to the best method determined in the germination study, 

and planted at Sandhills Research Station on October 16th, 2019. Seeds were manually planted 

50 mm deep, 24” apart in beds spaced 30” apart. Seeds were inoculated with N-Dure rhizobia 

inoculant (Verdesian Life Sciences, Cary, NC) just before planting. The day after planting, the 

field was sprayed with Linuron and Dual II Magnum as pre-emergent herbicides. Subsequently, 

the field was hand-weeded every 4-6 weeks. 
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