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Abstract 

Science has an inspiring capacity to change the world around us as it informs of 

the details governing life. From feats of engineering to medical breakthroughs, it has 

rapidly changed the way we live. Though it is woven into the fabric of all we do, there 

are still gaps between science and society—such as how science is shared from the 

academy and connects to communities. This has always fascinated me and the resulting 

body of this dissertation is two-parts biology, exploring the symbiosis between the small 

aquatic fern, Azolla, and its cyanobacterial symbiont, Nostoc azollae; and one-part 

sociology, examining ways to reconnect science to the society it impacts so deeply and to 

which it owes so much. My hope is that within these pages you will find a new 

enthusiasm for plants—especially the tiny wonder, Azolla—and that you will see the 

value I do in strengthening the connection between science and the communities around 

it. With everything we do as scientists we have the power to affect the world around us, 

and it is our responsibility to think deeply about how we engage and join science and 

society together for the betterment of us all. 

Chapters 2 and 3 focus on the biological aspects of the symbiosis between the 

aquatic fern, Azolla filiculoides, and its symbiont, N. azollae. It is not so coincidental that 

this symbiosis ended up being the subject of my research and has sweeping connections 

to societies around the globe—including its use as a green fertilizer in China for over 
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1500 years. Azolla is a small genus of aquatic fern with immense green potential to 

positively impact the globe. It owes this distinction to the nitrogen-fixing cyanobacterial 

symbiont, N. azollae, it harbors within specialized cavities within its photosynthetic 

leaves. These two partners have been living together for over 90 million years. There are 

many plant microbial symbioses, however, what makes the Azolla-Nostoc symbiosis 

unique among the others is that the cyanobiont is intimately associated with the fern 

perpetually throughout both organisms’ life cycles. The two are rarely—if ever—seen 

apart. This symbiosis has long captured the curiosity of scientists, who have explored 

various aspects in detail, such as what compounds are exchanged between the two 

partners, how the leaf cavities develop, and what structures are present within the 

cavities. Presently, we are at a stage to delve deeply into understanding the way this 

symbiosis thrives by exploring the genome, transcriptome, and connecting these to 

features of the leaf cavity. 

Chapter 2 details a visual examination of the symbiosis using confocal 

microscopy. I used a clearing protocol coupled with confocal microscopy to image the 

leaves of Azolla filiculoides as the symbiosis develops to visualize the symbiotic cavity 

and labeled different cellular components with the fluorescent dyes calcofluor white and 

4’,6-diamidino-phenylindole (DAPI). I imaged the cavity trichomes within the leaf 

pocket in whole leaves, as well as the trichomes at the apex that facilitate movement of 

the cyanobiont into the megaspores. These trichomes are the main plant structures that 
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interact with the cyanobiont. The ultimate goal is to use this technique alongside the 

genomics and transcriptomics data (chapters 3 and 4) to identify the functions of the 

trichomes, eventually outlining the strategy A. filiculoides uses to engage in its symbiosis. 

Chapter 3 looks closely at the putative symbiosis genes that drive the Azolla-

Nostoc symbiosis. I examined the expression of ammonium assimilation genes and their 

potential post-translational modifications; as well as how the larger pool of putative 

symbiosis genes may be transcriptionally regulated and what their functional categories 

are using gene ontology analysis. The RNA-sequencing analysis revealed 160 putative 

symbiosis genes. These genes included nutrient transporters for compounds like 

ammonium and molybdate, but did not include glutamine synthetase, glutamate 

synthase genes, or sucrose transporters. I also found that the nitrogen assimilation genes 

in A. filiculoides lack the post-translational modifications used in other plants to regulate 

their activity, leading to questions about how Azolla does this differently. This work 

provides the groundwork for establishing new ideas for how the Azolla-Nostoc symbiosis 

works, which factors are used to communicate between the two partners and what is 

used to regulate the exchange of nutrients, all of which allows their life cycles to be 

linked together.  

This dissertation concludes with a departure from the biology of the Azolla-

Nostoc symbiosis, and transitions into a survey of how science and society can be 

reconnected. In chapter 4, I detail three case studies addressing several problems that 
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keep science and society separated— (1) the inaccessibility of science to certain groups, 

(2) the inability of scientists to build trusting relationships with non-scientific audiences, 

and (3) the lack of innovative ways to engage the public about science. The first case 

study specifies programs I have been involved in to engage underrepresented minority 

students in the sciences. I also detail work to improve science to make it an inclusive 

environment for these students to succeed and thrive. The second case study focuses on 

training and preparing scientists to interact with the public. This is crucial to share 

science in ways that are accessible and resonate with people. I remark on my use of 

improvisational comedy as a way of making scientists more attentive to their audiences 

as they are presenting as well as improving their own body awareness. I also discuss 

work to introduce them to the basics of good science communication, and outreach 

opportunities to put this training into practice. In the third case study, I make a case for 

joining the arts and sciences as a means to powerfully connect science and people. This 

comes from a science and art exhibit that I launched with fellow graduate students, that 

has sparked a wave of other science-art minded endeavors. The combination of art, 

science, and community-engagement hit upon a way to captivate the public and pull 

them into the stories behind science. Together, these seek to be examples of how we can 

rejoin science and society in meaningful ways, allowing all people to share in science 

and see how science weaves into our lives. 
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1. Introduction  

Heinrich Anton de Bary defined symbiosis as “the living together of unlike 

things” (de Bary 1879). Today, scientists continue to be fascinated by symbioses from 

across the tree of life, and research studies span many different perspectives:  

i) the role of symbiosis in host development (Collins et al. 2012; 

McFall-Ngai 2014; Hooper 2004)  

ii) the transport of essential nutrients between symbionts 

(Bermingham et al. 2007; Charles et al. 2011; Price et al. 2011; 

Kleiner et al. 2012; Ruehland et al. 2008; Brinza et al. 2009; 

Udvardi and Poole 2013; Lehnert et al. 2014)  

iii) the coevolution and origins of symbiotic relationships 

(Ruehland et al. 2008; Fujita et al. 2014; Braendle et al. 2003; 

Dorrell and Howe 2015; Gerardo et al. 2006; Goffredi et al. 2005; 

O'Malley 2015; Werner et al. 2015; Wilson and Duncan 2015) 

iv) the transmission of the symbiont between generations of the 

host (Bright and Bulgheresi 2010; Koga et al. 2003; Renoz et al. 

2015; Dale and Moran 2006; Libault et al. 2010).  
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The relationship between the aquatic fern Azolla, and its nitrogen-fixing 

cyanobacterial symbiont, Nostoc azollae, is a unique example of each of these aspects of 

symbiosis. It is a permanent, obligate, extracellular leaf symbiosis with myriad 

environmental benefits. Yet, for all of its uniqueness, we know surprisingly little about 

how it works. This dissertation is a launching point to study this symbiosis in more 

depth—including the motility of the cyanobiont (Chapter 2) and the genes important for 

the symbiosis to persist (Chapter 3; Eily et al. Symbiosis, in press). Though this work 

generated more questions than it did answers, it reiterated how special the Azolla-Nostoc 

symbiosis is. 

This dissertation also examines a different kind of symbiosis—that between 

science and society. These two entities are heavily reliant on each other for their 

sustained growth and success. However, the recent gap between the two is of the utmost 

importance to address. The fifth chapter of this dissertation details three case studies 

that solve problems contributing to the gap between science and society. Each case study 

focuses on a way we can rebuild connections—fostering interest & retention of 

minorities in STEM (Case Study 1), improving scientists’ ability to communicate (Case 

Study 2), and engaging the public in meaningful ways with science-art (Case Study 3). 

The work in this chapter is being prepared as a manuscript for submission to the 

American Biology Teacher. The lessons of this final chapter parallel what is seen in the 

Azolla-Nostoc symbiosis. For a symbiosis to thrive it needs to have contact, clear 
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communication, and an open means for exchange between the partners. The rest of this 

introduction will mainly focus on introducing Azolla and N. azollae. 

1.1 Azolla, a genus of aquatic ferns 

The small aquatic fern Azolla, which permanently houses a cyanobacterial 

symbiont (Nostoc azollae) within each of its leaves, can provide unique insights into the 

field of plant-microbial interaction. The Azolla-Nostoc relationship is a remarkable, but 

much-overlooked, example of a nitrogen (N) fixing symbiosis between plants and 

bacteria. Because nitrogen is a major limiting nutrient for plants, many varied strategies 

have evolved to fulfill this need. Plant nitrogen-fixing bacterial symbioses are one such 

strategy. The most well-studied of these are the root nodule (RN) symbioses that form 

between legumes (alfalfa, peas, soybeans, etc.) and soil bacterium such as those of the 

genus Rhizobium, because of their obvious agricultural significance (Crews and Peoples 

2004; Masson-Boivin et al. 2009; Udvardi and Poole 2013). Every year, RN symbioses 

inject 40 million metric tons of nitrogen in the form of ammonium into the soil, globally 

(Udvardi and Poole 2013). However, plant-cyanobacterial symbioses are also of critical 

importance to understanding the overall dynamics of N-fixing symbioses, and Azolla-

Nostoc is a prime example, with environmental and agricultural impacts that span the 

globe such as biofuel production, wastewater treatment, combating climate change, and 

use as a green fertilizer or livestock feed (Awodun 2008; Brouwer et al. 2014; Costa et al. 

1999; Costa et al. 2009; Ferdoushi et al. 2008; Khumairoh et al. 2012; Lumpkin and 
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Plucknett 1980; Muradov et al. 2014; Raja 2014; Satapathy and Chand 2010; Sood et al. 

2012; Speelman et al. 2009; Whaley 2007; Zazouli et al. 2014; Zhang et al. 2008).    

1.1.1 Classification of Azolla spp. 

Azolla is a fern: a member of the vascular, seed-free plant group that is sister to 

seed plants (Figure 1). Azolla belongs to the family of floating aquatic, heterosporous 

(producing both female and male spores) ferns, Salviniaceae, which is deeply embedded 

within the predominantly homosporous, leptosporangiate ferns (Metzgar et al. 2007; 

Svenson 1944; Pryer et al. 2004). There are seven classified species of Azolla, each with its 

own genomically unique Nostoc azollae strain (Figure 2). In simple terms, the genus 

Azolla is part of a small lineage of reproductively unique ferns.  

 

Figure 1: Phylogeny of land plants. 

The phylogeny of land plants includes non-vascular plants (bryophytes); seed-

free vascular plants (lycophytes; ferns, including Azolla); seed plants, including 

gymnosperms and flowering plants (angiosperms). 
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The ability of these ferns to reproduce using female and male spores is similar to 

the reproductive strategies of seed plants. Their critical phylogenetic position means that 

the study of these ferns can also inform us about the evolution of seed plants. The 

inception of this symbiosis, around 90 million years ago, has led to an intimate 

association between Azolla-Nostoc, and the leaf pocket that houses the cyanobiont has 

created a unique microenvironment well worth studying (Metzgar et al. 2007). 

 

Figure 2: Phylogeny of the genus, Azolla. 

The genus Azolla includes seven species spanning two sections: Rhizosperma, 
which includes Azolla pinnata and A. nilotica; and Azolla, which includes A. 

filiculoides, A. rubra; A. microphylla, A. mexicana, and A. caroliniana. 

1.1.2 Morphology of Azolla spp. and N. azollae 

Azolla float on the surface of slow-moving or stagnant waters across the globe—

tropical and temperate (Lumpkin and Plucknett 1980; Moore 1975; Peters 1989; Raja 
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2014; Small and Darbyshire 2011). Azolla has overlapping, scale-like leaves of two types: 

photosynthetic, dorsal leaves that float above the water, and non-photosynthetic, ventral 

leaves that lie on the water surface (Figure 3a-b). Inside the dorsal, photosynthetic leaves 

there is a specialized leaf pocket that houses the obligate, nitrogen-fixing cyanobiont, 

Nostoc azollae (Figure 3c). A fuller description of the cavity and its requisite structures is 

in Chapter 2. Nostoc azollae is a filamentous, heterocyst-forming cyanobacterium that 

fixes atmospheric nitrogen––turns nitrogen into inorganic compounds, such as 

ammonium, that are usable by the plant (Ran et al. 2010; Pereira and Vasconcelos 2014).  
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Figure 3: Azolla morphology and symbiotic cavity. 

(a) Azolla has overlapping scale-like photosynthetic leaves that house its symbiont. 

(b) cartoon representation of Azolla. (c) The mature symbiotic cavity within the 

Azolla leaf with each of the required structures for the exchange of ammonium and 

sucrose. 

Nostoc azollae has several different developmental stages (Figure 4): a) short non-

heterocyst-forming filaments called hormogonia, b) long, differentiated filaments that fix 

nitrogen within intermittent, specialized triple-membraned cells called heterocysts, and 

c) stress-resistant spores called akinetes (Kumar et al. 2010; Lechno-Yossef and 
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Nierzwicki-Bauer 2002). Each of these developmental stages plays a role in the 

symbiosis with Azolla. 

 

Figure 4: Developmental stages of Nostoc azollae. 

(a) N. azollae hormogonia are short filaments that reside at the shoot apical meristem 

in Azolla leaves, where they form the colony that supplies cyanobacteria to newly 

forming leaf cavities or spores. (b) N. azollae begin forming filaments and fix 

nitrogen in specialized cells, called heterocysts, as the leaf cavity matures. (c) 

Akinetes are stress-resistant spores of N. azollae that form when the cyanobiont is 

packaged in Azolla megaspores. 
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1.1.3 Development and metabolism of the Azolla-Nostoc symbiosis 

Each Azolla plant contains the developmental spectrum of the Azolla-Nostoc 

symbiosis, often categorized into five stages: the apex and leaf groups I-IV (Figure 5; 

Van Hove and Lejeune 2002; Lechno-Yossef and Nierzwicki-Bauer 2002; Zheng et al. 

2009; Braun-Howland and Nierzwicki-Bauer 1990; Calvert et al. 1985).  Biochemistry and 

cell morphology studies have shown that these different developmental stages reflect 

different metabolic states in the symbiosis.  

The apex, with the Nostoc “seed colony”, has a very low ammonium 

concentration, and no detectable heterocysts or nitrogenase activity (Figure 5). In group I 

(leaves 1-4, with immature cavities), heterocyst differentiation begins and moderate 

nitrogenase activity is present, so ammonium concentrations begin to increase (Figure 

5). Group II (leaves 5-8) and group III (leaves 9-12) have the highest levels of heterocysts 

(20-30% of cyanobiont cells) and nitrogenase activity, with group III having slightly 

higher levels than group II (Figure 5; Albertano et al. 1993; Canini et al. 1990; Grilli-

Caiola et al. 1989; Kaplan and Peters 1981; Meeks et al. 1987; Kaplan et al. 1986; Peters et 

al. 1985; Lechno-Yossef and Nierzwicki-Bauer 2002; Hill 1975).  

However, the ammonium concentration in groups II and III is low, likely because 

of increased ammonium transport from the cavity. Group IV contains the older leaves 

(13+) that are beginning to senesce (Calvert et al. 1985). This group still maintains a 

moderate proportion of heterocysts (10-15%), but low nitrogenase activity, and the 
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highest amount of ammonium (Hill 1975; Canini et al. 1990; Grilli-Caiola et al. 1989). 

Overall, the metabolism of the fern and of its obligate cyanobiont are thoroughly 

entwined and timed to each other. The cyanobiont supplies all of the nitrogen needed by 

the fern to grow (Hill 1977). In return, the cyanobiont is provided with sucrose from the 

plant. 

 

Figure 5: Development of the Azolla-Nostoc symbiosis. 

(a) Azolla leaf maturity is organized in five groups starting with the apex and then 

groups I-IV based on the development of the leaf pocket, N. azollae filaments, and 

the metabolic state of the pocket. (b) Metabolic characterization in the Azolla leaves 

of each group—the highest level of ammonium (blue) is seen in group IV leaves, 

whereas the highest nitrogenase activity (black) is seen in group III leaves. (c) N. 
azollae developmental stages that reside in each group of Azolla leaves. 
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1.1.5 The unknowns of the Azolla-Nostoc symbiosis 

A wealth of research has characterized many aspects of the intricate relationship 

between Azolla-Nostoc. We know the morphology of how this symbiosis develops and 

what the central metabolic functions of this symbiosis are—even the enzymes 

involved—but the genes important for these processes are still unknown. There is no 

knowledge of the regulatory switches that govern the interaction and communication 

between these two partners; nor do we know what genes are crucial for the exchange of 

nutrients in and out of the leaf pocket. We also lack knowledge of whether the 

cyanobiont moves, and if so, how this is affected by the plant and how it may aid in the 

transmission of the cyanobiont in the plant. The genome and transcriptome of A. 

filiculoides provide a framework to start answering some of these questions. These 

advances open the door to discovering untapped secrets to the Azolla-Nostoc symbiosis. 

1.2 Contributions to this work from others 

This body of work would not have been possible without the significant 

contributions of other researchers. Kathryn Walder-Christiansen, Colleen Drapek, 

Benjamin Carlson, and Yasheng Gao provided reagents, equipment, and guidance for 

the microscopy work in Chapter 2. Fay-Wei Li was instrumental in completing the 

computational analysis for the RNA-sequencing work that went into Chapter 3. The 

guidance of Kathleen Pryer, Fay-Wei Li, and Jennifer Wernegreen was also crucial for 
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the completion of this chapter. The science communication work in Chapter 4 was 

influenced by my close mentoring relationship with Jory Weintraub. 
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2. Visualizing the Azolla-Nostoc symbiosis 

The work in this chapter is unpublished. It was in large part designed and 

executed by me, with help and consultation from Kathleen Pryer, Fay-Wei Li, Yasheng 

Gao, Benjamin Carlson, Kathryn Walder-Christiansen, and Colleen Drapek. 

2.1 The symbiotic cavity of A. filiculoides 

The nitrogen-fixing symbiosis between the small aquatic fern Azolla and its 

cyanobacterial symbiont, Nostoc azollae, has been co-evolving for over 90 million years 

(Collinson 2001; Hal and Peake Swanson, 1968; Li et al., 2018; Metzgar et al., 2007; 

Pereira et al., 2014). This remarkable symbiosis can be found in warm-temperate and 

tropical climates across the globe, floating on the surface of still or slow-moving bodies 

of freshwater (Carrapico 2010; Moore, 1975; Peters 1989; Small and Darbyshire, 2011). 

Nostoc azollae is a permanent and obligate resident within all nine species of Azolla (Li et 

al. 2018), and it is transmitted vertically from one generation to the next during sexual 

reproduction (Perkins and Peters, 1993; Werner, 1992; Zheng et al., 2009). The main 

point of interaction between Azolla and N. azollae is the leaf pocket within the 

photosynthetic leaves (Figure 6a-b), where the symbiosis thrives by exchanging sucrose 

and other nutrients from Azolla for nitrogen (N) in the form of ammonium from N. 

azollae (Figure 6c; Carrapcio, 2010; Calvert and Peters, 1981; Calvert et al., 1985; Hill, 

1977; Kaplan and Peters 1981, 1988; Small and Darbyshire, 2011). 
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Figure 6: Development of the Azolla leaf cavity. 

(a) a macrophotograph of A. filiculoides. (b) cartoon representation of A. filiculoides. 
(c) The mature symbiotic cavity within the Azolla leaf with each of the required 

structures for the exchange of ammonium and sucrose. (d) at the apical shoot 

meristem, several leaves enclose a colony of short non-heterocyst-forming N. azollae. 
These serve as the inoculum for the forming leaf pocket. A primary branched hair 

(PBH) grows into this colony, becoming wrapped in cyanobacteria as the initial step 

of forming the leaf cavity. (e) The adaxial surface of the growing leaf curls into itself 

to begin surrounding the PBH with its cyanobiont. (f) As the leaf continues growing, 

it eventually forms the cavity when the leaf edges meet. As this process proceeds, the 

cyanobacterial filaments spread out and lengthen. Once the cavity matures (c) the 

cyanobiont forms N-fixing heterocysts. 

The pocket within the photosynthetic leaves of Azolla comprises specialized 

structures that allow for nutrient exchange between Azolla spp. and N. azollae; these 
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include the cavity pore, and branched and unbranched trichomes (Figure 6c; Calvert and 

Peters, 1981; Calvert et al., 1985; Werner, 1992; Zheng et al., 2009). Typically, a colony of 

N. azollae hormogonia, short non-heterocyst containing filaments, persistently resides at 

the apical meristem of the Azolla sporophyte (Figure 6d; Zheng at al., 2009). The adaxial 

surface of the youngest leaf develops to envelop the cyanobacterial colony, creating a 

pocket as it closes (Figure 6e-g; Campbell and Meeks, 1989; Van Hove and Lejeune, 2002; 

Werner, 1992; Zheng et al., 2009). Where the leaf closes on itself, the cavity pore forms, 

permitting the influx of atmospheric nitrogen for N. azollae to perform nitrogen-fixation 

(Veys et al., 1999).  

When the cavity closes completely, the cyanobiont develops nitrogen-fixing 

heterocysts and begins secreting ammonium into the pocket for uptake by Azolla spp. 

(Campbell and Meeks, 1989; Van Hove and Lejeune, 2002; Werner, 1992; Zheng et al., 

2009). Peters and Calvert (1981; Calvert et al.,1985) carefully examined the trichomes 

within the leaf cavity using compound light microscopy and scanning electron 

microscopy. Both branched and unbranched trichomes were found to exhibit transfer 

cell morphology—including elaborated cell wall ingrowths and dense cytoplasm with 

mitochondria and ribosomes—indicating a possible functional role for nutrient transport 

(Calvert and Peters, 1981; Calvert et al., 1985; Duckett et al., 1974; Peters et al., 1978). 

Based on immunohistochemistry evidence from further studies, it was hypothesized 

that the unbranched trichomes were responsible for secreting sucrose from the leaf 
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mesophyll into the cavity for uptake by the cyanobiont and that the branched trichomes 

likely absorb ammonium released by the cyanobiont, initiating its transport to the rest of 

the plant (Carrapico and Tavares, 1989; Pereira and Carrapico, 2007). To date, the 

potential functional roles for the branched and unbranched trichomes in the Azolla leaf 

cavity are unconfirmed.  

The recent publication of the Azolla filiculoides genome (Li et al., 2018; Appendix 

C), together with RNA-sequencing approaches (Eily et al., 2019; Chapter 3), have 

revealed potential genes important for how this symbiosis works. Therefore, this is an 

exciting time to reinvestigate the possible function of the two populations of cavity 

trichomes, by examining the localization of putative symbiosis genes and proteins 

within them. This will require more advanced microscopy techniques to be able to 

leverage the genetic information we have to determine the function of the trichomes. But 

first we need to be able to image the trichomes within the pocket as they develop while 

maintaining the integrity of the pocket (Calvert and Peters, 1981; Calvert et al., 1985; 

Carrapico and Tavares, 1989; Duckett et al., 1974; Pereira and Carrapico, 2007; Peters et 

al., 1978).  

Here, we describe a method for clearing A. filiculoides leaves, and staining the cell 

walls and intracellular components (like nuclei) to visualize the structures within the 

pocket using confocal microscopy to image intact leaves. The power of this microscopy 

technique is that it allows for optical sectioning and visualization of large samples 
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(Genre 2008). With this technique, we can image the Azolla-Nostoc symbiosis along its 

developmental timeline, and eventually identify the localization of putative symbiosis 

genes to understand their role in modulating the symbiosis. 

2.2 Materials and Methods 

2.2.2 Plant materials and growth conditions 

Whole plants of A. filiculoides were obtained from the Netherlands, courtesy of 

Dr. Henriette Schluepmann. These plants were initially obtained from the Galgenwaard 

ditch in Utrecht, and then surface sterilized and maintained in culture. Plants were 

grown in IRRI2 liquid media under 12-hour day light cycles (Watanabe et al., 1992). 

2.2.3 Dissection and fixation of single A. filiculoides leaves 

The photosynthetic leaves were dissected from whole plants of A. filiculoides 

using fine-tipped forceps. First, the main stem axis was dissected from whole plants by 

removing the lateral branches. Leaves were categorized along the stem axis as follows: 

apex, group I, group II, group III, and group IV. This dissection process was repeated 

with multiple plants such that at least three stem axes were processed and imaged. Stem 

axes from the different plants were pooled to ensure random selection for sampling. 

Leaves were fixed in a solution of 4% paraformaldehyde in 1X PBS overnight at room 

temperature, with gentle agitation. 
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2.2.4 Clearing and staining preparation 

A modified CLEARSee protocol (Kurihara et al., 2015) was used to prepare A. 

filiculoides tissue for microscopy to image the leaf pocket and trichomes. 

Fixed leaves were washed for one minute in 1X phosphate buffered saline (PBS) 

two times and moved to CLEARSee (10% xylitol, 15% sodium deoxycholate, 25% urea in 

water) solution for two days at room temperature with gentle agitation. After two days, 

if leaves were not completely cleared, they were moved to fresh CLEARSee for another 

two days at room temperature with gentle agitation. To stain cell walls of A. filiculoides, a 

0.1% solution of calcofluor white in CLEARSee was used (Florés-Félix et al. 2015). To 

stain cell nuclei, a 300 nM solution of DAPI in CLEARSee was used. To stain the 

boundary of the leaf pocket, a 0.5% solution of auramine O was used, which stains lignin 

and cutin. Fixed and cleared leaves were stained for 16 hours in the auramine 0 solution, 

washed in CLEARSee for 30 minutes, then again for 1 hour, at room temperature with 

gentle agitation. The samples were then stained with the calcofluor white for one hour at 

room temperature with gentle agitation, then washed with CLEARSee for thirty 

minutes. Leaves were stained with 300 nM DAPI solution for 10 mins, then rinsed twice 

for 1 minute each. 

2.2.4 Confocal microscopy 

Stained leaves were imaged between long glass cover slips in CLEARSee. Cover 

slips were sealed with molten Vaseline to prevent leaks. Samples were imaged using an 
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upright Leica 780 confocal microscope. Stem axes were imaged using an excitation 

wavelength of 405 nm, with detection at 425-475 nm for calcofluor white and DAPI; and 

an excitation wavelength of 488 nm, with detection at 550-630 nm for the cyanobacterial 

and plant chloroplast fluorescence. Images were generated using the Zen software 

package. 

2.3 Results 

Clearing A. filiculoides with the CLEARSee protocol was successful in preparing 

the plant to capture the details of the symbiosis at different stages with fluorescence 

microscopy (Figure 7; Figure 8; Figure 9). This resulted in thorough staining of cell walls 

within the plant tissue, while leaving the pigments in N. azollae intact, so they can still be 

visualized using their native fluorescence. In visualizing the apex, we can see the apical 

colony of N. azollae residing within the overlapping young leaves of the apex (Figure 7a-

c). To ensure that the red fluorescence was that of the cyanobacteria and not from other 

plant components, images were taken from other leaf tissue in the apex, which showed 

no red cyanobacterial fluorescence (data not shown). 
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Figure 7: The Azolla filiculoides apical shoot meristem. 
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(a-c) Confocal micrographs of the A. filiculoides apical shoot meristem (100x). The cell 

walls of the fern were stained with calcofluor white (a) and the cyanobiont colony 

that resides in these leaves can be seen in red (b). This colony is enveloped by the 

overlapping leaves of the apex (c). 

Examining mature leaves with fully formed leaf pockets, the mesophyll cells and 

vasculature trace that surround the pocket; as well as the unbranched trichomes within 

the pocket can all be seen (Figure 8a). The chloroplasts in the cells outside the pocket 

and the cyanobionts within the pocket are also clearly visible (Figure 8b). In overlaying 

the cell wall fluorescence and the cyanobacterial fluorescence (Figure 8c), the nature of 

how embedded the unbranched trichomes are within the colony of N. azollae within the 

pocket can be examined. It is difficult to visualize the branched trichomes within the 

pocket, because there are fewer in each cavity, and they are in-line with the vascular 

traces, so sometimes the fluorescence of the vasculature obscures the detection of these 

structures, even when the pocket was imaged from different orientations. 
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Figure 8: A. filiculoides leaf cavity and cavity trichomes. 
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(a-c) Confocal micrographs of the A. filiculoides leaf cavity (200x). (a) the mesophyll 

cells (yellow arrowhead) and vascular trace (white double arrowhead) surrounding 

the leaf cavity can be seen in blue, as well as the cavity trichomes (white arrowheads) 

inside the leaf cavity. These are the only plant structures inside the cavity that interact 

with the cyanobiont. (b) the chlorophyll of the plant cells around the cavity, and the 

pigments of the cyanobiont filaments within the cavity can be seen in red. The cavity 

is densely packed with the cyanobiont. (c) An overlay of calcofluor white and plant 

and cyanobiont pigment fluorescence. This shows the extent to which the cavity 

trichomes are embedded within the colony of N. azollae. Left and right images are of 

different leaf cavities, showing two different orientations. Both leaves were of leaf 

group II. 

In preparing leaves for imaging, several plants had sporulated, creating an 

opportunity to also examine the apical trichomes that assist in loading the cyanobiont 

into the sporangia—especially the megasporangia that will allow the symbiosis to be 

past to the next generation of plants (Figure 9). The apical hairs stained well with 

calcofluor white and were easily visualized (Figure 9a), but the tissues of the developing 

sporangia yielded considerable fluorescence in the same channel as the cyanobiont 

(Figure 9b). However, the morphology of the cyanobiont filaments made them 

distinguishable from the plant fluorescence, and filaments potentially migrating to the 

developing megaspore could be seen near the trichomes (Figure 9c-d). 
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Figure 9: A. filiculoides megaspores and apical trichomes. 
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(a-d) Confocal micrographs of the A. filiculoides apical trichomes and megasporangia 

(200x). (a) The apical trichomes stained clearly with calcofluor white, and are all 

unbranched trichomes (arrowheads). (b) the tissues of the megasporangia and the 

apex were not cleared easily and there is still a lot of fluorescence emitted from these 

tissues, which somewhat obscured the cyanobiont fluorescence (arrowheads). (c) 

overlay of (a) and (b) highlights the position of the hairs atop the megasporangia, and 

the difference in morphology of the cyanobiont and the plant fluorescence allowed N. 
azollae filaments (double arrowheads) at the apex to be distinguished from the plant 

fluorescence. (d) close-up of apical trichomes in (c). Two filaments can be seen 

traversing the apex near the trichomes (upper right corner double arrowhead; lower 

left corner double arrowhead), with one possibly entering a megasporangium. 

2.4 Discussion 

Visualizing the Azolla-Nostoc symbiosis is of critical importance as we continue 

trying to unveil the genes that mediate communication and nutrient exchange between 

these partners. Using dissection and the CLEARSee clearing reagent, the apex with its 

colony of short non-heterocyst-forming filaments of N. azollae (Figure 7); mature leaf 

cavities with cavity trichomes and heterocyst-containing filaments of N. azollae (Figure 

8); and the apical trichomes with N. azollae being packaged into megasporangia (Figure 

9) were visualized. This clearing protocol is a promising first step in being able to 

examine tissue or cell-type specific gene expression, or to examine protein localization, 

especially in the cavity trichomes, which are the only plant cells that interact with the 

cyanobiont inside the leaf cavity, or the apical trichomes, which help package the 

cyanobiont into the megasporangia. This work has revealed several aspects that are 

essential to being able to visualize the symbiosis and cavity trichomes in whole leaves of 
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A. filiculoides moving forward, as well as several notes on how to use this protocol in the 

future (Figure 10). 

 

Figure 10: Schematic of clearing protocol for A. filiculoides. 

In order to visualize the symbiotic cavity and the cavity trichomes, the CLEARSee 

protocol works sufficiently. (a) fronds of A. filiculoides need to be dissected to remove 

the lateral stem axes and incubated in 4% PFA overnight with agitation, prior to being 

washed with PBS. (b) stem axes are incubated in CLEARSee for four days with 

agitation for penetration to the leaf cavity, then stained with 0.5% auramine O 

overnight, washed with CLEARSee, then stained with 0.1% calcofluor white for an 

hour, and washed again. (c) main stem axes are kept in CLEARSee, then sandwiched 

between glass cover slips and sealed with Vaseline for microscopy. 
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The agitation steps during incubation of the plants in CLEARSee and in the 

fluorescent stains was critical to allowing the dyes to move into the leaf cavity to 

visualize the cavity trichomes (Figure 8), since the reagents have to traverse the cuticle 

that forms the boundary between the mesophyll and the leaf cavity. In essence, the 

reagents have to pass through two different layers of leaf epidermis to reach the pocket 

(Figure 6c-f), and more vigorous agitation of the plants in these solutions helped achieve 

consistent staining of the trichomes. 

The auramine O stain also improved the visibility and identification of the 

trichomes when using brightfield microscopy to locate the cavity prior to using 

fluorescence. It also allowed for the vascular trace and stem axis to be visualized 

alongside the leaf cavity, making the separation between the mesophyll cells and the 

colony of cyanobacteria within the pocket easy to detect (Figure 8b). Another method to 

improve the visibility inside the leaf cavity was to image the stem axes between two 

cover slips rather than on a glass microscope slide. This allowed for more light to 

penetrate through the tissue, and allowed for the cavity to be visualized at different 

orientations, including both the ventral and dorsal sides. The ability to visualize the 

cavity from different angles will be useful in capturing the unbranched trichomes that 

reside along the vascular trace inside the pocket, and which proved difficult to image 

with confocal microscopy.  
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In future experiments that seek to examine the entirety of the A. filiculoides leaf 

cavity, or more specifically, examine gene expression or protein localization in the 

trichomes, it will be important to avoid fluorescent antibodies that fluoresce in the red 

spectrum, as they will be nearly impossible to separate from the abundance of 

fluorescence from the cyanobiont or the plant chlorophyll fluorescence. It will also 

provide better depth and a more complete picture of the cavity and its contents to use z-

stacks and either multi-photon microscopy or light sheet microscopy. The limitation of 

confocal microscopy is that it cannot capture the full depth of the pocket, but multi-

photon microscopy and light sheet microscopy are designed to have the power to image 

thicker tissue sections or whole organisms, so they will be instrumental for future 

explorations of the A. filiculoides symbiosis. 

  



 

29 

3. A glimpse at genes critical to the Azolla-Nostoc 
symbiosis 

The work in this chapter is in press with the journal Symbiosis for 2019. Though 

most of the work in this chapter was completed by me, there was substantial 

contribution to this work both for design, data analysis, and writing from my co-

authors, Kathleen Pryer and Fay-Wei Li.  

3.1 The Azolla-Nostoc symbiosis, an interesting look at plant-
cyanobacterial symbioses 

Plant-microbial symbioses have long been of interest to biologists. With nitrogen 

(N) being a major limiting nutrient for plant development, many symbiotic strategies 

have evolved to fulfill this need. The arbuscular mycorrhizal (AM) mutualistic 

associations between almost all land plants and the glomeromycete fungi has been well-

characterized (Parniske 2008; Paszkowski 2006; van Ooij 2011). Similarly, the nitrogen-

fixing root nodule (RN) symbiosis restricted to a few angiosperm lineages (mostly 

legumes) that associate with various nitrogen-fixing bacterial symbionts (e.g., Glycine 

max and the soil bacterium, Bradyrhizobium japonicum) is well-known because of its 

agricultural significance. Together, these two distinct symbioses form the most common 

microbial interaction pathways seen in plants (Oldroyd 2013; Stracke et al. 2002) and 

they each require that a common symbiosis pathway (CSP) be established (Oldroyd 

2013). Most of what we know about plant-microbial interactions (symbiotic and 

otherwise) comes from studying these symbioses. 



 

30 

Plant-cyanobacterial symbioses are also of critical importance to understanding 

the overall dynamics of N-fixing symbioses (Adams et al. 2013; Peters 1991). These have 

evolved in multiple lineages across land plants yet remain markedly understudied. The 

Azolla-Nostoc relationship is a remarkable example of such a symbiosis, and recently the 

genome of Azolla filiculoides was sequenced and annotated, providing a unique look into 

the molecular biology of plant-cyanobacterial symbioses (Li et al. 2018; Appendix C). It 

was discovered that A. filiculoides completely lacks the essential CSP genes of other N-

fixing symbioses (Li et al. 2018), suggesting that the Azolla–Nostoc symbiosis uses unique 

signaling pathways to interact with its N-fixing symbiont. It is possible that because this 

is an extracellular symbiosis, Azolla spp. use mechanisms more similar to 

ectomycorrhizal symbioses (Werner 1992), but the genes these symbioses use to 

communicate are still being discovered (Flores-Monterroso et al. 2013; Martin et al. 2001; 

Martin et al. 2016). Similarly, understanding how Azolla spp. and N. azollae interact is 

ongoing. 

Azolla is a small genus (ca. 8 species) of diminutive aquatic ferns that resides on 

the surface of still waters, such as ponds or ditches (Carrapiço 2010; Metzgar et al. 2007; 

Peters 1989; Raja 2014; Small and Darbyshire 2011; Van Hove and Lejeune 2002). The 

Azolla spp. sporophyte has two leaf types—non-photosynthetic leaves that skim the 

water surface, and photosynthetic leaves that each house a symbiotic cavity (Figure 11a, 

i-iii). Each species of Azolla houses an obligate nitrogen-fixing cyanobacterial symbiont 
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(Nostoc azollae) within the cavity in every photosynthetic leaf. These leaf cavities contain 

specialized hairs that engage in the exchange of nutrients, namely sucrose and 

ammonium, between the symbionts (Calvert et al. 1985; Calvert and Peters 1981; Hill 

1977; Kaplan and Peters 1981; Kaplan and Peters 1988). It is thought that glutamine 

synthetase and glutamate synthase are used by the plant to assimilate ammonium from 

its cyanobiont (Ray et al. 1978). These partners have been co-evolving for over 100 

million years (Metzgar et al. 2007). Together, they are capable of fixing more than three 

times the amount of nitrogen that the legume-Rhizobium symbioses produce (Hall et al. 

1995). Azolla-Nostoc can fix so much nitrogen that it has been used as a “green fertilizer” 

in rice farming for over 1500 years in Asia (Lumpkin and Plucknett 1980), and has also 

been adopted in other parts of the globe (Khumairoh et al. 2012; Satapathy and Chand 

2010). 
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Figure 11: Azolla filiculoides, plant details and growth culture conditions. 

(a) i. Close-up of plant, consisting of a primary stem with alternate leaves at regular 

intervals along the stem; secondary (branching) stems develop in the axil of certain 

leaves [image courtesy of Macroscopic Solutions (www.macroscopicsolutions.com). ii. 

Cartoon representation of A. filiculoides. iii. Cartoon representation of an A. 
filiculoides leaf showing leaf cavity and contents; direction of sucrose and ammonium 

nutrient exchange between N. azollae and A. filiculoides is indicated. (b) Growth-

culture conditions for A. filiculoides prior to RNA-sequencing. i. Wild-type A. 
filiculoides, without added NH4NO3. ii. Wild-type A. filiculoides, with added NH4NO3.  

iii. Cyanobiont-free A. filiculoides, without added NH4NO3; iv. Cyanobiont-free A. 
filiculoides, with added NH4NO3. To obtain the putative symbiosis gene set, we 

focused on comparing gene expression differences between the optimal growth 

condition (i) and the three other growth conditions (ii-iv). 
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Unlike other plant-microbial symbioses that are re-established from the 

environment with every new generation of plants, N. azollae is a permanent resident 

within Azolla spp. (Hill 1975; Perkins and Peters 1993; Peters and Calvert 1983; Ran et al. 

2010). This suggests that the genes governing the interaction between these partners are 

different from other plant-microbial symbioses. The growth and development of Azolla 

spp. and N. azollae are precisely timed to one another, such that their life cycles are 

synchronized (Peters and Calvert 1983; Zheng et al. 2009). Nostoc azollae exists as a 

colony of short, non-heterocyst-forming filaments at the apical shoot meristem of Azolla 

spp., and only develops into heterocyst-forming filaments once the leaf cavity has 

matured completely (Perkins and Peters 1993; Zheng et al., 2009). Nostoc azollae is also 

passed on vertically to new generations of the fern (just as mitochondria are) during 

sexual reproduction in the form of akinetes within megaspores (Perkins and Peters 

1993). 

These two partners are inextricably linked, and it is believed that this partnership 

is obligate for both the plant and the cyanobacterium. About one third of the N. azollae 

genome is pseudogenized, including genes for processes such as DNA initiation (Ran et 

al. 2010). Though it still has genes for photosynthesis and maintains function of the 

photosystems when isolated (Ran et al. 2010; Ray et al. 1979), the photosynthetic 

capabilities of N. azollae are limited within the pocket, as exhibited by its reduced 

amounts of CO2-fixation, Rubisco mRNA, and Rubisco and phosphorubulokinase 
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protein compared to free-living Nostoc species (Braun-Howland and Nierzwicki-Bauer 

1990; Ekman et al. 2008; Kaplan and Peters 1988). 

Azolla spp. can be grown without their cyanobiont, but they are rarely seen in 

nature without N. azollae (Peters 1989). Cyanobiont-free Azolla spp. are still capable of 

developing the leaf pocket with its internal hair structures, but there are other 

components of the pocket missing, such as the mucilage that lines the cavity (Goff, 1983). 

Experiments have also revealed that when grown without the cyanobiont, A. filiculoides 

needs exogenous nitrogen supplementation to grow at rates comparable to those 

observed in intact symbiosis (Hill 1975). However, the addition of external nitrogen 

sources to the intact symbiosis can disrupt it, resulting in decreased nitrogenase gene 

expression in the cyanobiont (Li et al. 2018). Together, these findings suggest that N. 

azollae still retains the ability to photosynthesize and Azolla spp. can still utilize external 

nitrogen sources, but when the symbiosis is intact and conditions optimal, they are 

reliant on one another. 

Understanding this intricate symbiosis will provide new insight into how plants 

and microbes interact. There are many unique aspects of the Azolla-Nostoc symbiosis that 

we know little about, so we stand much to gain by investigating it. Of further 

importance, Azolla spp. have countless environmental benefits. In addition to their use 

as a green fertilizer, they are being studied as a source for biofuel production (Brouwer 

et al. 2014; Miranda et al. 2016; Muradov et al. 2014), use in bioremediation (Sood et al. 
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2012; Zazouli et al. 2014), and for their ability to remove carbon dioxide from the 

atmosphere to combat global climate change (Brinkhuis et al. 2006; Moran et al. 2006; 

Whaley 2007). 

Despite its environmental potential, and the uniqueness of the symbiosis itself, 

the molecular underpinnings important to the Azolla-Nostoc symbiosis are unknown. 

The recent availability of reference genomes for both A. filiculoides (Li et al. 2018) and N. 

azollae (Ran et al. 2010) allows for an unprecedented new perspective. Here, we take a 

broad view of RNA-sequencing data that compares A. filiculoides both with and without 

its symbiont to obtain a sense of the potential key elements of this symbiosis to provide a 

foundation for future work. 

3.2 Materials and methods 

3.2.1 Plant materials 

Whole plants of Azolla filiculoides were obtained, courtesy of Dr. Henriette 

Schluepmann, from The Netherlands, Utrecht, Galgenwaard ditch––the same A. 

filiculoides source that was used for genome and transcriptome sequencing in Li et al. 

(2018). All plants were surface sterilized prior to culturing. Some plants were cultured 

with the symbiosis intact (referred to as wild-type A. filiculoides), while others were 

cultured on erythromycin to remove the N. azollae cyanobiont (referred to as cyanobiont-

free A. filiculoides, as described in Dijkhuizen et al. (2018)). Erythromycin is a 

bacteriostatic drug, limiting the growth of the cyanobiont, such that as A. filiculoides 
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grows, the cyanobiont is depleted until it is cleared from the plant completely (Forni et 

al. 1991). The presence and absence of the cyanobiont was verified by examining intact 

leaves using fluorescence microscopy (Figure 12). 

3.2.2 Plant culturing conditions 

Cultures of wild-type A. filiculoides were maintained in IRRI 2 media, while 

cyanobiont-free A. filiculoides cultures were maintained in IRRI 2 media supplemented 

with ammonium nitrate (NH4NO3) prior to shifting them to experimental conditions 

(Watanabe et al. 1992). 

 

Figure 12: Confocal fluorescent microscopy images of A. filliculoides. 

(a) wild-type A. filiculoides and (b) cyanobiont-free A. filiculoides to show absence of 

cyanobiont at 200x magnification. 
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Figure 29b (i-iv) depicts the four experimental conditions used for the A. 

filiculoides gene expression analysis. Plants were grown in three independent replicates 

in each experimental condition for two weeks prior to harvesting RNA for sequencing to 

allow them time to adapt to the experimental growth conditions. Wild-type A. filiculoides 

grown without NH4NO3 supplementation represents the natural/optimal growth 

conditions for this symbiosis (Figure 11b, i). The other three conditions (wild-type A. 

filiculoides grown with NH4NO3; cyanobiont-free A. filiculoides grown without NH4NO3; 

and cyanobiont-free A. filiculoides grown with NH4NO3) are sub-optimal and address the 

loss of the cyanobiont (Figure 11b, iii-iv); the response of A. filiculoides to external N 

supplementation (Figure 11b, ii); and its response to N starvation (Figure 11b, iii), 

respectively. 

3.2.3 RNA-sequencing analysis and identification of putative 
symbiosis genes 

Full details for RNA extraction and RNA-sequencing analysis of A. filiculoides are 

described in Li et al. (2018). Putative symbiosis genes were defined as genes whose mean 

mRNA expression levels were up-regulated or down-regulated in the optimal growth 

conditions for wild-type A. filiculoides compared to the other experimental growth 

conditions (Figure 11b, i vs. ii-iv; Figure 13a-b).  Differential gene expression was 

analyzed in the following pairings (using an adjusted p-value of 0.005):  

(1) Wild-type vs. cyanobiont-free A. filiculoides (in each NH4NO3 condition) 

(2) Wild-type A. filiculoides with vs. without ammonium nitrate 
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(3) Cyanobiont-free A. filiculoides with vs. without ammonium nitrate 

Comparisons (2) and (3) identified genes differentially transcribed in response to 

A. filiculoides using external N sources or undergoing N starvation, respectively, and not 

to the intact symbiosis. These were used to trim the gene lists in comparison (1) to the 

putative symbiosis genes, defined as genes differentially transcribed in relation to the 

presence of the wild-type symbiosis (Table A.1 and Table A.2). Data from the RNA-

sequencing analyses can be accessed in the NCBI SRA under the BioProject 

PRJNA430527 and PRJNA430459, as well as through FernBase (www.fernbase.org). 

Expression data was visualized using Morpheus from the Broad Institute 

(https://software.broadinstitute.org/morpheus/). 

3.2.4 Analysis of GS/GOGAT genes and proteins in A. filiculoides 

Glutamine synthetase (GS) and glutamate synthase (GOGAT) were examined for 

gene expression differences and predicted post-translational modifications (PTMs). The 

expression levels for the GS/GOGAT genes were isolated from the larger RNA-

sequencing dataset using their gene ids and visualized using Morpheus. The gene 

sequences were translated to amino acid sequences and analyzed for potential PTMs. 

Tyrosine nitration and serine phosphorylation (for 14-3-3 binding and proteolysis) were 

assessed by aligning the A. filiculoides GS amino acid sequences to those of Medicago 

truncatula (MtGS1 and MtGS2, using GenBank/EMBL accession numbers (Y10267 and 

AY225150, respectively) in AliView with Muscle (Edgar 2004; Larsson 2014; Appendix B 
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Figure 26). More general potential PTMs (particularly phosphorylation and 

ubiquitination) were assessed using the ModPred server 

(http://montana.informatics.indiana.edu/ModPred/index.html; Table A.3-A.5). 

3.2.5 Predicted transcription factor binding enrichment in A. 
filiculoides symbiosis gene promoters 

A cursory examination of transcriptional regulation in the A. filiculoides-N. azollae 

symbiosis was done by looking at predicted transcription factor binding. We compiled 

the DNA binding-site sequences for the transcription factors identified in our up-

regulated symbiosis gene list (WRKY, bHLH, and MADS-box) using the JASPAR 

database (Sandelin et al. 2004). We gathered the promoter sequences for all the genes in 

the up- and down-regulated putative symbiosis gene lists, and from all the genes in the 

A. filiculoides genome (Li et al. 2018). Promoter sequences were obtained by selecting the 

1000 base pairs upstream of each gene AUG start site (Ming et al. 2015). Custom scripts 

were used to find the DNA consensus sequence for each transcription factor within each 

gene promoter in our up- and down-regulated putative symbiosis gene lists, and in the 

whole genome as a control. A Fisher’s exact test was used to evaluate the potential 

enrichment of predicted transcription factor binding sites in the promoters of the 

symbiosis gene lists compared to all the promoters in the genome. We used a subset of 

genes that showed the strongest putative symbiosis expression patterns for this analysis. 
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3.2.6 Gene ontology analysis of putative symbiosis genes 

The lists of up- and down-regulated putative symbiosis genes were used for gene 

ontology enrichment analyses to identify and categorize the broad biological pathways 

and processes involved in the symbiosis between A. filiculoides and N. azollae, based on 

their annotations through the Gene Ontology Consortium 

(http://www.geneontology.org/). The goatools python script package (Klopfenstein et al. 

2018), the annotated A. filiculoides genome (Li et al. 2018), and the go-basic.obo ontology 

file from the GO Consortium (Ashburner et al. 2000) were used to perform this analysis, 

which resulted in a table of different GO categories and the genes assigned to each 

(Table A.6; Table A.7). Custom python scripts and Rawgraphs (Mauri et al. 2017) were 

then used to summarize and visualize these results to see which GO categories were 

most relevant to the A. filiculoides-N. azollae symbiosis. 

3.3 Results 

3.3.1 Identification of putative symbiosis genes  

RNA-sequencing analysis of wild-type A. filiculoides and cyanobiont-free A. 

filiculoides resulted in distinct expression patterns that involved the largest expression 

difference occurring between the optimal, wild-type A. filiculoides symbiosis growth 

conditions (Figure 11b, i) and the three other experimental conditions (Figure 11b, ii-iv). 

Genes with these expression patterns were considered “putative symbiosis genes” 

(Figure 13a-b). We found 88 transcriptionally “up-regulated” and 72 transcriptionally 
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“down-regulated” putative symbiosis genes (Figure 13c-d) that were used to inform us 

about the symbiosis—particularly focusing on the main themes of the symbiosis: 

nitrogen transport and metabolism and sucrose transport. 
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Figure 13: Putative symbiosis genes. 
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(a) Representative mRNA expression levels (number of transcripts) for an up-

regulated symbiosis gene. (b) Representative mRNA expression levels (number of 

transcripts) for a down-regulated symbiosis gene. (c) Gene expression of the 88 up-

regulated putative symbiosis genes. (d) Gene expression of the 72 down-regulated 

putative symbiosis genes. Each row is a gene, and its expression is shown as a log2-

fold change normalized to that row. Yellow is maximum expression, blue is minimum 

expression. Information on the genes in each gene list can be found in Table A.1 and 

Table A.2, respectively. 

Regarding nitrogen transport and metabolism, we observed up-regulation of an 

ammonium transporter and transporters of key metabolic co-factors, including a 

molybdate transporter and an iron transporter (gene ids Azfi_s0034.g025227.AMT2, 

Azfi_s0167.g054529, and Azfi_s0018.g014823, respectively, in Table A.1). However, we 

did not find differential expression of the ammonium assimilation enzymes glutamine 

synthetase (GS), glutamate synthase (GOGAT), or glutamate dehydrogenase (GDH) in 

our up-regulated putative symbiosis gene list (GS/GOGAT further examined in section 

4.3.2).   

One of the eight A. filiculoides GDH genes was observed in the down-regulated 

putative symbiosis gene list, along with one of the two A. filiculoides nitrate reductase 

gene (Azfi_s0088.g042502 and Azfi_s0006.g010439, respectively, in Table A.2). 

Additionally, no differentially-expressed sucrose transporters were observed, 

even though the A. filiculoides genome has three sucrose transporters and 15 SWEET 

transporters, which have been implied in the transport of sugars in nodules of 

leguminous plants (Kryvoruchko et al. 2016; Sugiyama et al. 2017). 
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3.3.2 Analysis of GS/GOGAT genes and proteins in A. filiculoides 

The A. filiculoides genome has seven GS genes and 14 GOGAT genes that could 

be involved in nitrogen assimilation for the symbiosis (GS gene ids: Azfi_s0033.g025083, 

Azfi_s0008.g011642, Azfi_s0002.g001200, Azfi_s0043.g026977, Azfi_s0092.g043135, 

Azfi_s0935.g093110, Azfi_s1095.g097334; GOGAT gene ids: Azfi_s0002.g001246 

Azfi_s0002.g001983, Azfi_s0002.g002358, Azfi_s0025.g023211, Azfi_s0032.g024827, 

Azfi_s0044.g028329, Azfi_s0048.g030424, Azfi_s0135.g050516, Azfi_s0563.g077082, 

Azfi_s0563.g077084, Azfi_s0773.g086306, Azfi_s0773.g086307, Azfi_s2751.g112893, 

Azfi_s3593.g116342).  

Examining the gene expression patterns of the GS/GOGAT genes revealed a 

small subset that were differentially expressed across the experimental conditions 

(Figure 14): five GS genes (gene ids: Azfi_s0002.g001200, Azfi_s0008.g011642, 

Azfi_s0033.g025083, Azfi_s0043.g026977, Azfi_s0092.g043135) and three GOGAT genes 

(gene ids: Azfi_s002.g001246, Azfi_s0032.g024827, and Azfi_s048.g030424). However, none 

of these differentially expressed GS or GOGAT genes had putative symbiosis expression 

patterns. No distinct expression patterns were observed that link these genes to any of 

the experimental conditions.  
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Figure 14: GS/GOGAT gene expression in A. filiculoides. 

The gene expression pattern of the differentially expressed GS/GOGAT genes across 

the four experimental conditions. Only five GS and three GOGAT genes showed 

differential expression, but not in a putative symbiosis pattern. Each row is colored 

based on the maximum (yellow) and minimum (blue) of the log2 fold-change of gene 

expression for that gene. GS gene ids: Azfi_s0002.g001200, Azfi_s0008.g011642, 
Azfi_s0033.g025083, Azfi_s0043.g026977, Azfi_s0092.g043135. GOGAT gene ids: 

Azfi_s002.g001246, Azfi_s0032.g024827, and Azfi_s048.g030424. 

Given the lack of differential expression at the mRNA level of the GS/GOGAT 

genes, we examined the amino acid sequences of these genes for PTMs to explain how 

they may be regulated. We focused on the previously described tyrosine-167 nitration in 

M. truncatula GS1 (Melo et al. 2011) and the serine-97 phosphorylation in M. truncatula 

GS2 (Lima et al. 2005).   

Aligning the M. truncatula and A. filiculoides GS sequences revealed that the A. 

filiculoides GS proteins do not have either the nitrated tyrosine-167 residue or the 

phosphorylated serine-97 residue, which is linked to proteolysis via 14-3-3 binding 

(Appendix B Figure 26). Several of the A. filiculoides GS genes have other tyrosine 
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residues that are distinct between MtGS1 and MtGS2. The GS gene Azfi_s0043.g26977 

has tyrosine 108, and the GS genes Azfi_s0008.g011642, Azfi_s0002.g001200, and 

Azfi_s0092.g043135 have tyrosine 263 (Table A.3); however, these were shown to not be 

nitrated in M. truncatula. All of the A. filiculoides GS genes lack the N-terminal transit 

peptide and the C-terminal extension that are characteristic of the plastid-localized GS 

sequences, but they do appear to have the four conserved domains involved in the 

active site cylinder (Eisenberg et al. 1987).  

The absence of these known PTMs led to us examine the sequences more broadly 

to identify other potentially modified sites. The GS protein sequences show several 

medium- and high-confidence phosphorylation and ubiquitination sites (Table A.3). The 

GOGAT large subunit protein sequences also had predicted phosphorylation and 

ubiquitination sites (Table A.4). For the GOGAT small subunit sequences, only two have 

high-confidence phosphorylation sites, but there are many predicted ubiquitination sites 

(Table A.5). 

3.3.3 Predicted transcription factor binding enrichment in A. 
filiculoides symbiosis gene promoters 

Four transcription factors—two WRKY transcription factors (Azfi_s0250.g060244 

and Azfi_s0007.g011077, in Table A.1), a bHLH factor (Azfi_s0319.g064443; Table A.1), 

and a MADS-box factor (Azfi_s0078.g038112; Table A.1) were present in our set of up-

regulated putative symbiosis genes (Figure 15a). Computational analyses were done to 

examine the predicted binding enrichment of these transcription factors as a preliminary 
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exploration of whether these up-regulated transcription factors may play a role in 

regulating the putative symbiosis gene set. Overall, their binding sites are not enriched 

in the promoters of the putative symbiosis genes. 

The DNA consensus sequences for each transcription factor (Figure 15b-d) were 

highly represented in the promoters of the A. filiculoides genome. The p-values for the 

WRKY, MADS-factor, and bHLH predicted transcription factor binding sites within the 

putative symbiosis gene promoters ranged from 0.134-0.247 and 0.004-0.341 in the up-

regulated and down-regulated gene promoters, respectively (Table 1).  
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Figure 15: Putative symbiosis transcription factors. 

(a) Gene expression pattern of up-regulated transcription factors in the putative 

symbiosis gene list between A. filiculoides sequencing conditions (see Figure 11b). 

Each row is colored based on the maximum (yellow) and minimum (blue) of the log2 

fold-change of gene expression for that gene. (b) DNA-consensus site for MADS-box 

factor transcription factor. (c) DNA-consensus sequence for the WRKY transcription 

factors. (d) DNA-consensus sequence for the basic helix-loop-helix (bHLH) 

transcription factor. Difference in letter size for bases indicates how conserved that 

base is at those consensus sites. 
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Table 1: Transcription factor (TF) binding enrichment. 

Each transcription factor is shown with the number of genes that have binding sites 

(BS) in their promoters for genes in the up- or down-regulated putative symbiosis 

lists (Table A.1 and Table A.2) compared with the number of genes that have binding 

sites (BS) in their promoters in the entire genome. The total number of genes with 

binding sites for each transcription factor in the entire genome is constant. A Fisher’s 

exact test was used to calculate the p-value. 

 

Putative symbiosis 

TFs 

Genome-wide promoters 

with BS 

Up-regulated 

putative 

symbiosis 

promoters 

with BS (p-

value) 

Down-regulated 

putative symbiosis 

promoters with 

BS (p-value) 

WRKY 14526 51 (0.134) 33 (0.004) 

MADS box 3302 8 (0.247) 8 (0.341) 

bHLH 5436 21 (0.193) 14 (0.330) 

 

Though the binding site sequences were prevalent in the promoters of the 

putative symbiotic genes (Figure 16a-b), only the WRKY transcription factor was 

significantly enriched (having a p-value below the significance threshold of 0.005) in the 

down-regulated list (p-value 0.004; Figure 16b). No other transcription factor binding 

sites were significantly enriched in either putative symbiosis gene list; nor was the 

WRKY binding site enriched in the up-regulated gene list. MADS-box factor and bHLH 
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binding sites were underrepresented, meaning there were fewer sites in the promoters 

of our putative symbiosis genes than in the promoters of the entire genome (Table 1). 

 

Figure 16: Predicted transcription factor binding in A. filiculoides. 

(a) Gene expression of up-regulated putative symbiosis genes have a consistent 

pattern (high expression is yellow; low expression blue). Most have WRKY 

transcription factor binding sites (cyan); many have bHLH transcription factor 

binding sites; but there was no significant enrichment compared to the whole 

genome. (b) Down-regulated putative symbiosis genes have the opposite expression 

pattern compared to up-regulated putative symbiosis genes, and most still have 
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WRKY transcription factor binding sites (cyan). Each row is colored based on the 

maximum (yellow) and minimum (blue) of the log2 fold-change of gene expression 

for that gene. 

3.3.4 Gene ontology analysis of putative symbiosis genes 

To categorically examine the remainder of the putative symbiosis genes, gene 

ontology (GO) analysis was performed. The GO categories that were most enriched in 

our up-regulated putative symbiosis gene set were macromolecular metabolic processes, 

phosphorus metabolic processes, regulation of metabolic processes, and transport 

(Figure 17). The GO categories with the highest number of up-regulated genes are 

macromolecule and protein modification, protein phosphorylation, and protein 

metabolism—suggesting a possible important role for cell signaling and PTMs in 

mediating the A. filiculoides-N. azollae symbiosis. Many of these genes are kinases, such 

as calcium-dependent protein kinase (Azfi_s0074.g037462), leucine-rich receptor kinases 

(Azfi_s0076.g037872; Azfi_s0078.g038285; Azfi_s0001.g001029), and an ALE-2 kinase 

(Azfi_s0078.g038258; Table A.6). There are also different proteolytic enzymes, such as an 

asparaginase (Azfi_s0179.g056280) and cysteine protease (Azfi_s0010.g012193; Table A.6). 

Other enzymes present in this GO data include chalcone synthase (Azfi_s0010.g012322), 

which may be involved in communication between the two symbionts (see 4.4 

Discussion). 

The down-regulated GO categories include ion transport, phosphorus 

metabolism, and genes involved in external structures (Figure 18). The transport 

category mainly entails ion transport, including zinc transport (Azfi_s0065.g035730), 
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detoxification MAT-E efflux transporter (Azfi_s0017.g014533), and S-type anion channel 

(Azfi_s0107.g045132; Table A.7). The phosphorus metabolic processes are mostly 

involved in nucleotide synthesis or phosphate production (such as Azfi_s0003.g008179 

and Azfi_s0241.g059717; Table A.7). The full details of the gene ontology results are 

provided in Table A.6 and Table A.7. 

 

Figure 17: Up-regulated putative symbiosis gene ontology. 

Top gene ontology categories from the up-regulated putative symbiosis gene list. 

Each category is denoted by line color, and the number of genes within the category is 

indicated at the end of each line. Gene IDs can be found in Table A.6. 
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Figure 18: Down-regulated putative symbiosis gene ontology. 

Top gene ontology categories from the down-regulated putative symbiosis gene list. 

Each category is denoted by line color, and the number of genes within the category is 

indicated at the end of each line. Gene IDs can be found in Table A.7. 

3.4 Discussion 

3.4.1 Aspects of nitrogen metabolism in the A. filiculoides-N. azollae 
symbiosis 

Our RNA-sequencing analysis of Azolla filiculoides revealed a broad swath of 

genes that are differentially expressed based on the presence or absence of N. azollae (Li 

et al. 2018). The list of putative symbiosis genes (Figure 13) led to many questions about 

the Azolla-Nostoc symbiosis and highlighted its uniqueness. The two main nutrients 

exchanged in this symbiosis are ammonium and sucrose. Stable-isotope labeling studies 

have shown that A. caroliniana incorporates the ammonium it uptakes from N. azollae 

into glutamine and then glutamate for transport throughout the plant (Kaplan and 

Peters 1981; Meeks et al. 1987).  
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Previous research looking at the activity of nitrogen-assimilating enzymes in A. 

caroliniana also revealed high levels of glutamine synthetase (GS), glutamate synthase 

(GOGAT), and glutamate dehydrogenase (GDH) activity in the intact wild-type 

symbiosis (Ray et al. 1978). In contrast, both GS/GOGAT activities were decreased in 

cyanobiont-free A. caroliniana, indicating their role in assimilating nitrogen from the 

symbiont. Additionally, there is a large body of work outlining the differential 

expression of these enzymes in crop plants such as alfalfa, soybean, rice, and wheat, 

including their expression in different tissues and cell-types and response to nitrogen 

source (Bernard et al. 2008; Goodall et al. 2013; Ishiyama et al. 2004; Ishiyama et al. 2003; 

Ortega et al. 1999; Ortega et al. 2001; Temple et al. 1998). There is also evidence that 

these genes are controlled at both the transcript and protein levels, and that changes in 

transcript level do not always correlate with protein levels, so both levels of regulation 

are important (Ortega et al. 1999; Temple et al. 1998). 

We anticipated genes related to the metabolism and transport of ammonium to 

be differentially expressed or subject to PTMs to modify their activity or abundance—

especially the A. filiculoides GS/GOGAT enzymes. While we did observe up-regulation of 

transporter genes important for this process (an ammonium transporter and co-factor 

transporters for molybdate and iron), we did not see putative symbiosis expression 

patterns in the ammonium assimilation enzymes (Figure 14). 
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It is still possible that the GS/GOGAT genes are controlled transcriptionally, but 

our whole-plant approach to transcriptomics failed to capture the subtler tissue-specific 

or cell-type specific expression of these genes. To investigate whether this might be the 

case, in situ hybridization and protein localization would need to be carried out. These 

enzymes could also be regulated by unknown PTMs, since our data on the A. filiculoides 

GS/GOGAT protein sequences showed they lacked the PTMs shared with Medicago GS. 

It is also possible that binding of other proteins is involved, such as ARC11 or 14-3-3 

proteins, because these can play a role in regulating the stability and activity of 

GS/GOGAT proteins (Finnemann and Schjoerring 2000; Lima et al. 2005; Lima et al. 

2006; Osanai et al. 2017; Sung et al. 2011; Takabayashi et al. 2016). To this end, we 

observed two ACT-domain-containing proteins that were up-regulated in the putative 

symbiosis gene set, as well as one 14-3-3 protein (gene ids: Azfi_s0261.g060759, 

Azfi_s001.g000807, and Azfi_s0055.g033895, respectively; Table A.1), that might lead to 

understanding how the A. filiculoides GS/GOGAT proteins could be regulated. Work on 

the protein level is required to identify whether ACT-domain proteins or 14-3-3 proteins 

are binding to the A. filiculoides GS/GOGAT proteins. 

Regarding GDH, the work in Ray et al. (1978) showed that GDH activity levels 

remain high regardless of the absence or presence of the symbiont. It could be a default 

means for nitrogen assimilation regardless of nitrogen source, or it could be functioning 

in a different way, such as maintaining nutrient balance or recycling cofactors. Of the 
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eight GDH genes that A. filiculoides has, only one was expressed in a putative symbiosis 

gene expression pattern, but it was down-regulated. We do not know if any of them 

have cell-type specific expression or undergo post-translational modification. 

The prevalence of protein modification genes in the up-regulated putative 

symbiosis GO analysis (Figure 16) might reflect the importance of this process in 

modulating the GS/GOGAT and GDH enzymes. One of the kinases present in our up-

regulated putative symbiosis gene set in A. filiculoides was a calcium-dependent kinase 

(Figure 16; Table A.6), and previous work in M. truncatula showed that their cytosolic GS 

proteins are differentially regulated by the activity of calcium-dependent kinases (Lima 

et al. 2006; Seabra and Carvalho 2015). The role of the calcium-dependent kinase could 

begin to be understood by examining the levels of phosphorylated GS/GOGAT proteins 

in A. filiculoides, and their activity, but this would only scratch the surface. 

There is a lot to learn about nitrogen assimilation in the Azolla-Nostoc symbiosis. 

We now know how many different GS/GOGAT genes and GDH genes A. filiculoides has, 

but we still do not know their roles in this symbiosis because they did not demonstrate 

differential expression patterns or contain PTMs identified in Medicago. Though this 

leads to more questions than answers, it indicates that further study of the nitrogen 

assimilation machinery in the Azolla-Nostoc symbiosis will result in new knowledge 

about how plants and microbes share nutrients. It is also possible that new discoveries 
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will be made regarding sucrose transport, because our results showed the A. filiculoides 

sucrose transporters lacked a putative symbiosis expression pattern. 

3.4.2 Communication and recognition between the two partners 

Much remains to be learned about how A. filiculoides and N. azollae communicate 

with, and recognize, one another. The Azolla-Nostoc symbiosis shares some aspects 

observed in intracellular nitrogen-fixing symbioses, and other aspects observed in 

extracellular plant-microbe symbioses, but does not completely match either. Because 

the common symbiosis pathway (CSP) is one of the most completely understood 

networks for how plants interact with microbes, we used this as a starting point for 

comparison. In both plant-fungal (AM) and plant-bacterial (RN) symbioses, kinase 

signaling is important for triggering the expression of genes needed to form the 

symbiotic structures. This signaling cascade is reliant on kinases from different families 

that respond to Myc-factors (for AM symbioses) or Nod-factors (for RN symbioses), 

including a LysM receptor-like kinase (such as MtLYR1 for AM and MtNFP for RN), a 

leucine-rich-repeat receptor kinase (such as MtDMI2), and a calcium-calmodulin kinase 

(MtDMI3), which eventually modulates transcription for the formation of the structures 

needed for AM or RN symbioses (MacLean et al. 2017; Messinese et al. 2007; Oldroyd 

2013). 

Though the A. filiculoides genome lacks homologues for the CSP, we did find 

three leucine-rich receptor kinases in the up-regulated putative symbiosis gene set 
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(Table A.1). However, because the symbiotic cavity and necessary structures for the 

Azolla-Nostoc symbiosis form even in cyanobiont-free Azolla spp., these kinases are likely 

doing something different than the leucine-rich receptor kinases in AM and RN 

symbioses. Overall, there are many kinases up-regulated in the GO results, and their 

role in this symbiosis remains to be determined. 

Work in other extracellular symbioses, which could be more like the Azolla-

Nostoc symbiosis, are beginning to show how these symbiotic partners communicate as 

well. Flavonoid compounds are among the factors that may be crucial signaling 

molecules for these symbioses (reviewed in Martin et al. 2001; Martin et al. 2016). We do 

see enzymes involved in flavonoid and phenolic compounds in the GO data for A. 

filiculoides (Table A.1). One such promising enzyme for how A. filiculoides may signal to 

N. azollae is chalcone synthase. This enzyme functions to produce the flavonoid 

naringenin chalcone, which is a precursor for many diverse flavonoids (Abdel-Lateif et 

al. 2013). As pointed out in Li et al. (2018), naringenin (a product made from naringenin 

chalcone) has been shown to inhibit hormogonia production in Nostoc species (Cohen 

and Yamasaki 2000). It is possible that naringenin is the signal that triggers N. azollae to 

begin developing from hormogonia into heterocyst-containing filaments to start fixing 

nitrogen in the leaf pocket. To test the effect of naringenin on the symbiosis between A. 

filiculoides and N. azollae, heterocyst formation could be measured upon application of 

exogenous naringenin. 
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Enzymes, such as chorismate synthase or dihydroflavonol 4-reductase (DFRA), 

that are important for the production of aromatic organic compounds were also seen up-

regulated in the RNA-seq data from comparison 1 that looked holistically at the genes 

differentially expressed when the cyanobiont was present or absent (see Section 2.3; data 

not shown). DFRA is indicated in anthocyanin production, and previously 

deoxyanthocyanins from Azolla spp. have been shown to induce hormogonium-

suppression in Nostoc punctiforme (Cohen et al. 2002). There is great potential for further 

investigation of these genes to help us outline the pathway for how cyanobacteria and 

plants communicate with each other. In general, plant-cyanobacterial symbioses are 

poorly understood, so this could be an important opportunity to address a large gap in 

our knowledge of plant-microbial symbioses. 

3.4.3 Control of gene expression 

Examining the differentially expressed genes related to the Azolla-Nostoc 

symbiosis is a necessary step for understanding how the symbiosis works. It is also 

important to understand how these genes are differentially expressed. Previous studies 

have examined the roles of transcription factors in plants, especially in legumes during 

the process of nodulation (Cerri et al. 2016; Kumar et al. 2016; Liu et al. 2015; Moreau et 

al. 2011). In M. truncatula, several transcription factors were important for nodule-

specific gene expression including WRKY and NAC, among others. WRKY transcription 

factors have also been shown to be important components of the signal transduction 
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pathway for bacterial recognition and immune response in plants (Bakshi and Oelmüller 

2014; Kumar et al. 2016; Samad et al. 2017). Even though WRKY, bHLH, and MADS-box 

transcription factors are up-regulated in the A. filiculoides-N. azollae symbiosis (Figure 

15a; Table 1), we only found enrichment of putative WRKY transcription factor binding 

sites in the promoters of the down-regulated putative symbiosis genes. To fully 

understand the role of transcriptional regulation in this symbiosis, further experiments 

are needed such as ChIP-seq to determine which promoters these transcription factors 

bind. 

3.4.4 New insights into plant-cyanobacterial symbiosis 

This first pass at investigating the transcriptional profile of the Azolla-Nostoc 

symbiosis to identify putative symbiosis genes allows us to plan future experiments to 

better explore this relationship and understand its uniqueness. Our work has shown that 

the A. filiculoides-N. azollae symbiosis is likely using very different strategies than 

previously observed in other plant-microbial symbioses. Further analysis of the 

GS/GOGAT and GDH genes and proteins will be crucial for answering questions that 

get to the heart of the nutrient exchange in this symbiosis. The transcriptomics data will 

help us begin to unravel what signals are required for reliable communication between 

the partners, and provide guidance for further research to understand this aspect of the 

symbiosis. It is also important to note there are numerous genes that are not functionally 

annotated in the A. filiculoides genome that are present in the putative symbiotic gene 
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set. As we begin to uncover more about this symbiosis, the functions of these genes 

could reveal unique ways of engagement between Azolla and N. azollae. Together, these 

results provide an exciting opportunity to discover new ways plants and microbes 

interact.  
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4. Reconnecting science and society 

The work in this chapter is as of yet unpublished, but being prepared for the 

publication. The case studies were largely executed by me with contributions to each 

from the following: Karl Bates, David Stein, Alex LeMaye, and the team of graduate 

students (Science Round Robin); Alan Kendrick, Meta Kuehn, Soman Abraham, and 

Daniel Rodriguez (SROP); Sharlini Sankaran and the team of graduate students (Made 

in Durham event); Casey Lindberg, Hannah Devens, Bill Fick, Katy Clune, and all our 

graduate student scientists, our sponsors, and local artists (Art of a Scientist). 

Photography was performed by a team including myself, Jennifer Newsome-Bianchi, 

Casey Lindberg, Hannah Devens, and Robert Zimmerman. 

4.1 Three main problems disconnecting science and society 

Azolla has presented an interesting case for the power science has to change the 

world for the better and the way that the public wants to be involved in scientific 

advances. When beginning the genomic sequencing project for Azolla, a crowdfunding 

campaign through Experiment.com was launched to publicly raise the finances needed 

to support a fully sequenced and annotated genome as opposed to using grant money 

(Li, F-W. and Pryer, K. M., 2014). This led to a lot of interaction between the scientists 

behind the genome project and the public such as Reddit “ask me anything” discussions, 

radio interviews, coverage through outlets such as Economist and the New York Times, 

and direct messages from the funders themselves.  
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The success of the Azolla crowdfunding campaign captured not only the 

sequencing strength of the Beijing Genomics Institute, which led to impressive 

revelations about this intricate symbiosis on both the genomics and transcriptomics 

level, but also the imaginations of people from all over the world—including high school 

students, novel writers, parents, and more. This shows that when done properly, science 

can be communicated in a way that deeply engages and connects with the public. In 

order to extend these benefits to the rest of science, we must carefully examine the issues 

that perpetuate the disconnection between science and society. 

It is clear to see that science has benefited society. Science has helped us eradicate 

diseases, sent us to the moon, unearthed the complicated origins of human history, and 

its progress is ever steady. However, its current state in our society has revealed a 

pressing need to address concerns about how science and society are connected. Three 

of these concerns contribute greatly to the gap between science and the public, though 

there are others: (1) the inaccessibility of science to certain groups, (2) the inability of 

scientists to build trusting connections with audiences outside of the academy, and (3) 

the lack of innovative ways to bring science to people—particularly science that has 

repercussions for our lives like climate change. Each of these concerns has major effects 

outside of science, such as distrust in vaccines leading to re-emergence of diseases like 

measles; disbelief in climate change and failure to change policy; and lack of information 

flow from the academy and other communities. To combat these issues, science as a 
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community needs to (1) foster more diversity in STEM, (2) improve our ability to 

communicate our work, and (3) engage the public with creative initiatives like science-

art collaborations. These areas are the topics of the three case studies to follow, which 

emphasize different strategies that I have used to help bridge the gap between science 

and society. 

4.2 Case Study 1: Fostering diversity in STEM 

One major problem facing STEM fields, which is getting considerable attention at 

present, is its lack of diversity. The percentage of racial and ethnic minorities at each 

level from bachelor’s degree (14.7%) to the professoriate (7.3%) is much lower than the 

proportion of these communities in the United States population (29.3%; Estrada et al. 

2016). This is often referred to as the “leaky pipeline,” because science fails to retain 

minority individuals at each stage of career development. This issue is detrimental to 

science for many reasons, such as depriving science of diverse perspectives that have 

been shown to improve our abilities to solve complex problems.  

In regards to the gap between science and society, it is depriving us of 

connections to different communities that are just as affected by science and scientific 

discovery as are majority communities. It means their voices are not joining the scientific 

conversation; that they are not a part of the process of scientific development—even 

when those advances affect their way of life; and that when we engage these 

communities, we lack perspective on their lives, their values, and their concerns. If we 
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are to improve science in a way that it is inclusive and connected to society, then we 

must do a better job of including these communities in the scientific enterprise at every 

level—and that means people from a wealth of different socioeconomic backgrounds. 

Beginning with primary and secondary education, there are several ways I have 

engaged different communities with science to foster more diversity in STEM. One 

program, Women in Math Mentoring (WAM), was specifically designed to engage 8th 

grade girls who have an interest in math and science. Through WAM, I served as a 

mentor to nine girls over three years. This age is particularly crucial because they are 

making choices about high school courses and exploring different interests, and it is 

believed that this age is when most girls leave STEM. Part of my goal as a mentor was to 

be a resource for the girls to ask questions about careers in STEM fields and see the 

range of opportunities, they had in front of them. This included activities such as hands-

on tours of science and engineering labs, robotics workshops at companies such as IBM, 

and sharing my own story of being a female in STEM who grew up in a house-full of 

five kids in a small rural town. 

One crucial component of this program was giving these girls undivided 

attention and helping them build a community of support with other girls just like them. 

Many were from lower income homes and often took on more responsibilities than just 

being 8th graders. For example, one student was responsible for making sure her 

younger brother was fed breakfast, sent off to school, finished his homework when he 
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got home, and ate dinner before bed because her mom was a single parent working two 

jobs. Through WAM, she was able to connect with a community of girls and mentors 

who could now look out for her well-being. It has been encouraging to reconnect with 

some of the girls who I mentored through WAM, to hear their excitement when they 

were accepted at magnet high schools for specific disciplines and when they graduated 

from high school.  

I have also participated in programs that are geared toward engaging minority 

students, especially from communities that are often not connected to the technology 

and science that exists in university and college towns. This includes developing a 

program that brings scientists to local schools to talk to students in a format called 

Science Round Robin (Figure 19; Appendix B, reading 1). We did not select for scientists 

who were already trained in science communication, but rather, recruited any interested 

scientists and offered science communication training. This outreach program worked 

by gathering a group of graduate scientists from varied fields and helping them develop 

hands-on activities to teach children about their work. Then, we partnered with schools 

in the area to come into science classrooms for a day to interact with the students. We 

would divide the class into groups for each scientist, and each group would have five to 

seven minutes together before rotating to another group.  

The scientist would have thirty seconds to a minute to describe their work at a 

level accessible to the students, and the rest of the time the students would take the lead, 
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asking the scientists questions about their work. At the end of the session, many of the 

scientists were amazed at how sharp the students were, remarking that they may not 

have had the full terminology, but were able to provide insight and ask questions that 

were right in line with their research. Both WAM and Science Round Robin were 

amazing in highlighting how capable students from any background are, they just need 

to be given opportunities to be a part of science. They need that spark of curiosity to be 

given a place to grow. 
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Figure 19: Science round robin. 

Graduate scientists from Duke University participate in Science Round Robin at Lake 

Montessori Elementary School. (a) Me, leading a hands-on discussion about Azolla 
and how it gets its nutrients differently than the students get theirs. (b) Tulika Singh 

uses puzzles pieces to describe how antibodies work in the body to combat disease. 

(c) Leslie Slota lets the students hold live sea urchins to talk about how they help her 

study how the body develops. 

With this in mind, I have also been a part of other programs that seek to give 

minority students these opportunities including pulling together an engineering 

workshop for young black boys through Duke’s Regeneration NEXT program in 

collaboration with Made in Durham and Barack Obama’s My Brother’s Keeper 



 

69 

campaign (Appendix B, reading 2); leading full-day science labs for elementary and 

middle school girls through Females Excelling More in Math, Engineering, and Science 

(FEMMES); and working with a research group to create a virtual lab, called ReX, that 

can be used in schools to give students the experience of university-level research.  

One experience that was particularly rewarding, was Skype a Scientist, where I 

connected with a classroom from Tyner, North Carolina, which is a small, farming town. 

In spending several afternoons talking to middle school students about being a scientist, 

I was able to spark their interest in science and careers, of which they were not 

previously aware. Most importantly, learning about the possibilities of being a scientist 

increased their enthusiasm for their own education and what they were learning in 

middle school. In talking with their teacher after our Skype sessions, hearing about the 

work I do studying how plants and bacteria interact, made them excited for a project 

they were doing to design their own plants. This sort of enrichment, getting minority 

students invested in themselves and showing them that science is for them too, is what 

will lead to meaningful change in the scientific community. 

Fostering diversity in STEM does not stop at engaging K-12 children, though. 

Supporting minority students at the undergraduate stage is also incredibly crucial; as is 

improving science as an institution. For my entire graduate career, I have worked in 

ways to change the culture of the department I work in, as well as support 

undergraduate minority students who are interested in science. I have served as a 
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mentor for Duke’s Summer Research Opportunities program, which is a program 

designed to give minority students a summer of hands-on research experience in 

biomedical labs at Duke (Figure 20). I have seen six cohorts, over 100 students, succeed 

in this program, many of whom eventually make their way to Duke for PhDs or 

MD/PhDs, or get accepted at schools such as Columbia, Emory, Johns Hopkins, and 

Yale.  

For the past three summers, I was the student academic and activities 

coordinator—meaning I pulled together scientific talks, career development workshops, 

mock interviews, and social activities for the students to attend over the course of the 

summer. This helped prepare these students for a career in science and provided 

valuable experience being immersed in science and interacting with people who do 

science at all levels. One of the best outcomes of this program is the way these students 

maintain contact with me and each other as they continue in their scientific journeys. 

This support network for these budding minority scientists will strengthen their ability 

to navigate and sustain themselves in the STEM fields they are embarking on. For 

example, they constantly share their successes with each other—conferences, 

graduations, acceptances, publications, etc. Sharing their positive experiences and being 

able to discuss difficult situations with people who share aspects of their identities is 

incredibly valuable for these students. Ultimately, it creates a community of minority 
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scientists who are well-equipped to succeed and continue supporting younger 

generations of minority scientists in their journeys as well. 

 

Figure 20: Duke Summer Research Opportunity Program. 

Two cohorts from the Duke SROP program that provides undergraduate students 

with hands-on research experience and professional development over the summer. 

(a) the 2017 cohort after presenting their summer research projects at the North 

Carolina Biosciences Collaborative Symposium. (b) Lorenna Garcia-Bochas presents 

her undergraduate work at the Annual Biomedical Research Conference for Minority 

Students (ABRCMS). (c) The 2018 cohort after presenting their summer research 

projects at the North Carolina Biosciences Collaborative Symposium. (d) Alexis 

Stokes presenting her work at ABRCMS 2018. 

The efforts to foster diversity in STEM at the K-12 and undergraduate levels is 

buoyed by my efforts to help improve science as a whole, because it is through changing 

the culture of science that we truly foster lasting diversity. This includes serving as a 

member of the Duke Biology Department’s Diversity and Inclusion Committee, which 

was awarded the Dean’s Award for Inclusive Excellence this year. As part of this 

reward, the committee was awarded a grant to put toward further workshops, and we 
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were interviewed to share our efforts with the rest of Duke. This committee works with 

the department to incorporate inclusive teaching practices into our classrooms; provide 

trainings to mitigate bias and improve our understanding regarding different minority 

groups; and holds the department accountable when events occur that do not uphold 

our value for diversity and inclusion. We also hold regular conversations with the 

department to keep a pulse on how we are doing regarding diversity and inclusion, so it 

is an ongoing learning and growing initiative. Many students in other departments 

continually ask advice on how they can begin making similar changes in their 

department to put the emphasis on building a community of scientists that is welcoming 

and appreciative of a diversity of perspectives. 

My work with young people from minority backgrounds who are interested in 

science, from WAM to SROP, was a really powerful experience, especially because as a 

young minority person in STEM myself, I can see myself in these students. I want them 

to see that they have a place in science, that their voices and ideas matter, and that they 

are incredibly capable to pursue science as a career. Simultaneously, work to improve 

science to be more inclusive is what will sustain the efforts to make science accessible to 

minorities and continue transforming science in a way that it is a true reflection of the 

society it serves. 
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4.3 Case Study 2: Improving scientists’ ability to communicate 

In embarking on a mission to make science more connected with society, one 

specific need is to help scientists learn to communicate with people from diverse 

backgrounds, educational levels, ages, and perspectives. Generally, scientists are trained 

extensively in how to discuss their work with other scientists, but the type of training 

needed to present to a more general audience is less emphasized, or often neglected. 

There is also still heavy reliance on the deficit model of communicating science, which is 

the notion that public skepticism or uncertainty regarding science comes from people 

not knowing the details of science, so scientists just need to share their scientific 

knowledge with the public to close this gap (Scheufele 2013; Simis et al. 2016).  

However, this has been shown to be an ineffective strategy for communicating 

science (Scheufele 2013). It is made even more ineffective with the knowledge that 

scientific literature is becoming increasingly more complex and harder to understand, 

and that scientists’ use of jargon is increasing (Plaven-Sigray, et al. 2017; Sharon and 

Baram-Tsabari 2014). However, if, as a community, scientists want to connect with the 

public, then more emphasis needs to be put on training scientists to listen and interact 

with varied audiences about their work in ways that are accessible and relatable. 

Luckily, many scientists believe that training in science communication should be a 

priority for scientists (Besley & Tanner 2011). 
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As a graduate student, I noticed how one of my hobbies, improvisational 

comedy (improv), drastically improved my ability to communicate to be a more 

engaging speaker and cater to a wide array of audiences. This garnered attention and 

compliments from other principal investigators when I would give talks. During my 

time as a student, I performed with numerous improv teams at a local theater, took 

courses, and coached other improvisers. Improv built up my ability to be attentive to my 

audience, as well as be engaging with my own physicality. It also trained me to be 

responsive and adjust in the moment if needed, focusing on the present. These skills 

provided me with a keen ability to interact with audiences more meaningfully and 

authentically, and seeing the effects improv had on my own speaking ability, I began 

teaching classes to other graduate students. Improv has also been shown to improve 

medical students’ ability to interact with patients, so there is precedence for how these 

skills are translatable (Hoffman et al. 2008). 

The main module I teach is aimed at scientists getting attuned to reading body 

language and being reactive to their audience. We use a collection of standard improv 

exercises such as “Go,” freeze, mirroring, and two-headed expert interview to 

emphasize the importance of paying careful attention to the physicality of others while 

talking. Several key points to be successful in this are eye contact, using your body to 

communicate what you are saying, and surveying the audience around you. Each 

exercise is designed to make the students increasingly aware of their surroundings, the 
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other people in the room, and their own body language. For example, in the exercise 

“GO,” students are in a circle and the goal is to move to different spots in the circle. It 

starts with one student, “A,” making eye contact with another student, “B,” to ask 

permission to move to B’s spot in the circle. In response, B says “go” to allow A to move 

to B’s spot. As A is moving, B must make eye contact with a new student, “C,” and the 

process starts over again so that B can move to C’s spot. It is a steady process of eye 

contact, “go,” and movement, which is reliant on being deliberate in giving and 

receiving attention. 

I have been teaching this class session using improv to enhance body awareness 

since 2014 when Jory Weintraub, who teaches a science communication course for 

scientists and engineers, gave me the opportunity to teach scientists to enhance their 

speaking abilities. It is always fascinating to see the scientists start off being shy and 

uncertain, but ultimately embracing the improv exercises and understanding how they 

are applicable to better communication. One comment I often get is “how do I get a 

sense of how my audience is doing while I speak?” In leading them through these 

exercises, it becomes apparent that watching your audience carefully, or in the case of 

big rooms, using the first few rows of your audience as a microcosm of the larger 

audience, can cue you in to whether they are following along and you can keep going, or 

you need to slow down and change how you are presenting a certain aspect of your 

work. Ultimately, over the course of four years teaching improv to scientists, I have seen 
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a shift to speakers being more dynamic, interactive, and enjoyable in sharing their 

scientific stories. 

In addition to that class, I have increased the other types of courses in science 

communication trainings I have developed and taught. This includes training scientists 

for specific outreach events (such as the Science Round Robin; outreach at science 

summer camps; Sips & Science, which takes the SRR format to local bars; a March for 

Science workshop; public talks for a music, art, and technology festival called Moogfest 

(Figure 21a); TED talks; and science cafes). For these types of trainings, the goal is to give 

scientists a foundation for good communication with an emphasis on having a clear, 

focused, and memorable message that is framed in a way that is relevant to their 

audience, and how to recognize and adjust how they handle jargon (especially in 

learning to limit their use). One important lesson my work training scientists has 

revealed to me is that often scientists feel that they need to share all of the details and 

different perspectives of their work, but trimming this down to deliver a focused 

messaged to a particular audience allows the scientist to express their enthusiasm for 

their work more clearly, and gives the audience something to grasp on to, ask questions 

about, and engage with the scientist. 

For example, during Moogfest (Figure 21a), a graduate scientist who studies how 

songbirds learn their songs, Jonnathan Singh Alvarado, added several points about how 

his work could be relevant to humans, but he presented the aspects about how 
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songbirds learn to create song in such an interesting way (using the example of a 

drummer he admires) that audience members came up to him after his talk to ask 

questions such as “if birds and dinosaurs are evolutionarily related, can you discover 

how dinosaurs vocalized by studying your birds?” or “if the neural circuits songbirds 

use change pace depending on temperature, are there changes in the speed of bird songs 

depending on the season and the weather?” These interactions would likely not have 

occurred had he not presented his work in a way that gave the audience a basis for his 

work that was engaging and understandable. 

Another important aspect of training scientists to communicate effectively is to 

make their science stories personal. This is an aspect that is often overlooked in the types 

of communication training scientists receive, but can quickly engage an audience. One 

training opportunity I had that demonstrates this occurred while I was helping Diego 

Borhorquez, a Duke faculty member in the neurobiology department, prepare a TED 

talk for the TED fellows’ program. He studies the neural connection between the gut and 

the brain, and how the microbes in your stomach can alter your thinking. The 

introduction we worked out for his talk involved a friend of his who received gastric 

bypass surgery and upon that surgery, not only dropped weight, but also cured their 

diabetes and had their cravings for certain foods altered. This personal story draws 

people in because it is easy for them to envision people going through this scenario, and 
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then it plants the question: how does that surgery result in these sorts of changes?—a 

question that Diego goes on to answer as he describes his research. 

In addition to improv and the foundational science communication trainings, I 

have also taught classes regarding science storytelling using improv, co-taught in a 

summer science policy institute (Figure 21b), and organized events to improve scientists’ 

ability to interact with policymakers (Appendix B3). Several events have been in 

conjunction with a graduate student group at Duke called Duke INSPIRE. For example, 

we hosted a discussion session with Buz Waitzkin, who was special counsel to the 

President under Bill Clinton, about the intersection of science and policy (Appendix B3). 

During this discussion, we covered many topics including how policy affects science, 

lobbying efforts, and how we can be involved in policy to support science.  
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Figure 21: Training scientists to communicate. 

(a) Jonnathan Singh-Alvarado presenting his research on the neural circuitry used by 

songbirds to learn their songs during a public science talk for Moogfest, a music, art 

and technology festival. (b) co-teaching a science communication course with Jory 

Weintraub for the Duke Science and Society Science Policy Summer Institute. 

In a similar vein, I also helped organize another discussion session with Kei 

Koizumi alongside my colleague Andrew George, who met him doing science policy 

work for the American Association for the Advancement of Science. Koizumi served as 

the Assistant Director for Federal Research and Development and Senior Advisor to the 

Director for the National Science and Technology Council under President Obama at the 

White House Office of Science and Technology Policy. We organized a student session 

to get his perspective on science and technology policy and how best to communicate 

and interact with others in this sphere. Both of these opportunities revealed that good 
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science communication is at the heart of connecting with the science policy sphere—

clear, focused, memorable message framed for your audience, delivered by personable, 

engaging, and attentive speakers. 

Overall, training scientists in science communication is an incredibly rewarding 

experience because it brings scientists to life with their excitement for their work and 

how it interacts with society. By using improv to improve scientists’ ability to engage 

their audiences—both by reading their audience’s body language and by using their 

own physicality as a means to communicate their message—we are enabling them to be 

more captivating speakers when they are discussing their work with any audience. 

Additionally, improving their skills related to storytelling, being personal, and thinking 

more deeply about other areas in society in which they may be communicating their 

work (from outreach events with the public to meetings with policymakers), we are 

creating scientists who are capable of being a part of broader communities. This allows 

us to build more meaningful relationships with society because we can more genuinely 

connect with different communities, listen to their needs and ideas, and share our work 

in a way that is relatable to them. This also improves our ability to conduct outreach that 

increases the diversity in science as discussed in Case Study 1, which is another 

necessary component of improving how science and society are brought together. 

Furthermore, by training scientists to be better communicators, their outreach is more 

impactful and engaging for the public. In return, they want to be involved in more 
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outreach, because it is more enjoyable to them. This creates a system where the public 

and scientists are each more engaged and fulfilled by these interactions, with the 

ultimate goal of truly deepening the relationship between science and society. 

4.4 Case Study 3: Engaging the public meaningfully with 
science-art 

One final issue, I’ll discuss, that is facing the scientific community is finding 

creative ways to engage the public about complex scientific information. It is one thing 

to have interesting and engaging speakers, but especially in a world where we are 

constantly overstimulated, it is crucial to have meaningful ways to allow people to 

interact with science. We also need to find ways to make science more accessible to 

people and help them see how science is incorporated and essential to many aspects of 

our lives. Uniting science and art is proving to be a promising means to reignite people’s 

enthusiasm and interest in science; as well as engaging those who think of themselves as 

not being “science people.” One reason for this is what science can gain from the arts. 

For example, the arts are constantly in engagement with the public and open to 

interpretation by people (Webster 2005). It also helps reframe scientific content in a way 

that is more people-focused. This is also appearing in science education as well, for 

example in the United Kingdom, scientists, educators, and performers are using 

performing arts projects as a way to bring together scientists, students, professors and 

the public around scientific research (James et al. 2017). This can range from using 

clowning, street theater, or stand up to create performances inspired by particular 
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scientific topics. One main finding of this project is that it humanizes science and 

provides cultural knowledge to the scientific discussions (James et al. 2017). In addition 

to that, using the arts connects with people in a very visceral and emotional way, 

sparking their curiosity, passion, and humanity. Moving people in this way, allows 

science to connect deeply with their lives. 

Considering these powerful aspects of uniting science and art, I worked with two 

graduate students, Casey Lindberg and Hannah Devens, to develop a science and art 

exhibit called The Art of a Scientist (AoS). The premise for the show was to bring 

together scientists and artists to create pieces that were inspired by scientific work. We 

invited graduate scientists submit pieces from their research, in disciplines as wide-

ranging as environmental science, mathematics, biomedical engineering, botany, and 

developmental biology. Then we paired these scientists with local artists and allowed 

them to collaborate, enabling the artists to create original works inspired by the science. 

There were several scientists who were also artists and created their own artistic pieces. 

Overall, we had fourteen scientists, eleven artists, and four scientists/artists participate 

in the first year of the exhibit. This number greatly increased in the 2019 assembly of the 

exhibit. 

We held the exhibit in Duke’s Rubenstein Art Center, and it was the first exhibit 

of this kind in this space. On opening night, we had over 250 people in attendance 

(Figure 22). Importantly, we had both the participating scientists and artists in 
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attendance so they could interact with the patrons of the exhibit and communicate with 

them about their pieces and their work.  

 

Figure 22: The Art of a Scientist. 

The opening reception for the Art of a Scientist 2018 at the Duke Rubenstein Art 

Center. (a) Hannah Devens, me, and Casey Lindberg in front of a door full of screen-

printed scientific “gig” posters by Bob Goldstein from University of North Carolina-

Chapel Hill. (b) A crowd of people moves through the art gallery for the AoS during 

the opening night. 

One fascinating aspect of this exhibit was how well the collaborations between 

the scientists and artists worked and how deeply the two groups appreciated each 

other’s crafts (Figure 23). For example, we had several pairs of scientists and artists who 

struck up friendships, but we also had artists that visited the scientists’ labs to gain 

better understanding of what they did to be sure to incorporate those qualities in their 
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pieces. At one of our outreach events, Jeff Chelf, one of our artists who was paired with 

Wout Salabien, explained how he and Wout had become friends and their conversations 

had influenced the construction of Jeff’s piece. He incorporated different trees from the 

area Wout studied to make his sculpture, and the two continued talking after their 

collaboration. These deeper relationships provided incredible context to the work of the 

scientists.  

 

Figure 23: The Art of a Scientist brought scientists and artists together. 

Scientists and artists enjoyed collaborating and learning about each other’s work as a 

part of AoS. (a) Jonnathan Singh Alvarado, who studies the neural circuits underlying 

how songbirds learn their songs, and Erica Hamilton, an artist who uses encaustic 

collage were one pair of scientist and artist for the AoS. (b) Angelo Moreno, who 

studies the design of RNA aptamers for drug development, and Teddy Devereaux, 

who makes art out of fused glass, met at the AoS opening. Angelo served as an artist 

and a scientist, making an original screen-print of his work, and Teddy created a 

fused glass piece inspired by the work of Ceri Weber, who studies temperature 

sensitive sex determination. 

One scientist, Julia Notar, studies how sea urchins see. The artist, Carson 

Whitmore, paired with her took photographs of a local forest and asked Notar to run the 
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photographs through a computer program she uses to mimic the vision of the organisms 

she studies. Then, the artist used these images to create a piece that was shaped after the 

visual organs that the sea urchin uses. In this way, when you look at the piece, you are 

seeing something you are familiar with (a forest) through the eyes of another organism 

and it gives you a deep appreciation for what it is that this scientist is researching. By 

pulling science and art together this way, it provides unique insight into the work being 

done and a fascinating way to draw people into the science. This sentiment of the exhibit 

could be easily seen when watching people traverse the exhibit and examine the 

different pairings of pieces (Figure 24). 

 

Figure 24: People exploring the Art of a Scientist. 

Patrons of the AoS taking in the pieces. (a) A guest exploring the connection between 

the photograph of the most photosynthetic area of the rainforest (in red) by 

environmental scientist, Wout Salenbein, and the sculpture inspired by that 
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photograph by artist Jeff Chelf. (b) A guest examines the sculpture by Juan Scivally 

inspired by photographs of sea urchins by Julia Notar. 

The captivating nature of this exhibit was also seen in the reception of the exhibit 

during outreach events that we did alongside the exhibit itself. We held several “Family 

Days,” designed to have hands-on activities related to science and art for children to 

participate in (Figure 25a). Our activities included a microscopy session by Nikon where 

kids explored different microscope specimens and then drew their own versions, and 

another session that involved 3D printing (Figure 25b). Between these two events, we 

had over 25 people in attendance including parents and their kids. In addition to our 

planned activities for children, there were also Duke summer camps that used the 

exhibit extensively throughout the summer to discuss critical thinking and visual 

analysis with their campgoers. 

We also held several private tours including a tour for the Science 

Communicators of North Carolina (SCONC) and a tour for the Duke Office of Student 

Affairs. The SCONC tour involved the scientists and the artists being present to discuss 

their work with the guests (Figure 25c). This provided beneficial interaction between the 

creators of the pieces with the audience, creating a dialogue about the science and the art 

that went into the exhibit. Overall, these tours saw an additional 60 people come 

through the exhibit. During the week, the exhibit was also used extensively by summer 

camps happening at Duke Gardens, focusing on visual analysis and critical thinking, 
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showing that art and science are beneficial components of helping kids learn creative 

thinking skills. 

Finally, we held a panel discussion with local scientists and artists about the 

intersections and roadblocks between art and science. Our panelists included Eric 

Saliim, who leads the Fab Lab at North Carolina Central University; Bob Goldstein, a 

biology professor at University of North Carolina Chapel Hill; Heather Gordon, a 

graphic artist at Kontek; Sarah Armstrong, an ophthalmology photographer at UNC CH; 

and Sonke Johnsen, a biology professor at Duke University. This panel drew over 70 

audience members to discuss the panelists viewpoints on being an artist and a scientist, 

what the two disciplines gain by being brought together, and how to encourage people 

the value in each. 
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Figure 25: Science outreach as a part of the Art of a Scientist. 

(a-b) Hannah Devens and Corey Bunce, both developmental stem cell biologists, 

interacting with students during an AoS Family Day focused on 3D printing. (c) I lead 

a tour of the exhibit for the Science Communicators of North Carolina, with artists 

and scientists present to talk about their work. (d) a diverse panel of scientists and 

artists (Heather Gordon (Kontek), Sonke Johnsen (Duke Biology), Sarah Armstrong 

(UNC CH), Bob Goldstein (UNC CH Biology), and Eric Saliim (NCCU Fab Lab) 

discuss the intersections and roadblocks between art and science with a diverse and 

captive audience. 

In addition to the tours, discussion panels, and family outreach events, there 

were many additional opportunities that developed because of how the Art of a Scientist 

captured the attention of the public. For example, we were interviewed on WUNC, the 

local National Public Radio station in the area, about the exhibit. We were also featured 

in an article about the exhibit in Smithsonian Magazine. We led a talk with scientists 

about initiatives that bring science and art together through Duke Library’s Data 
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Visualization group. I also was invited to give a talk at the Art Center, to a diverse 

audience of artists and scientists at all levels from undergraduates to administration 

about the power of bringing art and science together and the lessons Casey, Hannah, 

and I learned by organizing this exhibit; as well as to a freshman class about how science 

and art are more alike than they are different. 

The first iteration of the Art of a Scientist was an incredible experience. We had 

never done anything like this before, and were unsure how it would be received. We got 

significantly more attention and support than we were anticipating, which has 

motivated us to keeping this show going as a yearly event. We have also been successful 

in obtaining external support from organizations such as Burroughs Wellcome Fund. It 

was amazing to see how enthusiastic people were about the merging of art and science 

in this way. It truly tapped into a rich area of overlap that shows people how deeply 

connected science and society are. This was displayed in the questions that were asked 

in the panel discussion, and especially in the way that people lingered in the exhibit 

space after the opening event talking and interacting with the artists and scientists.  

At one of our family days, we had a kindergartener who was a scientist and artist 

himself. He was extremely interested in marine biology and would draw astonishingly 

detailed pictures of the animals he would learn about. Exhibits like this one showcased 

that you can be both a scientist and an artist, and that we don’t have to choose. In fact, it 

is pretty remarkable when you get to use both of them together. It was echoed 
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repeatedly throughout the summer that we had the exhibit going, that people are very 

interested in this blending of disciplines. 

A constant theme as the exhibit wrapped up was that of gratitude from our 

contributors for the opportunity to be involved in something so unique and thought-

provoking. Especially from the artists, some of whom mentioned how much the 

collaborations got them thinking about how they use their craft to capture a certain 

subject. It was an interesting dive into their thought processes and ideas. 

We also captured the attention of other scientists and artists, who were visiting 

the exhibit to support their friends. They were in awe of the event, and interested in 

being a part of the next round. It has been amazing having people email us or talk to us 

and share ideas they would love to have be a part of the exhibit. We have had similar 

sentiments shared from our sponsors, organizations on and off campus, and people who 

were visiting the exhibit from out of town. We are excited for the 2019 exhibit, it is sure 

to be another incredible experience. Initiatives like the Art of a Scientist and the 

reception that it received show how ripe society is to present science and art in this way. 

It builds lasting and meaningful connections that stir up people’s fascination with 

science, art, and creative thinking at all ages. In an effort to reconnect science and 

society, science and art are in a perfect position to accomplish this. 
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4.5 Conclusions 

We clearly have a need and a desire to improve the relationship between science 

and society to close the gap of understanding that exists presently. There is also a desire 

from society to have science presented in such a way that it melds with and 

acknowledges their lives. By building up science through efforts to foster lasting 

diversity (Case Study 1), train scientists to communicate more effectively (Case Study 2), 

and present science in a way that is engaging (Case Study 3), we invite more viewpoints 

and perspectives to be represented and shared within science. We increase the 

communities who are a part of the conversation about science, allowing for greater 

representation of the different groups who make up society. This affords us the ability to 

gain a sense of how science plays into the lives of all members of society, and the values 

that are important to consider when making scientific decisions and progress, helping 

science to be more socially conscious. In this way, we become more attuned to the needs 

of society as we do science, and build a sense of trust, respect, and acknowledgement 

between science and society. It is only through thinking deeply about science’s place in 

society that we can begin closing the gap between the two. The promise shown by the 

programs and work I have done during my time as a graduate student at Duke, and will 

continue doing in my next steps, are an encouraging sign that we are heading in the 

right direction.  
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5. Conclusion 

The Azolla-Nostoc symbiosis has proven to be a fascinating system to study, not 

just for the its biological aspects but also for how it has been a prime example of science 

communication and engagement with the public. It has the promise to inform us of new 

ways that plants and microbes interact, as well as how scientists and people from all 

over the globe can come together, given all of its environmental benefits. It has also 

shown us how even in a complex system that has been researched heavily, there are 

small things that can be taken for granted.  

In chapter 2, I showed that using microscopy to explore the pocket and cavity 

trichomes with the CLEARSee clearing and staining protocol is successful in A. 

filiculoides and allows for the visualization of the plant’s interaction with its partner, N. 

azollae within the pocket as well. I was also able to image the apical trichomes that aid in 

the development of megaspores filled with N. azollae. This sets the stage to begin 

determining what genes are important for these trichomes to perform their functions for 

this symbiosis. In the future, to get better penetration into the pocket and visualize it in 

its entirety, two-photon microscopy or light sheet microscopy will be a great 

improvement. 

In chapter 3, the first examination of gene expression in this symbiosis was 

conducted to look closely at the putative symbiosis genes. I found that A. filiculoides has 

differential expression of several nutrient and co-factor transporters for ammonium and 
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molybdate, but does not have differential expression of the GS/GOGAT genes for 

ammonium assimilation or of sucrose transporters. The GS/GOGAT genes also lack the 

known post-translational modifications that other plants use to modulate their 

abundance and activity. Appendix C offers a more in-depth analysis of the Azolla 

filiculoides genome, alongside the genome of Salvinia cucullata. 

Ultimately, the work in this dissertation on the Azolla-Nostoc symbiosis raised 

many more questions for us to begin answering. From using the clearing technique to 

visualize the entire pocket and localized genes and proteins, to understanding how A. 

filiculoides modulates the expression and activity of its nitrogen assimilation machinery 

and sucrose transporters, and learning what signals it uses for communicating with its 

cyanobiont—there is much to continue discovering about this incredible plant and its 

partner. We captured some of the interesting biology of the Azolla-Nostoc symbiosis, 

reaffirming that the Azolla-Nostoc symbiosis truly is unlike other plant-microbe 

symbioses that have been previously studied. 

In chapter 4, three case studies focused on a few key ways we can improve the 

gap between science and society. The way the Azolla genome project was funded 

captured the attention of people from all over, demonstrating that any kind of science 

can connect with society. You just have to do it in the right way. By working to create 

opportunities to get people from different backgrounds engaged in science from 

elementary school all the way through undergraduate schooling, combined with 
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improvements to the culture and structure of science itself, we can build a more diverse 

scientific community with valuable connections to all facets of society. In a similar vein, 

helping scientists learn to communicate and interact with the public is incredibly 

important, and by creating spaces where scientists can practice these skills, we 

automatically improve the community connections we are striving to build. These two 

ideas feed on each other, creating scientists that are prepared to engage with society, 

which in turn can welcome new faces into science itself. Finally, fusing art and science 

together (and remembering science’s roots in the arts, which is an additional theme seen 

in the art exhibit not discussed here, but of importance) helps us find ways to embrace 

and more deeply understand the influences science has on our daily lives. In so doing, 

we are reminded of what science has accomplished for us, what it teaches us, and how 

to think about it moving forward. This appreciation can re-instill a sense of wonder for 

the nature world in people and a new curiosity that has been lost. 

Overall, the experience of working on the Azolla-Nostoc symbiosis and science 

communication for my dissertation has been a wonderful journey and allowed me to 

grow as a person, a scientist and a communicator. The lessons I will take from this work 

forward are three-fold:  

1) Appreciate the value in trying things. They may or may not work, but if you 

have a good idea, it is worth pursuing and the outcome is always going to 

teach you something. 
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2) Talk to people about what you are doing and what you are thinking. People 

are one of your greatest resources and greatest advocates. They can help you 

develop an idea, improve your thinking, and open your eyes to something 

new. You can learn from everyone—especially the people who support you. 

3) Enjoy the experience and learn from everyone and everything. Put yourself 

in the mindset and the position to be open to the things that get presented to 

you—even the challenges—and grow from them. They will help you be 

better prepared for the future, and more adaptable to handle anything that 

comes your way. 
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6. Discussion 

6.1 The Future of the Azolla-Nostoc symbiosis 

The future of research into the Azolla-Nostoc symbiosis is wide open. There is so 

much to continue learning, and even more experiments to do to truly get a handle on the 

partnership between these two symbionts. RNA-sequencing was instrumental in getting 

a sweeping view of the genes differentially expressed in response to the presence of the 

cyanobiont and nitrogen source. This same technique can be used to help us understand 

the genes important to the development of the leaf pocket and the mature symbiosis by 

performing RNA-sequencing along the main stem axis where each group of leaves 

(apex, group I-IV) represents a different stage of the symbiosis. This could answer many 

questions still standing, such as what role flavonoids play in cyanobiont development in 

the pocket, how nitrogen and sucrose are distributed throughout the plant, and what 

genes control the development of the pocket and its interior structures to interact with 

the cyanobiont. We already have a broad sense of what genes are involved with this 

symbiosis, and looking at temporal expression patterns can allow us to ascertain their 

specific roles. 

Additionally, future microscopy to look at protein localization and gene 

expression localization in the pocket and along the developmental timeline will continue 

deepening our understanding of this symbiosis. In doing so, we can identify the 

functions of specific structures and tissues in Azolla spp. and how they relate to the 



 

97 

symbiosis. For example, it is believed that the branched and unbranched trichomes serve 

different functions—the former involved in nitrogen transport and the latter involved in 

sucrose transport from the mesophyll cells. Identifying how to localize expression and 

proteins for the sucrose transporters, nitrogen assimilation machinery, and the putative 

symbiosis ammonium transporter, we will be able to discern what roles these trichomes 

play. First, in order to do this, we need protein antibodies for each of the proteins we are 

interested in, as well as high fidelity in situ hybridization probes for each of the genes we 

are interested in. There is a lot of ground work to do here, but having a newer 

microscopy protocol to use in Azolla is a great first step to this work. 

One day, should genetic modification exist in Azolla, which is difficult since the 

symbiosis cannot be re-established once disrupted, we can use deletions or over-

expression to modulate the symbiosis and study the effect of certain genes—such as 

chalcone synthase or chorismite synthase on flavonoid production and how that in turn 

affects the symbiont. The ability of gene guns, RNAi, and the advent of CRISPR could 

allow us to do this work, but not without much trial and error. It would, however, be 

very interesting to do. 

There is a lot still to learn about the Azolla-Nostoc symbiosis, and we are only at 

the tip of the iceberg. This work is a great launching point for future Azolla researchers, 

as well as those interested in plant-cyanobacterial symbioses and plant-microbial 
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symbioses in general. The lessons we stand to learn from Azolla are still to be fully 

enumerated, but I am sure that they will prove to be invaluable. 

6.2 Minding the gap between science and society 

There is immense potential for science to build more meaningful connections 

with the communities that surround it to foster more genuine public engagement. Not 

only will this benefit how society thinks about science, but it will also change the way 

scientists think about society as they plan projects and seek public support. It will create 

a scientific culture that has social awareness, or what I like to call “science with a 

consciousness.” Under this framework, scientists will think more deeply about how 

their work affects society in the initial steps of deciding on projects and how to move 

forward. This is something that science needs, as each time we make progress it impacts 

society. If we are prepared to connect and communicate with society in more effective 

and engaging ways, we will be better suited to make trusting and lasting relationships 

with those outside of the scientific community. We will also make wiser scientific 

decisions. 

For example, science has a rich history of putting the science before the concerns 

of the public. Recently there have been several scientific advances that took the societal 

consequences of their work for granted. In 2018 alone there was the publication of the 

construction of horsepox virus (closely related to smallpox; Kupferschmidt 2018; Noyce 

and Evans 2018a-b) and the birth of the first germline-edited human babies using 
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CRISPR genome-editing technology (Cyranoski 2018; Normile 2018-a-b). Informally, at a 

recent discussion panel about robotics, artificial intelligence, and the future of jobs, the 

question was raised if scientists should think about the societal consequences of job-loss 

related to the development of AIs and robots that can perform various labor tasks, and 

how scientists should speak with the communities affected by these advances. The 

response was that it was not the scientists’ responsibility to think about the societal 

outcomes of their work. However, I would offer that we can vastly improve scientists’ 

abilities to consider these issues when thinking about their work by building a more 

diverse scientific community, training scientists to share their work more authentically 

with the public, and tapping into creative ways to use science and art together to engage 

people—particularly on controversial scientific topics such as climate change.  

Improving science in these ways—creating a culture that welcomes those from 

varied backgrounds, where scientists are adept at sharing their work, and people feel 

connected to science—will help us close the gap between science and society. Not only 

will it enhance our outreach efforts, but by bringing these communities together we will 

be better suited to ensure science and society are attuned to each other as we progress. 

Ultimately, this will result in sweeping changes as science itself is transformed. We see 

this already with citizen science initiatives or co-production research approaches, such 

as the climate change researchers working with farmers in villages in Argentina (Vera 

2018). 
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These changes provide voices for communities that are impacted by science who, 

as of now, do not have one. It will allow us to connect with these communities, get their 

perspectives, and share ideas, and help us solve problems more whollistically and 

effectively. Eventually, I hope that science communication will be a standard part of 

science teaching at all levels, and that it will include skills that prepare scientists to not 

just share their work, but work with non-scientists and think more deeply and creatively 

about how we connect with society.  

Bringing this back to Azolla research, we see that this small plant has 

innumerable benefits for society from aiding farmers as a feedstock or fertilizer, cleaning 

wastewater, and fighting climate change. The ability of those of us studying Azolla to 

engage the public is what got the genome project off the ground. It shows that people 

are passionate about science when you interact with them in ways that show how it is 

connected to their lives. Most of us who become scientists do so because of our curiosity 

and want to help the world around us. The efforts needed to close the gap between 

science and society are an opportunity for us to more genuinely come back to these 

roots, and reconnect science to the world about which we care so deeply. 
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Appendix A: Supplementary materials for Chapter 3 

Table A.1: Up-regulated putative symbiosis genes. 

Gene IDs for each up-regulated putative symbiosis gene with their respective 

annotations and significance values for their mean log2-fold change gene expression. 

GO distinctions: molecular function (MF), biological processes (BP), and cellular 

compartment (CC). 

GENE ID P-VALUE P-ADJ ORTHOGROUP ID 
AZFI_S0006.G009582 1.18E-49 1.41E-47 14319 
AZFI_S0348.G066435 6.71E-34 5.49E-32 9333 
AZFI_S0179.G056280 3.20E-15 1.35E-13 1890 
AZFI_S1035.G095886 1.14E-10 3.36E-09 545 
AZFI_S0157.G053776 2.72E-10 7.82E-09 137 
AZFI_S0010.G012193 7.29E-10 2.01E-08 5012 
AZFI_S0224.G058880 3.05E-09 7.75E-08 14593 
AZFI_S0060.G034792 4.21E-09 1.06E-07 395 
AZFI_S0174.G055961 6.06E-09 1.49E-07 2870 
AZFI_S0275.G061418 2.29E-07 4.53E-06 177 
AZFI_S0076.G037872 2.61E-06 4.27E-05 2 
AZFI_S2579.G112202 5.10E-06 7.92E-05 33 
AZFI_S0006.G009744 5.80E-06 8.88E-05 1198 
AZFI_S0619.G079558 1.38E-05 1.97E-04 154 
AZFI_S0068.G036342 1.92E-05 2.62E-04 2974 
AZFI_S0109.G045357 4.17E-05 5.20E-04 singleton 
AZFI_S0055.G033895 1.10E-04 1.22E-03 349 
AZFI_S0059.G034521 1.17E-04 1.28E-03 493 
AZFI_S0038.G026356 2.11E-04 2.10E-03 188 
AZFI_S0001.G000722 2.17E-04 2.15E-03 singleton 
AZFI_S0001.G001029 3.40E-04 3.11E-03 136 
AZFI_S0245.G059974 3.61E-04 3.27E-03 1883 
AZFI_S0003.G007810 6.64E-04 5.46E-03 422 
AZFI_S0018.G014823 7.12E-04 5.78E-03 5073 
AZFI_S0168.G054570 7.44E-04 6.00E-03 singleton 
AZFI_S0105.G044977 7.67E-04 6.15E-03 1883 
AZFI_S0078.G038258 7.71E-04 6.18E-03 1093 
AZFI_S0014.G013690 8.81E-04 6.90E-03 10 

AZFI_S0034.G025227.AMT2 1.12E-03 8.38E-03 660 
AZFI_S0578.G078256 1.13E-03 8.45E-03 29 
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AZFI_S0061.G034876 1.15E-03 8.54E-03 18 
AZFI_S0027.G023730 1.30E-03 9.38E-03 9129 
AZFI_S0074.G037462 1.57E-03 1.08E-02 2071 
AZFI_S0632.G080167 2.04E-03 1.33E-02 13044 
AZFI_S0192.G057045 2.37E-03 1.51E-02 2327 
AZFI_S0358.G066819 2.55E-03 1.59E-02 199 
AZFI_S0064.G035560 3.60E-03 2.07E-02 5160 
AZFI_S0002.G001461 3.80E-03 2.16E-02 1460 
AZFI_S0001.G000807 7.34E-03 3.60E-02 1658 
AZFI_S0263.G060867 9.88E-03 4.49E-02 11 
AZFI_S0500.G073853 1.04E-02 4.68E-02 7507 
AZFI_S0242.G059785 1.06E-02 4.73E-02 638 
AZFI_S0084.G038969 1.10E-02 4.85E-02 singleton 
AZFI_S0011.G012484 2.18E-02 8.07E-02 6 
AZFI_S0430.G069326 3.66E-02 1.16E-01 2707 
AZFI_S0002.G001235 3.67E-02 1.16E-01 6459 
AZFI_S0112.G045773 4.78E-02 1.40E-01 6 
AZFI_S0250.G060244 5.36E-02 1.52E-01 19 
AZFI_S0078.G038112 5.60E-02 1.57E-01 23 
AZFI_S0185.G056598 6.53E-02 1.75E-01 143 
AZFI_S0288.G063198 1.02E-01 2.39E-01 64 
AZFI_S0354.G066670 1.09E-01 2.50E-01 10052 
AZFI_S0094.G043483 1.15E-01 2.60E-01 singleton 
AZFI_S0104.G044897 1.29E-01 2.81E-01 singleton 
AZFI_S0020.G015462 1.33E-01 2.87E-01 singleton 
AZFI_S0009.G011912 1.46E-01 3.03E-01 766 
AZFI_S0574.G078058 1.70E-01 3.37E-01 singleton 
AZFI_S0232.G059303 1.73E-01 3.40E-01 466 
AZFI_S0010.G012322 1.74E-01 3.41E-01 207 
AZFI_S0006.G009571 1.80E-01 3.49E-01 173 
AZFI_S0029.G024169 1.83E-01 3.53E-01 433 
AZFI_S0004.G008306 1.87E-01 3.58E-01 383 
AZFI_S0006.G009953 1.92E-01 3.64E-01 10814 
AZFI_S0167.G054529 2.13E-01 3.92E-01 2099 
AZFI_S0006.G010215 2.51E-01 4.36E-01 singleton 
AZFI_S0192.G057042 2.60E-01 4.46E-01 singleton 
AZFI_S0168.G054608 2.67E-01 4.53E-01 620 
AZFI_S0261.G060759 3.79E-01 5.67E-01 584 
AZFI_S3525.G115998 3.93E-01 5.80E-01 4530 
AZFI_S0206.G057815 3.95E-01 5.82E-01 29 
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AZFI_S0237.G059582 4.28E-01 6.12E-01 2909 
AZFI_S0078.G038285 4.96E-01 6.71E-01 2363 
AZFI_S0007.G011077 5.07E-01 6.82E-01 19 
AZFI_S0190.G056909 5.22E-01 6.92E-01 1834 
AZFI_S0005.G008910 5.45E-01 7.11E-01 799 
AZFI_S0188.G056807 6.32E-01 7.75E-01 24 
AZFI_S0319.G064443 6.56E-01 7.92E-01 40 
AZFI_S0001.G000471 6.83E-01 8.11E-01 3861 
AZFI_S0373.G067173 7.06E-01 8.26E-01 5600 
AZFI_S0001.G000342 7.35E-01 8.44E-01 459 
AZFI_S0480.G073099 7.42E-01 8.48E-01 4846 
AZFI_S0027.G023508 7.91E-01 8.80E-01 1501 
AZFI_S0004.G008437 8.30E-01 9.03E-01 24 
AZFI_S0071.G036826 8.99E-01 9.46E-01 691 
AZFI_S0149.G053264 9.36E-01 9.66E-01 84 
AZFI_S0228.G059053 9.51E-01 9.74E-01 30 
AZFI_S2217.G109896 9.54E-01 9.76E-01 1779 
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Table A.2: Down-regulated putative symbiosis genes. 

Gene IDs for each down-regulated putative symbiosis gene with their respective 

annotations and significance values for their mean log2-fold change gene expression. 

GO distinctions: molecular function (MF), biological processes (BP), and cellular 

compartment (CC). 

GENE ID P-VALUE P-ADJ ORTHOGROUP ID 
AZFI_S2369.G110998 1.69E-64 2.72E-62 5866 
AZFI_S0596.G078827 4.17E-24 2.58E-22 85 
AZFI_S0059.G034664 1.14E-20 6.22E-19 4 
AZFI_S0002.G001566 2.46E-14 9.67E-13 377 
AZFI_S0558.G076907 7.96E-12 2.59E-10 135 
AZFI_S0019.G015277 3.31E-11 1.02E-09 3653 
AZFI_S0033.G025147 1.32E-08 3.11E-07 singleton 
AZFI_S0293.G063447 3.45E-08 7.72E-07 5006 
AZFI_S0003.G007553 3.99E-07 7.64E-06 singleton 
AZFI_S0008.G011405 4.29E-07 8.14E-06 6 
AZFI_S0103.G044629 9.64E-07 1.70E-05 1260 
AZFI_S0001.G000195 1.88E-06 3.15E-05 1092 
AZFI_S0020.G015395 5.41E-06 8.34E-05 1526 
AZFI_S0038.G026346 1.09E-05 1.58E-04 23 
AZFI_S0777.G086542 1.84E-05 2.53E-04 6 
AZFI_S0129.G048950 2.35E-05 3.14E-04 179 
AZFI_S0037.G026010 4.42E-05 5.48E-04 2946 
AZFI_S0064.G035527 4.60E-05 5.68E-04 6 
AZFI_S0045.G029779 5.16E-05 6.30E-04 958 
AZFI_S0695.G082575 2.79E-04 2.65E-03 92 
AZFI_S0137.G051061 4.06E-04 3.61E-03 1275 
AZFI_S0158.G053886 7.19E-04 5.83E-03 740 
AZFI_S0026.G023371 7.78E-04 6.22E-03 1943 
AZFI_S0040.G026602 2.05E-03 1.33E-02 24 
AZFI_S0104.G044743 2.96E-03 1.78E-02 188 
AZFI_S0613.G079348 3.43E-03 2.00E-02 2114 
AZFI_S0019.G015061 3.45E-03 2.01E-02 616 
AZFI_S0016.G014251 4.19E-03 2.33E-02 5 
AZFI_S0241.G059717 4.25E-03 2.36E-02 5622 
AZFI_S0006.G010439 8.16E-03 3.90E-02 2900 
AZFI_S0305.G063928 8.81E-03 4.13E-02 3097 
AZFI_S0001.G000450 1.17E-02 5.09E-02 5508 
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AZFI_S0088.G042502 1.64E-02 6.54E-02 1063 
AZFI_S0003.G008179 1.73E-02 6.81E-02 1311 
AZFI_S0001.G000849 2.63E-02 9.18E-02 584 
AZFI_S0107.G045132 4.07E-02 1.25E-01 744 
AZFI_S0065.G035730 4.11E-02 1.26E-01 268 
AZFI_S0205.G057775 5.38E-02 1.52E-01 24 
AZFI_S0014.G013570 5.59E-02 1.57E-01 287 
AZFI_S0011.G012734 5.78E-02 1.61E-01 2943 
AZFI_S0524.G075292 6.73E-02 1.78E-01 293 
AZFI_S0001.G000476 6.86E-02 1.80E-01 61 
AZFI_S0014.G013572 6.93E-02 1.82E-01 1025 
AZFI_S0069.G036642 7.94E-02 1.99E-01 3885 
AZFI_S0113.G045998 1.11E-01 2.54E-01 singleton 
AZFI_S0047.G030277 1.25E-01 2.75E-01 6 
AZFI_S0035.G025547 1.27E-01 2.79E-01 1918 
AZFI_S0017.G014533 1.38E-01 2.93E-01 366 
AZFI_S0002.G001383 1.43E-01 3.00E-01 2673 
AZFI_S0203.G057667 1.61E-01 3.24E-01 39 
AZFI_S0032.G024596 1.98E-01 3.73E-01 singleton 
AZFI_S0080.G038513 2.15E-01 3.94E-01 301 
AZFI_S0074.G037406 2.36E-01 4.17E-01 2155 
AZFI_S0109.G045340 2.39E-01 4.22E-01 505 
AZFI_S0512.G074919 2.68E-01 4.54E-01 1608 
AZFI_S0065.G035874 2.86E-01 4.74E-01 singleton 
AZFI_S0288.G063232 2.87E-01 4.74E-01 8256 
AZFI_S0128.G048795 2.91E-01 4.79E-01 singleton 
AZFI_S0390.G067704 3.14E-01 5.02E-01 10 
AZFI_S0061.G035008 3.14E-01 5.02E-01 7817 
AZFI_S0003.G008102 3.57E-01 5.44E-01 6901 
AZFI_S0004.G008709 3.59E-01 5.47E-01 842 
AZFI_S1584.G104475 3.63E-01 5.51E-01 2052 
AZFI_S0207.G057905 4.14E-01 5.99E-01 20 
AZFI_S0013.G013308 5.04E-01 6.79E-01 3815 
AZFI_S0189.G056851 5.73E-01 7.32E-01 1370 
AZFI_S0060.G034812 5.84E-01 7.40E-01 483 
AZFI_S0059.G034687 7.19E-01 8.34E-01 singleton 
AZFI_S0099.G044189 8.10E-01 8.92E-01 417 
AZFI_S0026.G023433 8.63E-01 9.25E-01 699 
AZFI_S0147.G053031 9.19E-01 9.56E-01 107 

 



 

 

Figure 26: A. filiculoides and M. truncatula glutamine synthetase alignment.  

MtGS1a 1 -------------------------------------------------- 
MtGS2 1 MAQILAPSTQCQARITKISPVATPISSKMWSSLVMKQNKKVARSAKFRVM 
Azfi_s0033.g025 1 -------------------------------------------------- 
Azfi_s0008.g011 1 -------------------------------------------------- 
Azfi_s0002.g001 1 -------------------------------------------------- 
Azfi_s0043.g026 1 -------------------------------------------------- 
Azfi_s0092.g043 1 -------------------------------------------------- 
Azfi_s0935.g093 1 -------------------------------------------------M 
Azfi_s1095.g097 1 -------------------------------------------------- 

 
MtGS1a 

 
1 

 
------MSLLSDLINLNLSESSEKIIAEYIWVGGSGMDLRSKART----- 

MtGS2 51 AVNSGTINRVEDLLNLDITPFTDSIIAEYIWIGGTGIDVRSKSRT----- 
Azfi_s0033.g025 1 -------------------------------VGGSGLDIRSKART----- 
Azfi_s0008.g011 1 ----MAEQLIGDLLNLDITD-SGYIIAEYIWIGGTGVDVRSKART----- 
Azfi_s0002.g001 1 ----MSISIIDDLLNLDITD-TGYIIAEYVWIGGSGLDLRSKART----- 
Azfi_s0043.g026 1 -----MANIIDDLLNLDITD-TGYIIAEYIWIGGSGLDIRSKARS----- 
Azfi_s0092.g043 1 -----MAASLPDLLTLNLPDHTSKIIAEYVWIGGSGLDIRSKART----- 
Azfi_s0935.g093 2 ANREILSSRTETLNKYLKLDQKGKIMAEYVWIDSIG-ETRSKSRT----- 
Azfi_s1095.g097 1 ----------------MHLDQRGRIIAEYVWIDAAG-ETRSKSRVSLSFI 

  S97 I 
MtGS1a 40 ---------------LPGPVSDPSKLPKWNYDGSSTNQAPGQDSEVILYP 
MtGS2 96 ---------------ISKPVEHPSELPKWNYDGSSTGQAPGEDSEVILYP 
Azfi_s0033.g025 15 ---------------LKAPIKSPKDIPKWNYDGSSTGQAPGENSEVILYP 
Azfi_s0008.g011 41 ---------------VKAPITSPKDLPKWNYDGSSTGQAPGKDSEVILY- 
Azfi_s0002.g001 41 ---------------VKAPIKGPQDLPKWNYDGSSTGQAPGKDSEVILYP 
Azfi_s0043.g026 40 ---------------VKAPIKSPKDLPNWNYDGSSTGQAPGQDSEVILYP 
Azfi_s0092.g043 41 ---------------LAGPVSDPKKLPKWNYDGSSTGQAPGEDSEVILYP 

1 05 



 

 

Azfi_s0935.g093 46 ------------LPELKDKEYTPEDLPVWNFDGSSTGQAPGHDSDVYLRP 
Azfi_s1095.g097 34 FLPVDIQPSYSLLQTLEEGIYTPDNLPIWNFDGSSTKQAPINNTDVYLRP 
   

Y108 
MtGS1a 75 QAIFKDPFRQGNNILVICDVYTPAGEPLPTNKRYNAAKIFSHPDVAAEVP 
MtGS2 131 QAIFKDPFRGGNNILVICDAYTPQGEPIPTNKRHKAAEIFSNPKVEAEIP 
Azfi_s0033.g025 50 QAIFKDPFRRGNNILVICDVYNSEGEPIPTNRRSPAAKVFALKEIQEEKP 
Azfi_s0008.g011 75 ---YNNT ------- VVCDCYTPQGEPIPTNKRCNAAKIFSNKEVEKEVP 
Azfi_s0002.g001 76 QAIYKDPFRRGDNILVICDCYTPAGEPIPTNKRNAAAKIFELKEVKDEIP 
Azfi_s0043.g026 75 QAIFKDPFRRGDNILVICDCYTPAGEPIPTNKRYAAAKVFSQKEVEEEVP 
Azfi_s0092.g043 76 QAIFKDPFRQGNNILVICDAYTPAGEPIPTNKRAYASEVFSDPKVIEEEP 
Azfi_s0935.g093 84 AAVYPDPFRGSPNIIVLAECWNADGTPNKYNYRHECAKVMEANAALE--P 
Azfi_s1095.g097 84 CAVFADPIRRSPNIIVLADCWNADGTPNKFNFRHDCVKVMDAYAKHE--P 

 
MtGS1a 

 
125 

 
WYGIEQEYTLLQKDTNWPLGWPIGGYPGPQGPY----------------- 

MtGS2 181 WYGIEQEYTLLQTDVKWPLGWPVGGYPGPQGPY----------------- 
Azfi_s0033.g025 100 WFGIEQEFTLLQKEVKWPLGWPVGGFPAPQGPY----------------- 
Azfi_s0008.g011 114 WFGIEQEFTLLQKDVQWPLGWPIGGYPGPQGPY----------------- 
Azfi_s0002.g001 126 WYGIEQEYTLLQKDVKWPLGWPVGGFPGPQGPY----------------- 
Azfi_s0043.g026 125 WYGIEQEFTLLQKDVKWPLGWPIGGYPGSQGPY----------------- 
Azfi_s0092.g043 126 WFGLEQEYTLLQKNVKWPLGWPAGGYPGPQGPY----------------- 
Azfi_s0935.g093 132 WFGLEQEYTFLDHDDR-PYGWPVGGFPAPYAAARSSCVTSLRPTTRPVCV 
Azfi_s1095.g097 132 WFGLEQEYTLIGDDGR-PFGWPTGGFPALQGDY----------------- 

1 06 



 

 

  Y167 II 
MtGS1a 158 ----YCGIGADKAYGRDIVDAHYKACLYAGINISGINGEVMPGQWEFQVG 
MtGS2 214 ----YCAAGADKSFGRDISDAHYKACLYAGINISGTNGEVMPGQWEYQVG 
Azfi_s0033.g025 133 ----YCGVGADKAWGRDIVNAHYKACLYAGIQISGINGEVMPGQWEFQVG 
Azfi_s0008.g011 147 ----YCGTGADKAWGRQIIDAHYKACIYAGIQVSGINGEVMPGQWEFQVG 
Azfi_s0002.g001 159 ----YCGVGADKAWGRSIVDAHYKACLYAGIQISGINGEVMPGQWEFQVG 
Azfi_s0043.g026 158 ----YCGVGADKAWGRAIIDAHYKACIYAGIQVSGINGEVMPGQWEFQVG 
Azfi_s0092.g043 159 ----YCGVGADKAWGRDIVDAHYKACLYAGINVSGVNGEVMPGQWEFQVG 
Azfi_s0935.g093 181 SLGLHHDVAFWNSLLMQVLD ------- AGINISGTNAEVLSSQWEFQVG 
Azfi_s1095.g097 164 ----YCGVGYGKIVMRDIVDSHYKA--YAGVKISGTNAEAMLGQWEFQVG 
   

III 
MtGS1a 204 PSVGISAGDEIWAARYILERITEIAGVVVSFDPKPIPGDWNGAGAHTNYS 
MtGS2 260 PSVGIEAGDHIWASRYILERITEQAGVVLTLDPKPIEGDWNGAGCHTNYS 
Azfi_s0033.g025 179 PCEGVSAGDQLWCARYILERITEAAGVILSLDPKPIEGDWNGAGCHTNYS 
Azfi_s0008.g011 193 PCVGIEAGDQLWCARYLLERITELADVVLTLDPKPIPGDWNGAGCHTNYS 
Azfi_s0002.g001 205 PAVGISAADQVWCARYILERITELAGVVLSLDPKPIQGDWNGAGCHTNYS 
Azfi_s0043.g026 204 PCVGISAGDKLWCARYILERITELAGVVLSLDPKPIAGDWNGAGCHTNYS 
Azfi_s0092.g043 205 PSVGIAAADQLWCARYILERITEMADVVLSLDPKPIEGDWNGAGCHTNFS 
Azfi_s0935.g093 223 PCVGISMGDELWIARFFLARIAEDFGVKISLHPKPIKGAWNGSGLHSNFS 
Azfi_s1095.g097 208 PCEGIEMGDHLWIARFLLTKIAEDHGVKVSWHPKPVEGDWNGQGLHTNFS 
   

Y263 
MtGS1a 254 TKSMRENGGYEIIKKAIEKLGLRHKEHIAAYGEGNERRLTGKHETADINT 
MtGS2 310 TKSMREDGGFEVIKKAILNLSLRHKIHIEAYGEGNERRLTGKHETASINT 
Azfi_s0033.g025 229 TLAMRSDGGFEVIKKSIEKLGLKHNEHIKAYGKGNEKRLTGHHETADIHT 
Azfi_s0008.g011 243 TLSMRKEGGYEVIKEAIEKLGLRHKEHIAAYGEGNERRLTGRHETADIHT 
Azfi_s0002.g001 255 TLSMRNEGGYEVIKKAIEKLGLKHKEHIAAYGEGNERRLTGHHETADINT 
Azfi_s0043.g026 254 TLSMRNEGGFEVIKKAIEKLKLKHKEHIAAYGEGNERRLTGRHETADINT 
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Azfi_s0092.g043 255 TKSMRAEKGYEVIKKAIDKLRLRHKDHIAAYGEGNERRLTGKHETANINT 
Azfi_s0935.g093 273 TNQMREEGGMKYIEEALKALEPHHAECIKEYGEDNDLRLTGDCETGSIEK 
Azfi_s1095.g097 258 TKEMRASGGMKLIEQAMERLGSYHSQCIEEYGDDNDKRLTGRHETGHIDM 
   

IV 
MtGS1a 304 FSWGVANRGASVRVGRDTEKDGKGYFEDRRPSSNMDPYVVTSMIAETTLL 
MtGS2 360 FSWGVANRGCSIRVGRDTEKNGKGYLEDRRPASNMDPYVVTALLAESTLL 
Azfi_s0033.g025 279 FSWGVANRGVSVRVGRETEKEGKGYFEDRRPASNMDPYTVTSLIASTTIL 
Azfi_s0008.g011 293 FSWGVANRGASIRVGRDTEKEGKGYFEDRRPASNMDPYTVTAMIAETTLL 
Azfi_s0002.g001 305 FSWGVANRGASIRVGRDTEKEGKGYFEDRRPASNMDPYVVTSLVASTTIL 
Azfi_s0043.g026 304 FSWGVANRGASIRVGRDTEKEGKGYFEDRRPASNMDPYVVTSMIANTTIL 
Azfi_s0092.g043 305 FSWGVANRGASVRVGRDVEKEGKGYFEDRRPASNMDPYVVAAMIAATTIL 
Azfi_s0935.g093 323 FSWGVANRGTSIRVPRETAARGCGYFEDRRPASNADPYRVTKILM-TSIF 
Azfi_s1095.g097 308 FSWGVADRSRSIRIPRETATRGYGYFEDRRPASNADPYRVTKILI-TAAL 

 
MtGS1a 

 
354 

 
WKP---------------- 

MtGS2 410 WEPTLEAEALAAQKIALKV 
Azfi_s0033.g025 329 FKSY--------------- 
Azfi_s0008.g011 343 YKP---------------- 
Azfi_s0002.g001 355 FKP---------------- 
Azfi_s0043.g026 354 LNP---------------- 
Azfi_s0092.g043 355 WEPEKA------------- 
Azfi_s0935.g093 372 GKA---------------- 
Azfi_s1095.g097 357 GRT---------------- 

 

Figure 26: A. filliculoides and M. truncatula glutamine synthestase alignment. 
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The nitrated tyrosine 167 of MtGS1is indicated in bold, blue font; as is the 
phosphorylated serine 97 of MtGS2. The additional tyrosine residues that are present 

in MtGS1, and are not in MtGS2 are also highlighted in blue and bold font. The 
conserved domains are indicated in bold and highlighted with gray boxes. The N-

terminal transit peptide and C-terminal extension unique to GS2 is indicated in bold. 
For brevity, the gene sequence names for A. filiculoides are only provided to the first 

three digits after the “g.” 
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Table A.3: Post-translational modifications of A. filiculoides GS proteins. 

Post-translational modification prediction results for the glutamine synthetase (GS) 
amino acid sequences in A. filiculoides. Results list the confidence scores as predicted 

by the ModPred server. 

Protein Sequence 
Amino 

Acid 
Modification Score Confidence 

Azfi_s0002.g001200-GS K37 Ubiquitination 0.67 Medium 
Azfi_s0002.g001200-GS K67 Ubiquitination 0.66 Medium 
Azfi_s0002.g001200-GS K107 Ubiquitination 0.76 Medium 
Azfi_s0002.g001200-GS K166 Ubiquitination 0.77 Medium 
Azfi_s0002.g001200-GS K238 Ubiquitination 0.82 High 
Azfi_s0002.g001200-GS Y264 Phosphorylation 0.78 Medium 
Azfi_s0002.g001200-GS T322 Phosphorylation 0.68 Medium 
Azfi_s0002.g001200-GS K356 Ubiquitination 0.69 Medium 
Azfi_s0008.g011642-GS K37 Ubiquitination 0.71 Medium 
Azfi_s0008.g011642-GS S47 Phosphorylation 0.73 Medium 
Azfi_s0008.g011642-GS K154 Ubiquitination 0.73 Medium 
Azfi_s0008.g011642-GS K226 Ubiquitination 0.82 High 
Azfi_s0008.g011642-GS K248 Ubiquitination 0.76 Medium 
Azfi_s0008.g011642-GS Y252 Phosphorylation 0.79 Medium 
Azfi_s0008.g011642-GS K261 Ubiquitination 0.69 Medium 
Azfi_s0008.g011642-GS K267 Ubiquitination 0.67 Medium 
Azfi_s0008.g011642-GS T310 Phosphorylation 0.69 Medium 
Azfi_s0008.g011642-GS K344 Ubiquitination 0.7 Medium 
Azfi_s0033.g025083-GS S4 Phosphorylation 0.68 Medium 
Azfi_s0033.g025083-GS S21 Phosphorylation 0.84 Medium 
Azfi_s0033.g025083-GS S83 Phosphorylation 0.82 Medium 
Azfi_s0033.g025083-GS K140 Ubiquitination 0.76 Medium 
Azfi_s0033.g025083-GS K212 Ubiquitination 0.79 High 
Azfi_s0043.g026977-GS S46 Phosphorylation 0.77 Medium 
Azfi_s0043.g026977-GS K165 Ubiquitination 0.8 High 
Azfi_s0043.g026977-GS K237 Ubiquitination 0.78 Medium 
Azfi_s0043.g026977-GS T321 Phosphorylation 0.68 Medium 
Azfi_s0092.g043135-GS K37 Ubiquitination 0.71 Medium 
Azfi_s0092.g043135-GS K119 Ubiquitination 0.71 Medium 
Azfi_s0092.g043135-GS K166 Ubiquitination 0.8 High 
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Azfi_s0092.g043135-GS K238 Ubiquitination 0.78 Medium 
Azfi_s0092.g043135-GS Y264 Phosphorylation 0.82 High 
Azfi_s0092.g043135-GS K273 Ubiquitination 0.66 Medium 
Azfi_s0092.g043135-GS K296 Ubiquitination 0.67 Medium 
Azfi_s0092.g043135-GS K324 Ubiquitination 0.7 Medium 
Azfi_s0092.g043135-GS K359 Ubiquitination 0.74 Medium 
Azfi_s0935.g093110-GS T11 Phosphorylation 0.7 Medium 
Azfi_s0935.g093110-GS T45 Phosphorylation 0.78 Medium 
Azfi_s0935.g093110-GS T55 Phosphorylation 0.76 Medium 
Azfi_s0935.g093110-GS K283 Ubiquitination 0.71 Medium 
Azfi_s0935.g093110-GS K373 Ubiquitination 0.71 Medium 
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Table A.4: Post-translational modification of A. filiculoides GOGAT large sub-unit. 

Post-translational modification prediction results for the glutamate synthase 
(GOGAT) large sub-unit amino acid sequences in A. filiculoides. Results list the 

confidence scores as predicted by the ModPred server. 

Protein 
Amino 

Acid 
Modification Score Confidence 

Azfi_s0002.g001246-GOGAT S80 Phosphorylation 0.92 High 
Azfi_s0002.g001246-GOGAT K1112 Ubiquitination 0.82 High 
Azfi_s0002.g001246-GOGAT S1682 Phosphorylation 0.89 High 
Azfi_s0002.g001983-GOGAT T619 Phosphorylation 0.87 High 
Azfi_s0002.g001983-GOGAT K1090 Ubiquitination 0.83 High 
Azfi_s0002.g001983-GOGAT K1168 Ubiquitination 0.84 High 
Azfi_s0025.g023211-GOGAT S7 Phosphorylation 0.93 High 
Azfi_s0025.g023211-GOGAT S885 Phosphorylation 0.9 High 
Azfi_s0044.g028329-GOGAT K399 Ubiquitination 0.86 High 
Azfi_s0044.g028329-GOGAT K586 Ubiquitination 0.81 High 
Azfi_s0044.g028329-GOGAT K939 Ubiquitination 0.79 High 
Azfi_s0044.g028329-GOGAT K1465 Ubiquitination 0.8 High 
Azfi_s0048.g030424_GOGAT S1086 Phosphorylation 0.89 High 
Azfi_s0048.g030424_GOGAT K1523 Ubiquitination 0.8 High 
Azfi_s0048.g030424_GOGAT S1701 Phosphorylation 0.9 High 
Azfi_s0773.g086306-GOGAT K544 Ubiquitination 0.88 High 
Azfi_s0773.g086306-GOGAT K1019 Ubiquitination 0.79 High 
Azfi_s0773.g086306-GOGAT T1042 Phosphorylation 0.9 High 
Azfi_s0773.g086306-GOGAT S1667 Phosphorylation 0.91 High 
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Table A.5: Post-translational modification of A. filiculoides GOGAT small sub-unit. 

Post-translational modification prediction results for the glutamate synthase 
(GOGAT) small sub-unit amino acid sequences in A. filiculoides. Results list the 

confidence scores as predicted by the ModPred server. 

Protein 
Amino 

Acid 
Modification Score Confidence 

Azfi_s3593.g116342-GOGAT T32 Phosphorylation 0.72 Medium 
Azfi_s3593.g116342-GOGAT K95 Ubiquitination 0.69 Medium 
Azfi_s3593.g116342-GOGAT K119 Ubiquitination 0.76 Medium 
Azfi_s3593.g116342-GOGAT S212 Phosphorylation 0.8 Medium 
Azfi_s3593.g116342-GOGAT Y252 Phosphorylation 0.73 Medium 
Azfi_s3593.g116342-GOGAT Y267 Phosphorylation 0.77 Medium 
Azfi_s3593.g116342-GOGAT K306 Ubiquitination 0.74 Medium 
Azfi_s3593.g116342-GOGAT K326 Ubiquitination 0.78 Medium 
Azfi_s3593.g116342-GOGAT K349 Ubiquitination 0.83 High 
Azfi_s3593.g116342-GOGAT K388 Ubiquitination 0.74 Medium 
Azfi_s3593.g116342-GOGAT K394 Ubiquitination 0.8 High 
Azfi_s0002.g002358-GOGAT T9 Phosphorylation 0.74 Medium 
Azfi_s0002.g002358-GOGAT K197 Ubiquitination 0.8 High 
Azfi_s0002.g002358-GOGAT Y216 Phosphorylation 0.75 Medium 
Azfi_s0002.g002358-GOGAT T221 Phosphorylation 0.85 Medium 
Azfi_s0002.g002358-GOGAT K225 Ubiquitination 0.67 Medium 
Azfi_s0002.g002358-GOGAT Y232 Phosphorylation 0.75 Medium 
Azfi_s0002.g002358-GOGAT Y246 Phosphorylation 0.8 Medium 
Azfi_s0002.g002358-GOGAT T301 Phosphorylation 0.68 Medium 
Azfi_s0002.g002358-GOGAT K318 Ubiquitination 0.84 High 
Azfi_s0002.g002358-GOGAT Y352 Phosphorylation 0.7 Medium 
Azfi_s0002.g002358-GOGAT K381 Ubiquitination 0.73 Medium 
Azfi_s0002.g002358-GOGAT K405 Ubiquitination 0.66 Medium 
Azfi_s0002.g002358-GOGAT K459 Ubiquitination 0.69 Medium 
Azfi_s0002.g002358-GOGAT K525 Ubiquitination 0.82 High 
Azfi_s0002.g002358-GOGAT K550 Ubiquitination 0.73 Medium 
Azfi_s0002.g002358-GOGAT Y565 Phosphorylation 0.69 Medium 
Azfi_s0002.g002358-GOGAT K652 Ubiquitination 0.73 Medium 
Azfi_s0135.g050516-GOGAT Y22 Phosphorylation 0.77 Medium 
Azfi_s0135.g050516-GOGAT Y36 Phosphorylation 0.81 High 
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Azfi_s0135.g050516-GOGAT K108 Ubiquitination 0.85 High 
Azfi_s0135.g050516-GOGAT S116 Phosphorylation 0.75 Medium 
Azfi_s0135.g050516-GOGAT T120 Phosphorylation 0.69 Medium 
Azfi_s0135.g050516-GOGAT T130 Phosphorylation 0.83 Medium 
Azfi_s0135.g050516-GOGAT K138 Ubiquitination 0.68 Medium 
Azfi_s0135.g050516-GOGAT Y142 Phosphorylation 0.72 Medium 
Azfi_s0135.g050516-GOGAT K158 Ubiquitination 0.77 Medium 
Azfi_s0135.g050516-GOGAT K171 Ubiquitination 0.71 Medium 
Azfi_s0135.g050516-GOGAT K315 Ubiquitination 0.79 High 
Azfi_s0135.g050516-GOGAT K340 Ubiquitination 0.71 Medium 
Azfi_s0135.g050516-GOGAT T371 Phosphorylation 0.8 Medium 
Azfi_s0135.g050516-GOGAT K430 Ubiquitination 0.84 High 
Azfi_s0563.g077082-GOGAT Y5 Phosphorylation 0.74 Medium 
Azfi_s0563.g077082-GOGAT S171 Phosphorylation 0.76 Medium 
Azfi_s0563.g077082-GOGAT S290 Phosphorylation 0.75 Medium 
Azfi_s0563.g077082-GOGAT T519 Phosphorylation 0.88 High 
Azfi_s0563.g077082-GOGAT T730 Phosphorylation 0.77 Medium 
Azfi_s0563.g077082-GOGAT S889 Phosphorylation 0.77 Medium 
Azfi_s0563.g077082-GOGAT Y920 Phosphorylation 0.72 Medium 
Azfi_s0563.g077082-GOGAT T944 Phosphorylation 0.8 Medium 
Azfi_s0563.g077082-GOGAT T1020 Phosphorylation 0.85 Medium 
Azfi_s0563.g077082-GOGAT S1027 Phosphorylation 0.72 Medium 
Azfi_s0563.g077082-GOGAT S1093 Phosphorylation 0.78 Medium 
Azfi_s0563.g077082-GOGAT S1103 Phosphorylation 0.72 Medium 
Azfi_s0563.g077084-GOGAT K67 Ubiquitination 0.66 Medium 
Azfi_s0563.g077084-GOGAT K119 Ubiquitination 0.67 Medium 
Azfi_s0563.g077084-GOGAT T210 Phosphorylation 0.88 High 
Azfi_s0563.g077084-GOGAT Y248 Phosphorylation 0.68 Medium 
Azfi_s0563.g077084-GOGAT K292 Ubiquitination 0.76 Medium 
Azfi_s0563.g077084-GOGAT T388 Phosphorylation 0.68 Medium 
Azfi_s0563.g077084-GOGAT K392 Ubiquitination 0.7 Medium 
Azfi_s0773.g086307-GOGAT Y55 Phosphorylation 0.69 Medium 
Azfi_s2751.g112893-GOGAT Y22 Phosphorylation 0.75 Medium 
Azfi_s2751.g112893-GOGAT Y36 Phosphorylation 0.8 Medium 
Azfi_s2751.g112893-GOGAT S116 Phosphorylation 0.75 Medium 
Azfi_s2751.g112893-GOGAT T120 Phosphorylation 0.69 Medium 
Azfi_s2751.g112893-GOGAT T130 Phosphorylation 0.83 Medium 
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Azfi_s2751.g112893-GOGAT Y142 Phosphorylation 0.72 Medium 
Azfi_s2751.g112893-GOGAT T371 Phosphorylation 0.77 Medium 



 

117 

Table A.6: Up-regulated Putative symbiosis gene ontology results. 

Gene ontology categories resulting from modified goatools output. This includes 
information on the GO category, the number of genes and gene IDs per category, and 

the p-value. 

GO Number GO Term P-value Genes Gene IDs 

GO:0044267 

cellular protein 
metabolic 
process 

7.76E-05 22 

Azfi_s0001.g001029, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0038.g026356, 

Azfi_s0059.g034521, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 

Azfi_s0275.g061418, 

Azfi_s0358.g066819, 

Azfi_s2217.g109896 

GO:0006464 

cellular protein 
modification 

process 
6.28E-06 21 

Azfi_s0001.g001029, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0038.g026356, 

Azfi_s0059.g034521, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 



 

118 

Azfi_s0275.g061418, 

Azfi_s0358.g066819 

GO:0043412 
macromolecule 

modification 2.04E-05 21 

Azfi_s0001.g001029, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0038.g026356, 

Azfi_s0059.g034521, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 

Azfi_s0275.g061418, 

Azfi_s0358.g066819 

GO:0016480 

negative 
regulation of 
transcription 
from RNA 

polymerase III 
promoter 

5.14E-03 1 Azfi_s0480.g073099 
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GO:0006796 

phosphate-
containing 
compound 
metabolic 
process 

6.73E-05 22 

Azfi_s0001.g001029, 

Azfi_s0004.g008306, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0038.g026356, 

Azfi_s0061.g034876, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 

Azfi_s0275.g061418, 

Azfi_s0358.g066819 

GO:0006793 

phosphorus 
metabolic 
process 

6.90E-05 22 

Azfi_s0001.g001029, 

Azfi_s0004.g008306, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0038.g026356, 

Azfi_s0061.g034876, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 

Azfi_s0275.g061418, 

Azfi_s0358.g066819 
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GO:0016310 phosphorylation 5.31E-06 21 

Azfi_s0001.g001029, 

Azfi_s0004.g008306, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0038.g026356, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 

Azfi_s0275.g061418, 

Azfi_s0358.g066819 

GO:0044238 

primary 
metabolic 
process 

7.86E-03 36 

Azfi_s0001.g001029, 

Azfi_s0002.g001461, 

Azfi_s0004.g008306, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0010.g012193, 

Azfi_s0010.g012322, 

Azfi_s0014.g013690, 

Azfi_s0027.g023508, 

Azfi_s0029.g024169, 

Azfi_s0038.g026356, 

Azfi_s0059.g034521, 

Azfi_s0061.g034876, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0157.g053776, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 
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Azfi_s0263.g060867, 

Azfi_s0275.g061418, 

Azfi_s0288.g063198, 

Azfi_s0354.g066670, 

Azfi_s0358.g066819, 

Azfi_s1035.g095886, 

Azfi_s2217.g109896, 

Azfi_s2579.g112202 

GO:0019538 

protein 
metabolic 
process 

1.14E-03 23 

Azfi_s0001.g001029, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0010.g012193, 

Azfi_s0038.g026356, 

Azfi_s0059.g034521, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 

Azfi_s0275.g061418, 

Azfi_s0358.g066819, 

Azfi_s2217.g109896 
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GO:0036211 

protein 
modification 

process 
6.28E-06 21 

Azfi_s0001.g001029, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0038.g026356, 

Azfi_s0059.g034521, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 

Azfi_s0275.g061418, 

Azfi_s0358.g066819 

GO:0006468 
protein 

phosphorylation 2.32E-06 20 

Azfi_s0001.g001029, 

Azfi_s0004.g008437, 

Azfi_s0006.g009571, 

Azfi_s0007.g011077, 

Azfi_s0009.g011912, 

Azfi_s0038.g026356, 

Azfi_s0074.g037462, 

Azfi_s0076.g037872, 

Azfi_s0078.g038258, 

Azfi_s0078.g038285, 

Azfi_s0149.g053264, 

Azfi_s0168.g054570, 

Azfi_s0185.g056598, 

Azfi_s0188.g056807, 

Azfi_s0190.g056909, 

Azfi_s0228.g059053, 

Azfi_s0250.g060244, 

Azfi_s0261.g060759, 

Azfi_s0275.g061418, 

Azfi_s0358.g066819 

GO:0006359 

regulation of 
transcription 
from RNA 

polymerase III 
promoter 

5.14E-03 1 Azfi_s0480.g073099 

GO:0008272 sulfate transport 8.59E-03 2 Azfi_s0078.g038112, 

Azfi_s0167.g054529 
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GO:0072348 

sulfur 
compound 
transport 

9.22E-03 2 Azfi_s0078.g038112, 

Azfi_s0167.g054529 
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Table A.7: Down-regulated Putative symbiosis gene ontology results. 

Gene ontology categories resulting from modified goatools output. This includes 
information on the GO category, the number of genes and gene IDs per category, and 

the p-value. 

GO Number GO Term P-value Genes Gene IDs 

GO:0006754 

ATP 
biosynthetic 

process 
2.30E-03 3 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0015986 

ATP synthesis 
coupled proton 

transport 
2.24E-03 3 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0098655 

cation 
transmembrane 

transport 
1.23E-03 4 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0104.g044743, 

Azfi_s0205.g057775 

GO:0006812 cation transport 1.03E-03 7 

Azfi_s0002.g001566, 

Azfi_s0003.g008179, 

Azfi_s0004.g008709, 

Azfi_s0040.g026602, 

Azfi_s0065.g035730, 

Azfi_s0104.g044743, 

Azfi_s0205.g057775 

GO:0042545 
cell wall 

modification 8.06E-03 2 Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0071555 
cell wall 

organization 8.56E-03 2 Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0015985 

energy coupled 
proton 

transport, down 
electrochemical 

gradient 

2.24E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0051234 
establishment 
of localization 1.80E-03 16 

Azfi_s0002.g001566, 

Azfi_s0003.g008179, 

Azfi_s0004.g008709, 

Azfi_s0011.g012734, 

Azfi_s0017.g014533, 

Azfi_s0038.g026346, 

Azfi_s0040.g026602, 

Azfi_s0065.g035730, 

Azfi_s0088.g042502, 

Azfi_s0099.g044189, 

Azfi_s0104.g044743, 

Azfi_s0107.g045132, 

Azfi_s0147.g053031, 

Azfi_s0205.g057775, 
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Azfi_s0524.g075292, 

Azfi_s0613.g079348 

GO:0045229 

external 
encapsulating 

structure 
organization 

8.56E-03 2 Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:1902600 

hydrogen ion 
transmembrane 

transport 
4.87E-03 3 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0098662 

inorganic cation 
transmembrane 

transport 
1.23E-03 4 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0104.g044743, 

Azfi_s0205.g057775 

GO:0098660 

inorganic ion 
transmembrane 

transport 
1.23E-03 4 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0104.g044743, 

Azfi_s0205.g057775 

GO:0034220 

ion 
transmembrane 

transport 
2.38E-03 4 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0104.g044743, 

Azfi_s0205.g057775 

GO:0006811 ion transport 3.85E-04 9 

Azfi_s0002.g001566, 

Azfi_s0003.g008179, 

Azfi_s0004.g008709, 

Azfi_s0038.g026346, 

Azfi_s0040.g026602, 

Azfi_s0065.g035730, 

Azfi_s0104.g044743, 

Azfi_s0147.g053031, 

Azfi_s0205.g057775 

GO:0051179 localization 1.84E-03 16 

Azfi_s0002.g001566, 

Azfi_s0003.g008179, 

Azfi_s0004.g008709, 

Azfi_s0011.g012734, 

Azfi_s0017.g014533, 

Azfi_s0038.g026346, 

Azfi_s0040.g026602, 

Azfi_s0065.g035730, 

Azfi_s0088.g042502, 

Azfi_s0099.g044189, 

Azfi_s0104.g044743, 

Azfi_s0107.g045132, 

Azfi_s0147.g053031, 

Azfi_s0205.g057775, 

Azfi_s0524.g075292, 

Azfi_s0613.g079348 

GO:0015672 

monovalent 
inorganic cation 

transport 
5.02E-03 4 Azfi_s0003.g008179, 

Azfi_s0040.g026602, 
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Azfi_s0104.g044743, 

Azfi_s0205.g057775 

GO:0009124 

nucleoside 
monophosphate 

biosynthetic 
process 

6.12E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:1901293 

nucleoside 
phosphate 

biosynthetic 
process 

7.57E-03 4 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775, 

Azfi_s0241.g059717 

GO:0009142 

nucleoside 
triphosphate 
biosynthetic 

process 

2.92E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0009165 

nucleotide 
biosynthetic 

process 
7.57E-03 4 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775, 

Azfi_s0241.g059717 

GO:0055114 

oxidation-
reduction 
process 

2.29E-03 17 

Azfi_s0001.g000195, 

Azfi_s0003.g008179, 

Azfi_s0006.g010439, 

Azfi_s0008.g011405, 

Azfi_s0020.g015395, 

Azfi_s0026.g023371, 

Azfi_s0045.g029779, 

Azfi_s0047.g030277, 

Azfi_s0064.g035527, 

Azfi_s0074.g037406, 

Azfi_s0088.g042502, 

Azfi_s0129.g048950, 

Azfi_s0158.g053886, 

Azfi_s0203.g057667, 

Azfi_s0288.g063232, 

Azfi_s0390.g067704, 

Azfi_s0777.g086542 

GO:0009127 

purine 
nucleoside 

monophosphate 
biosynthetic 

process 

4.30E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0009145 

purine 
nucleoside 

triphosphate 
biosynthetic 

process 

2.92E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0006164 

purine 
nucleotide 

biosynthetic 
process 

9.41E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 
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GO:0009168 

purine 
ribonucleoside 
monophosphate 

biosynthetic 
process 

4.30E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0009206 

purine 
ribonucleoside 
triphosphate 
biosynthetic 

process 

2.92E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0009152 

purine 
ribonucleotide 
biosynthetic 

process 

7.66E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0009156 

ribonucleoside 
monophosphate 

biosynthetic 
process 

5.93E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0009201 

ribonucleoside 
triphosphate 
biosynthetic 

process 
2.92E-03 3 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0009260 

ribonucleotide 
biosynthetic 

process 
9.91E-03 3 

Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0046390 

ribose 
phosphate 

biosynthetic 
process 

9.91E-03 3 
Azfi_s0003.g008179, 

Azfi_s0040.g026602, 

Azfi_s0205.g057775 

GO:0055085 
transmembrane 

transport 7.84E-04 10 

Azfi_s0002.g001566, 

Azfi_s0003.g008179, 

Azfi_s0004.g008709, 

Azfi_s0017.g014533, 

Azfi_s0040.g026602, 

Azfi_s0065.g035730, 

Azfi_s0104.g044743, 

Azfi_s0107.g045132, 

Azfi_s0205.g057775, 

Azfi_s0524.g075292 

GO:0006810 transport 1.78E-03 16 

Azfi_s0002.g001566, 

Azfi_s0003.g008179, 

Azfi_s0004.g008709, 

Azfi_s0011.g012734, 

Azfi_s0017.g014533, 

Azfi_s0038.g026346, 

Azfi_s0040.g026602, 

Azfi_s0065.g035730, 
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Azfi_s0088.g042502, 

Azfi_s0099.g044189, 

Azfi_s0104.g044743, 

Azfi_s0107.g045132, 

Azfi_s0147.g053031, 

Azfi_s0205.g057775, 

Azfi_s0524.g075292, 

Azfi_s0613.g079348 
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Appendix B: Supplementary readings for Chapter 4 
B1 Young scientists, making the rounds 

This was published as a part of the Duke Research blog: 
https://researchblog.duke.edu/2017/02/02/young-scientists-making-the-rounds/ 

 

“Can you make a photosynthetic human?!” an 8th grader enthusiastically asks me 

while staring at a tiny fern in a jar.  

He’s not the only one who asked me that either -- another student asked if Superman 

was a plant, since he gets his power from the sun.  

These aren’t the normal questions I get about my research as a Biology PhD 

candidate studying how plants get nutrients, but they were perfect for the day’s activity 

--A science round robin with Durham eighth-graders. 

After seeing a post under #scicomm on Twitter describing a public engagement 

activity for scientists, I put together a group of Duke graduate scientists to visit local 

middle schools and share our science with kids. We had students from biomedical 

engineering, physics, developmental biology, statistics, and many others -- a pretty 

diverse range of sciences.  

With help from David Stein at the Duke-Durham Neighborhood Partnership, we 

made connections with science teachers at the Durham School of the Arts and Lakewood 

Montessori school, and the event was in motion! 
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The outreach activity we developed works like speed dating, where people pair 

up, talk for 3-5 mins, and then rotate. We started out calling it “Science Speed Dating,” 

but for a middle school audience, we thought “Science Round-Robin” was more 

appropriate. Typically, a round-robin is a tournament where every team plays each of 

the other teams. So, every middle schooler got to meet each of us graduate students and 

talk to us about what we do.  

The topics ranged from growing back limbs and mapping the brain, to using 

math to choose medicines and manipulating the different states of matter. 

The kids were really excited for our visit, and kept asking their teachers for the 

inside scoop on what we did.  

After much anticipation, and a little training and practice with Jory Weintraub 

from the Science & Society Initiative, two groups of 7-12 graduate students armed 

themselves with photos, animals, plants, and activities related to our work and went to 

visit these science classes full of eager students. 

“The kids really enjoyed it!” said Alex LeMay, middle- and high-school science 

teacher at the Durham School of the Arts. “They also mentioned that the grad students 

were really good at explaining ideas in a simple way, while still not talking down to 

them.” 

That’s the ultimate trick with science communication: simplifying what we do, 

but not talking to people like they’re stupid. 
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I’m sure you’ve heard the old saying, “dumb it down.” But it really doesn’t work 

that way. These kids were bright, and often we found them asking questions we’re 

actively researching in our work. We don’t need to talk down to them, we just need to 

talk to them without all of the exclusive trappings of science. That was one thing the 

grad students picked up on too.  

“It's really useful to take a step back from the minutia of our projects and look at 

the big picture,” said Shannon McNulty, a PhD candidate in Molecular Genetics and 

Microbiology. 

The kids also loved the enthusiasm we showed for our work! That made a big 

difference in whether they were interested in learning more and asking questions. Take 

note, fellow scientists: share your enthusiasm for what you do, it’s contagious! 

Another thing that worked really well was connecting with the students in a 

personal way. According to Ms. LeMay, “if the person seemed to like them, they wanted 

to learn more.” Several of the grad students would ask each student their names and 

what they were passionate about, or even talk about their own passions outside of their 

research, and these simple questions allowed the students to connect as people. 

There was one girl who shared with me that she didn’t know what she wanted to 

do when she grew up, and I told her that’s exactly where I was when I was in 8th grade 

too. We then bonded over our mutual love of baking, and through that interaction she 
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saw herself reflected in me a little bit; making a career in science seem like a possibility, 

which is especially important for a young girl with a growing interest in science. 

Making the rounds in these science classrooms, we learned just as much from the 

students we spoke to as they did from us. Our lesson being: science outreach is a really 

rewarding way to spend our time, and who knows, maybe we’ll even spark someone 

who loves Superman to figure out how to make the first photosynthesizing super-

person! 
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B2 Durham students give themselves a hand up 

This was published on the Duke Research Blog: 

https://researchblog.duke.edu/2017/04/07/durham-students-give-themselves-a-hand-up/ 

Picture this: a group of young middle schoolers are gathered trying to get a 

“hand” they’ve built out of drinking straws, thread and clay to grasp a small container. 

What could such a scene possibly have to do with encouraging kids to stay in school and 

pursue science? It turns out, quite a lot!  

This scene was part of an event that took place one March evening at the 

Durham Marriot and Convention Center that was designed just for boys from the 

Durham schools. It was hosted by Made in Durham, a local non-profit focused on 

helping Durham’s young people graduate from high school, go to college, and 

ultimately be prepared for their careers, and My Brother’s Keeper Durham, the local 

branch of former President Obama’s mentoring initiative for young men of color.  

The first evening of a convention centered on building equity in education was 

geared toward career exploration. Each of the boys got to choose from a series of 

workshops that highlighted careers in science, technology, engineering, art, and 

mathematics -- also known as STEAM. The workshops ranged from architectural design 

to building body parts, which was where they learned to build the artificial hands. 
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Sharlini Sankaran, the executive director of Duke’s Regeneration Next Initiative, 

who heard about my outreach activities from earlier this year, contacted me, and 

together we drummed up a group of scientists for the event.  

With the help of Victor Ruthig in Cell Biology, Angelo Moreno in Molecular 

Genetics and Microbiology, Ashley Williams in Biomedical Engineering, and Devon 

Lewis, an undergraduate in the Biology program, we dove into the world of prosthetics 

and tissue engineering with the young men who came to our workshop. 

After some discussion on what it takes to build an artificial body part, we let the 

boys try their hand at building their own. We asked them what the different parts of the 

hand were that allowed us to bend them and move them in certain ways, and from 

there, they developed ideas for how to turn our household materials into fully 

functioning hands. We used string as tendons and straws as finger bones, cutting 

notches where we wanted to create joints. 

There was a lot of laughter in the room, but also a lot of collaboration between 

the different groups of kids. When one team figured out how to make a multi-jointed 

finger, they would share that knowledge with other groups. Similar knowledge sharing 

happened when one group figured out how to use the clay to assemble all their fingers 

into a hand. Seeing these young men work together, problem solve, and-be creative was 

amazing to watch and be a part of! 
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According to feedback from event organizers, “ours was the most popular 

session!” Sharlini said. When we reached the end of our session, the kids didn’t want to 

leave, and instead wanted to keep tinkering with their hands to see what they could 

accomplish. 

The boys had a lot of fun, asked a lot of good questions, and got to pick our 

brains for advice on staying in school and using it to propel them towards career 

success. I have distilled some of the best pieces of advice from that night, since they’re 

good for everyone to hear: 

• Don’t be afraid to ask a lot of questions. 

• Don’t be discouraged when someone tells you no. Go for it anyways. 

• Don’t be afraid of failure. 

• And don’t think you have to fit a particular mold to succeed at 

something. 

“I left feeling really inspired about our future generation of scientists and 

engineers,” Sharlini said. ”It’s good to know there are so many Duke students with the 

genuine and selfless desire to help others.” 

It was a joy to participate in this event. We all had fun, and left having learned a 

lot -- even the parents who came with their sons!  

Outreach like this is incredibly important. Being mentors for young people with 

a budding interest in science can make the difference between them pursuing it further 
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or dropping it altogether. Engaging with them to show them the passion we have for 

our work and that we were kids just like they are allows them to see that they can do it 

too. 
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B3 Venturing out of the lab to defend science 

This was published on the Duke Research Blog: 

https://researchblog.duke.edu/2017/03/02/venturing-out-of-the-lab-to-defend-science/ 

It’s 6pm on a Wednesday and the grad students aren’t at their lab benches. It’s 

too early for softball, what gives?  

We’ve snuck out of our labs a bit early to take in a dose of US policy for the 

evening. 

Politics fall far outside our normal areas of expertise. For me, a biology PhD 

student studying plants, even with my liberal arts education, politics isn’t my bread and 

butter. 

But the current political climate in the U.S. has many scientists taking a more 

careful look into politics. Being scholars who have a sense of the world around us has 

become more important than ever before. 

“Agency regulation, funding, it’s all decided by our branches of government,” 

says Ceri Weber, a 3rd year PhD candidate in Cell Biology. 

Weber, a budding “sci-pol” enthusiast & the general programming chair for the 

student group INSPIRE, feels passionately about getting scientists informed about 

policy. 

So, she organized this event for graduate scientists to talk with the deputy 

director of Duke Science & Society, Buz Waitzkin, who previously served as special 
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counsel to President Bill Clinton, and now teaches science policy classes cross-listed 

between Duke’s Biomedical Science programs and the Law School. 

Seated with food and drinks—the way to any grad student’s heart—we found 

ourselves settling in for an open discussion about the current administration and the 

impact its policies could have on science. 

We covered a lot of ground in our 2-hour discussion, though there was plenty 

more we would love to continue learning.  

We discussed: lobbying, executive orders, the balances of power, historical 

context, tradition, and civil actions, to name a few. 

There were a lot of questions, and a lot of things we didn’t know.  

Even things as simple as “what exactly is a regulation?” needed to be cleared up. 

We’ve got our own definition in a biological context, but regulation takes on a whole 

new meaning in a political one. It was neat having the chance to approach this topic 

from the place of a beginner. 

We were floored by some of the things we learned, and puzzled by others. 

Importantly, we found some interesting places of kinship between science and policy. 

When we discussed the Congressional Review Act, which impacts regulations—

the main way science policy is implemented—we learned there is ambiguity in law just 

like there is in science. 
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One area on all of our minds was how we fit into the picture. Where can our 

efforts and knowledge as scientists and students can make a difference?  

I was shocked to learn of the lack of scientists in government: only five ever in 

Congress, and three in the Cabinet.  

But luckily, there is space for us as science advisors in different affiliations with 

the government. There are even Duke graduate students working on a grant to develop 

science policy fellowships in the NC state legislature. 

At the end of the night, we were all eager to learn more and encouraged to 

participate in politics in the ways that we can. We want to be well-versed in policy and 

take on an active role to bring about change in our communities and beyond.  

Hopefully, as the years go on, we’ll have more opportunities to deepen our 

knowledge outside of science in the world around us. Hopefully, we’ll have more 

scientists who dare to step out of the lab. 
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Appendix C: Fern genomes elucidate land plant 
evolution and cyanobacterial symbioses 

The work in this appendix chapter was published in Nature Plants (see reference 

Li et al. 2018). I contributed the RNA-sequencing, nifH qPCR experiments, and gene 

ontology analysis of the putative symbiosis genes. The following authors contributed the 

rest of the analyses in the resulting chapter, their initials will be used to designate their 

explicit contributions: Fay-Wei Li, Paul Brouwer, Lorenzo Carretero-Paulet, Shifeng 

Cheng, Jan de Vries, Pierre-Marc Delaux, Nils Koppers, Li-Yaung Kuo, Zheng Li, 

Mathew Simenc, Ian Small, Eric Wafula, Stephany Angarita, Michael S. Barker, Andrea 

Braeutigam, Claude dePamphilis, Sven Gould, Prashant S. Hosmani, Yao-Moan Huang, 

Bruno Huettel, Yoichiro Kato, Xin Liu, Steven Maere, Rose McDowell, Lukas A. Mueller, 

Klaas G. Nierop, Stefan A. Rensing, Tanner Robison, Carl J. Rothfels, Erin M. Sigel, Yue 

Song, Prakash R. Timilsina, Yves Van de Peer, Hongli Wang, Per K.I. Wilhelmsson, Paul 

G. Wolf, Xun Xu, Joshua P. Der, Henriette Schluepmann, Gane K.-S. Wong, and 

Kathleen M. Pryer. 

F.-W.L., P.B., A.B., C.J.R., E.M.S., J.P.D., H.S., G.K.-S.W., K.M.P. conceived the 

project. F.-W.L., J.P.D., H.S., G.K.-S.W., K.M.P. coordinate the project. P.B., Y.-M.H., Y.K., 

H.S. provided plant materials. F.-W.L., L.-Y.K. performed flow cytometry to estimate 

genome sizes. F.-W.L., S.C., B.H., X.L., Y.S., H.W., X.X. undertook sequencing activities. 

N.K., A.B. assembled the Azolla genome. F.-W.L., S.C. assembled the Salvinia genome. F.-

W.L., S.C., X.L., Y.S., H.W., X.X. assembled and annotated symbiotic cyanobacteria 
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genomes. M.S., J.P.D. annotated the nuclear genomes. F.-W.L., T.R., P.G.W. assembled 

and annotated the plastid genomes. M.S., S.A., J.P.D. characterized repeat content. L.C., 

M.S., I.S., E.W., C.d., S.M., R.M., S.A.R., P.R.T., Y.V., P.K.I.W., J.P.D. performed gene 

functional annotation. L.C., E.W., C.d., S.M., P.R.T., Y.V. conducted gene family 

classification. Z.L., M.S.B. performed MAPS analyses. L.C., S.M., Y.V. carried out 

synteny analyses. S.C., I.S., X.L., R.M., Y.S., H.W., X.X. characterized PPR gene family 

and RNA editing. J.d.V., S.G. examined cyanobiont-to-Azolla HGT. P.-M.D. 

characterized common symbiosis genes. F.-W.L., S.C., A.E., X.L., Y.S., H.W., X.X. carried 

out RNA-seq analyses. F.-W.L., P.B. conducted phylogenetic analyses. P.B., K.G.N. 

carried out triterpene detection. P.S.H., L.A.M. constructed FernBase. F.-W.L., P.B., L.C., 

S.C., A.E., M.C., J.d.V., P.-M.D., N.K., L.-Y.K., Z.L., I.S., E.W., J.P.D., H.S., G.K.-S.W., 

K.M.P. contributed writing the manuscript. F.-W.L., K.M.P. organized the manuscript. 

C.1 The Azolla and Salvinia genomes were ideal fern genomes to 
sequence 

The advent of land plants about 470-million years ago (Kenrick and Crane, 1997) 

led to complex vegetational innovations that shaped emerging terrestrial and freshwater 

ecosystems. Bryophytes, lycophytes, ferns, and gymnosperms dominated the global 

landscape prior to the ecological radiation of flowering plants 90 Myr ago (Schneider et 

al. 2004). The first complete plant genome sequence (Arabidopsis thaliana) was published 

in 2000, followed by reference genomes for all other major lineages of green plants, 

except ferns (Arabidopsis Genome Initiative 2000). A dearth of genomic information from 



 

142 

this entire lineage has limited not only our knowledge of fern biology, but also the 

processes that govern the evolution of land plants.  

The relatively small genome (0.75 Gb) of Azolla is exceptional among ferns, a 

group notorious for genomes as large as 148 Gb and averaging 12 Gb (Obermayer et al. 

2002; Hidalgo et al. 2017; Sessa & Der 2016). Azolla is one of the fastest-growing plants 

on the planet, with demonstrated potential to be a significant carbon sink. Data from the 

Arctic Ocean show that about 50 Myr ago, in middle-Eocene sediments, an abundance of 

fossilized Azolla characterizes an ~800,000-year interval known as the “Azolla event” 

(Brinkhuis et al. 2006). This period coincides with the shift from the early Eocene 

greenhouse world towards our present icehouse climate, suggesting Azolla played a role 

in abrupt global cooling by sequestering atmospheric carbon dioxide (Speelman et al. 

2009). Azolla is also remarkable in harboring an obligate, N2-fixing cyanobacterium, 

Nostoc azollae, within specialized leaf cavities. Because of this capability, Azolla has been 

used as “green manure” for over 1,000 years to bolster rice productivity in Southeast 

Asia (Lumpkin & Plucknett 1980). The Azolla symbiosis is unique among plant-bacterial 

endosymbiotic associations because the cyanobiont is associated with the fern 

throughout its life cycle, being vertically transmitted during sexual reproduction to 

subsequent generations (Zheng et al. 2009). In all other land plant symbiotic 

associations, the relationship must be renewed each generation. The Nostoc symbiont is 

not capable of autonomous growth and its genome shows clear signs of reduction, with 
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several housekeeping genes lost or pseudogenized (Ran et al. 2010). With a fossil record 

extending back to the mid-Cretaceous, Azolla likely shares a ~100 Myr old co-

evolutionary relationship with Nostoc (Hall and Swanson, 1968). 

To better understand genome size evolution in Azolla and its closely related 

lineages, we obtained genome size estimates for all five genera of Salviniales (Table D.2). 

We found them to be at least an order of magnitude smaller than any other fern species 

(Figure 27a) and, most notably, the genome of Salvinia cucullata, which belongs to the 

sister genus to Azolla, is only 0.26 Gb, the smallest ever reported in ferns. This 

unanticipated discovery afforded us the opportunity to include a second fern genome 

for comparison. 
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Figure 27: Genome size evolution in Salviniales. 

(a) Members of Salviniales have smaller genome sizes than other ferns (averaging 
1C = 12 Gb; Sessa & Der 2016). Two whole-genome duplication (WGD) events 
identified in this study were mapped onto the phylogeny, with divergence time 
estimates obtained from Testo and Sundue (Testo and Sundue, 2016). (b-c) Whole 
genomes were assembled from A. filiculoides (b) and S. cucullata (c). (d-e). The 
genome of S. cucullata has substantially reduced levels of RNA (d) and DNA (e) 
transposons compared to A. filiculoides. Image in panel (c) courtesy of P.-F. Lu. 
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C.2 Materials and Methods 

C.2.1 Flow cytometry and genome size estimation 

To estimate the genome sizes of Salvinia cucullata, Pilularia americana, Regnellidium 

diphyllum, and Marsilea minuta (Table D.2), we used the Beckman chopping buffer to 

extract nuclei from fresh leaves, following the protocol of Kuo and Huang (Kuo & 

Huang 2017). The nuclei extractions were mixed with those from standards, stained with 

1/50 volume of propidium iodide solution (2.04mg/mL), and incubated at 4°C in 

darkness for 1 hour. For each species, three replicates were performed, on the BD 

FACSCan system. For S. cucullata, we used Arabidopsis thaliana (0.165 pg/C) as the 

standard, and for all other samples, we used Zea mays “CE-777” (2.785 pg/C; Praca-

Fontes et al. 2011). For each peak (in both standard and sample), over 1,000 nuclei were 

collected with cross validation values lower than 5%, except for those of A. thaliana 

2n nuclei peaks, which ranged from 5.5 to 5.9%. To calculate the 2C-value of S. cucullata, 

we used a formula of: [0.66pg × (F-S2n)+0.33pg × (S4n-F)] / (S4n-S2n). For all other 

samples, we used: 5.57pg × F / S2n, where 0.66, 0.33, 5.57 pg are the 4C-value of A. 

thaliana, 2C-value of A. thaliana, and 2C-value of Z. mays “CE-777”, 

respectively. S2n, S4n, and F are the relative florescence amount (i.e. peak mean value) of 

the standard 2n nuclei, standard 4n nuclei, and sample 2n nuclei, respectively.  
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C.2.2 Genome and transcriptome sequencing 

Azolla filiculoides was collected from the Galgenwaard ditch in Utrecht, the 

Netherlands, and propagated directly or sterilized as described in Dijkhuizen et al 

(2018). A. filiculoides (sterilized without cyanobiont) DNA was extracted, then sequenced 

on PacBio RSII at 51× coverage and Illumina HiSeq2000 (100 bp paired-end; ~86× 

coverage; Table D.2) with library insert sizes of 175 and 340 bp. RNA-seq data from A. 

filiculoides of the Galgenwaard ditch used for annotation included the following RNA 

profiles: 1) at four time points during the diel cycle of fern sporophytes grown with and 

without 2 mM ammonium nitrate for one week; 2) of different reproductive stages 

comparing fern sporophytes, microsporocarps and megasporocarps collected at noon; 3) 

of roots treated with cytokinin, IAA, or none, and 4) of sporophytes with and without 

cyanobacterial symbionts grown with or without ammonium nitrate for two weeks then 

collected at noon (Dijkhuizen et al. 2018; Brouwer et al. 2014, 2017; de Vries et al. 2016). 

Plant materials of Azolla caroliniana, A. mexicana, A. microphylla, A. nilotica, and A. rubra 

were obtained from the International Rice Research Institute (Table D.1), and DNA was 

extracted by a modified CTAB procedure (Beck et al. 2012). Illumina libraries with 500bp 

insert size were prepared and sequenced on Illumina HiSeq2000 (100 bp paired-end; 

~50× coverage; Table D.2).  

Salvinia cucullata was originally collected from Bangladesh, and subsequently 

cultured at Taiwan Forestry Research Institute, Dr. Cecilia Koo Botanic Conservation 
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Center, and Duke University (Table D.1). Genomic DNA was purified using a modified 

CTAB procedure (Beck et al. 2012), and sequenced on both PacBio RSII (10 SMRT cells; 

46× coverage) and Illumina HiSeq2000 platforms (1 lane of 125 bp paired-end; 215× 

coverage; Table D.2). Salvinia cucullata RNA from the floating and submerged leaves was 

separately extracted using the Sigma Spectrum Plant Total RNA kit, each with three 

biological replicates. To examine patterns of RNA-editing, one library per leaf type was 

prepared by Illumina Ribozero Plant kit (i.e., not poly-A enriched), while the other two 

were done by Kapa Stranded mRNA-seq kit. These six RNA libraries were pooled and 

sequenced in one lane of Illumina HiSeq2000 (125bp paired-end).   

C.2.3 Genome assembly  

We assembled the PacBio reads from A. filiculoides and S. cucullata genomes 

using PBcR, and the resulting drafts were then polished by Quiver (A. filiculoides) or 

Pilon (S. cucullate; Berlin et al. 2015; Chin et al. 2013; Walker et al. 2014). Plastid genomes 

were separately assembled using Mitobim and annotated in Geneious with manual 

adjustments (Hahn et al. 2013; Kearse et al. 2012). The PBcR contigs were filtered to 

remove plastome fragments. Although the A. filiculoides strain we sequenced was 

surface sterilized and treated with antibiotics to remove its associated microbiome, other 

endophytes could still persist, as shown by Dijkhuizen et al (2018). We therefore 

thoroughly assessed the A. filiculoides and S. cucullata assemblies to filter out all possible 

non-plant scaffolds. We used blobtools in combination with SILVA and UniProt 
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databases to infer the taxonomy for each scaffold (Laetsch & Blaxter 2017; Quast et al 

2013; the UniProt Consortium 2017). We removed all scaffolds that were classified as 

bacteria or fungi, and also those that had a skewed GC content and read coverage. 

Completeness of each final assembly was assessed by BUSCO with the Plants set, and by 

using BWA and HISAT2 to map Illumina reads to the assemblies (; Simão et al. 2015; Li 

& Durbin 2009; Kim et al. 2015).  

C.2.4 Repeat annotation 

RepeatModeler was used to generate species-specific repeat libraries for masking 

and annotation (Smit & Hubley). Consensus repeat sequences with homology to known 

plant genes were removed from the repeat libraries. Homology was defined as having a 

significant (E-value < 1e-5) blastx hit to a subset of the PlantTribes v1.1 database that does 

not contain transposable element-related terms (Camacho et al. 2009; Wall et al. 2008). 

Filtered RepeatModeler libraries were annotated with the name of the highest-scoring 

significant Repbase v22.04 full database sequence (tblastx, E-value < 1e-5) and highest-

scoring significant Dfam v2.0 profile HMM (hmmsearch, E-value < 1e-5; Bao et al. 2015; 

Camacho et al. 2009; Eddy 2011; Hubley et al. 2016). 

Long terminal repeat retrotransposons (LTR-RTs) were discovered using 

structural criteria by the GenomeTools program LTRHarvest with following 

modifications to the default settings: a LTR similarity threshold of 0.01, an allowed LTR 

length range of 100bp–6,000bp, an allowed distance between LTRs of a single element 
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range of 1,000bp–25,000bp, and the number of bases outside LTR boundaries to search 

for target-site duplications (TSDs) set to 10 (Gremme et al. 2013; Ellinghaus et al. 2008). 

The GenomeTools program LTRDigest was used with a set of 138 TE-related Pfam 

profile HMMs to annotate protein-coding domains in the internal regions of LTR-RTs 

(Steinbiss et al. 2009).  

We used 38 previously published A. filiculoides RNA-seq libraries, and six S. 

cucullata libraries (see above) to assemble transcriptomes for facilitating gene model 

predictions. Reads from A. filiculoides and S. cucullata libraries were processed using a 

combination of Scythe and Sickle or SOAPnuke with adapter and contaminating 

sequences discovered using FastQC (v0.11.5). Approximately 627 million (A. filiculoides) 

and 259 million (S. cucullata) cleaned paired reads went into the assemblies (Buffalo 

2014; Joshi & Fass 2011; Chen et al. 2017; Andrews). Libraries from experimental 

replicates were combined and assembled de novo by Trinity (v2.0.6) and in a reference 

guided fashion using HISAT2 (v2.0.4) and StringTie (v1.2.2), except for nine libraries 

published in de Vries et al (2016; Grabherr et al. 2011; Kim et al. 2015; Pertea et al. 2015). 

for which only a reference guided approach was used. All programs used default 

parameters, and Trinity was run with the additional --trimmomatic option. StringTie 

results were merged using StringTie --merge, combined with Trinity output, and purged 

of redundant sequences using the GenomeTools sequniq utility (Gremme et al. 2013). 
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Putative centromere sequences were first identified by searching the genome 

assemblies with Tandem Repeat Finder (TRF) to identify very high-copy (>100 repeats) 

tandem repeats with a motif length in the range of 185-195 bp (Benson 1999). Motif 

sequences were extracted from TRF output and clustered using USEARCH (Edgar 2010). 

A single major cluster was identified for each species and the sequences were separately 

aligned using MAFFT (Katoh et al. 2002). Multiple sequence alignments for each species 

were used to generate a profile HMM representing the putative centromere sequences. 

We next used hmmsearch to search the genome assemblies again to identify all regions 

with similarity to the centromere profile HMMs (Eddy 2011). Genomic regions with 

significant HMM matches were identified and these regions were annotated in a GFF3 

format. 

C.2.5 Gene prediction 

Protein-coding genes were predicted using MAKER-P (v2.31.8), and three 

MAKER-P iterations were performed: (1) repeat masking and creation of initial gene 

models from transcript and homologous protein evidence; (2) refinement of initial 

models with SNAP ab initio gene predictor trained on initial models; and (3) final models 

generated using SNAP and ab initio gene predictor AUGUSTUS trained on gene models 

from the second iteration (Campbell et al. 2014; Korf 2004; Stanke & Morgenstern 2005). 

Masking was performed by RepeatMasker (v4.0.5) using the previously 

described species-specific repeat libraries and the full Repbase v22.04 database (Smit et 
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al.). After masking, gene models were inferred from transcripts and homologous protein 

sequences by first aligning to the genomes using BLAST+ (v2.2.31) blastn or blastp, and 

then refined using the functions est2genome and protein2genome from the splice-site 

aware alignment program Exonerate (v2.2.0; Camacho et al. 2009; Slater & Birney 2005). 

We included the previously described A. filiculoides or S. cucullata transcriptomes, and 

the set of protein sequences consisting of the full Swiss-prot database (downloaded June 

18, 2016), Amborella trichopoda v1.0 proteins, Arabidopsis thaliana TAIR10 proteins, 

Chlamydomonas reinhardtii v5.5 proteins, Oryza sativa v7.0 proteins, and Physcomitrella 

patens v3.3 proteins (from Phytozome; Goodstein et al. 2012). Gene models with an AED 

score < 0.2 were used to train SNAP, which was used during the second iteration of 

MAKER-P. SNAP was retrained for final iteration using gene models from the second 

iteration with an AED score < 0.2 and translated protein length > 200 amino acids. Prior 

to training AUGUSTUS, redundant sequences, defined as those sharing >= 70% sequence 

similarity in significant (E-value < 1e-5) HSPs from an all-by-all blastn alignment, were 

removed from the training set (Stanke & Morgenstern 2005). Final non-redundant sets of 

5,013 (A. filiculoides) or 6,475 (S. cucullata) gene models was used to train AUGUSTUS 

(Stanke & Morgenstern 2005).  

C.2.6 Phylogenomic inference and placement of WGDs from nuclear 
gene trees 

To infer ancient whole genome duplications (WGDs), we used a gene-tree sorting 

and counting algorithm, implemented in the Multi-tAxon Paleopolyploidy Search 
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(MAPS) tool (Li et al. 2015). We selected four species of heterosporous ferns (two Azolla, 

one Salvinia, and one Pilularia), and representatives of three other leptosporangiate 

lineages (Blechnum, Lygodium, and Dipteris). The MAPS algorithm uses a given species 

tree to filter collections of nuclear gene trees for subtrees consistent with relationships at 

each node in the species tree. Using this filtered set of subtrees, MAPS identifies and 

records nodes with a gene duplication shared by descendant taxa. To infer and locate a 

potential WGD, we plotted the percentage of gene duplications shared by descendant 

taxa by node: a WGD will produce a large burst of shared duplications, appearing as an 

increase in the percentage of shared gene duplications (Li et al. 2015). 

We circumscribed and constructed nuclear gene family phylogenies from 

multiple species for each MAPS analysis. We translated each transcriptome into amino 

acid sequences using the TransPipe pipeline (Barker et al. 2010). Using these 

translations, we performed reciprocal protein BLAST (blastp) searches among datasets 

for each MAPS analysis using an E-value cutoff of 10e-5. We clustered gene families from 

these BLAST results using OrthoFinder with the default parameters and only kept gene 

families that contained at least one gene copy from each taxon in a given MAPS analysis 

(Emms & Kelly 2015). We discarded the remaining OrthoFinder clusters. We used 

PASTA for automatic alignment and phylogenetic reconstruction of gene families, 

employing MAFFT for constructing alignments, MUSCLE for merging alignments, and 

RAxML for tree estimation (Mirarab et al. 2015; Katoh et al. 2002; Edgar 2004; Stamatakis 



 

153 

2006). The parameters for each software package were the default options for PASTA. 

For each gene family phylogeny, we ran PASTA until we reached three iterations 

without an improvement in likelihood score using a centroid breaking strategy. We used 

the best scoring PASTA tree for each multi-species nuclear gene family to infer and 

locate WGDs using MAPS. 

For the null simulations, we first estimated the mean background gene 

duplication rate (λ) and gene loss rate (µ) with WGDgc (Rabier et al. 2014). Gene count 

data were obtained from OrthoFinder clusters associated with each species tree. λ = 

0.0031 and µ = 0.0039 were estimated using only gene clusters that spanned the root of 

their respective species trees, which has been shown to reduce biases in the maximum 

likelihood estimates of λ and µ (Rabier et al. 2014). We chose a maximum gene family 

size of 100 for parameter estimation, which was necessary to provide an upper bound 

for numerical integration of node states (Rabier et al. 2014). We provided a prior 

probability distribution of 1.5 on the number of genes at the root of each species tree, 

such that ancestral gene family sizes followed a shifted geometric distribution with 

mean equal to the average number of genes per gene family across species. 

Gene trees were then simulated within each MAPS species tree using the 

GuestTreeGen program from GenPhyloData (Sjöstrand et al. 2013). We developed 

ultrametric species trees from the topological relationships inferred by the 1KP 

Consortium analyses and median branch lengths from TimeTree (One Thousand Plant 
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Transcriptomes Initiative; Kumar & Hedges 2011). For each species tree, we simulated 

4,000 gene trees with at least one tip per species: 1,000 gene trees at the λ and µ 

maximum likelihood estimates, 1,000 gene trees at half the estimated λ and µ, 1,000 trees 

at three times λ and µ, and 1,000 trees at five times λ and µ. 

C.2.7 Classification of syntenic duplicates and microsynteny analysis 

To distinguish gene duplicates as syntenic or tandem, we used the SynMap tool 

from the CoGe platform, with default parameters and the Quota Align algorithm to 

merge syntenic blocks (Lyons et al. 2008; Lyons & Freelings 2008). Sets of syntenic 

paralogs or orthologs (defined by collinear series of putative homologous genes) were 

extracted using the DAGChainer algorithm, whereas duplicates within ten genes apart in 

the same genomic region were identified as tandem duplicates. 

In addition to examining gene evolution associated with whole genome 

duplications, we also characterized tandem gene duplication in the Azolla and Salvinia 

genomes. To distinguish gene duplicates as syntenic or tandem, we used SynMap and 

DAGChainer algorithm to extract syntenic paralogs. Duplicates that are within ten genes 

apart in the same region of the genome were identified as tandem duplicates. Functional 

enrichment analysis revealed the GO term ‘protein binding’ as the most significantly 

over-represented in both Azolla and Salvinia tandemly duplicated genes, most of them 

annotated as belonging to the highly diverged pentatricopeptide repeat protein (PPR) 

family. A second group of Azolla tandem duplicates was found to be involved in chitin-
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binding and chitinase activities, belonging to a distinct family of glycosyl hydrolases 

involved in breaking down glycoside bonds in chitin, a polymer of the glucose 

derivative N-acetylglucosamine found in the cell walls of fungi and the exoskeletons of 

arthropods such as crustaceans and insects. These tandem genes formed a cluster of 12 

genes, located in a genomic region syntenic to a cluster of four tandem duplicates in the 

Salvinia genome (the microsynteny analysis can be regenerated at 

https://genomevolution.org/r/zsy2).  

Results for within Azolla and Salvinia genome comparisons, as well as between 

Azolla and Salvinia, can be regenerated following the urls 

https://genomevolution.org/r/tozk, https://genomevolution.org/r/toz7 and 

https://genomevolution.org/r/toyy, respectively. Microsynteny analyses were performed 

using the GEvo tool from CoGe (Lyons & Freeling 2008). We used the default setting to 

define the minimum number of collinear genes for two regions to be called syntenic. 

Noncoding regions were masked in the two genomes to include only the protein coding 

sequences. 

C.2.8 Gaussian mixture model analysis of Ks distributions 

Estimates of Ks were obtained for all pairs of syntenic paralogous and 

orthologous genes using the CODEML program in the PAML package (v4.8) on the 

basis of codon sequence alignments (Goldman & Yang 1994; Yang 2007). We employed 

the GY model with stationary codon frequencies empirically estimated by the F3×4 
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model. Codon sequences were aligned with PRANK (version 100701) using of the 

empirical codon model (setting -codon) to align coding DNA, always skipping 

insertions (-F; Kosiol et al 2007). Only gene pairs with Ks values in the range of 0.05–5 

were considered for further analyses. Gaussian mixture models were fitted to the 

resulting frequency distributions of Ks values by means of the densityMclust function in 

the R mclust version 5.3 package (Scrucca et al 2016). The Bayesian Information Criterion 

was used to determine the best fitting model for the data, including the optimal number 

of Gaussian components to a maximum of nine. For each component, several parameters 

were computed including the mean and variance, as well as the density mixing 

probabilities and total number of gene pairs. 

C.2.9 Gene family classification and ancestral reconstruction 

OrthoFinder clustering method was used to classify complete proteomes of 23 

sequenced green plant genomes, including A. filiculoides and S. cucullata (Table D.5), into 

orthologous gene lineages (i.e., orthogroups; Emms & Kelly 2015). We selected taxa that 

represented all of the major land plant and green algal lineages, including six core 

eudicots (Arabidopsis thaliana, Lotus japonicus, Populus trichocarpa, Solanum lycopersicum, 

Erythranthe guttata, and Vitis vinifera), five monocots (Oryza sativa, Sorghum bicolor, Musa 

acuminata, Zostera marina, and Spirodella polyrhiza), one basal angiosperm (Amborella 

trichopoda), two gymnosperms (Pinus taeda and Picea abies), two ferns (A. filiculoides and 

S. cucullata), one lycophyte (Selaginella moellendorffii), four bryophytes (Sphagnum fallax, 
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Physcomitrella patens, Marchantia polymorpha, and Jungermannia infusca) and two green 

algae (Klebsormidium flaccidum and Chlamydomonas reinhardtii). In total, 16,817 

orthogroups containing at least two genes were circumscribed, 8,680 of which contain at 

least one gene from either A. filiculoides or S. cucullata. Of the 20,203 annotated A. 

filiculoides genes and 19,780 annotated S. cucullata genes, 17,941 (89%) and 16,807 (84%) 

were classified into orthogroups, respectively. Details for each orthogroup, including 

gene counts, secondary MLC111 clustering of orthogroups (i.e., super-orthogroups), and 

functional annotations, are reported in Table D.5.  

We used Wagner parsimony implemented in the program Count with a 

weighted gene gain penalty of 1.2 to reconstruct the ancestral gene content at key nodes 

in the phylogeny of the 23 land plants and green algae species (Table D.5; Csurös 2010). 

The ancestral gene content dynamics—gains, losses, expansions, and contractions—are 

depicted in Figure 28. Complete details of orthogroup dynamics for the key ancestral 

nodes that include seed plants, including Salviniaceae, euphyllophytes, and vascular 

plants are reported in Table D.5.  
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Figure 28: Ancestral gene family reconstruction. 

Ancestral gene family reconstruction inferred from the global gene family 
classification of proteins from 22 land plants and 2 green algae genomes. Evolutionary 

events are mapped on each internal node of the species phylogeny representing 
orthogroups gains (teal), losses (green), expansions (magenta), and contractions (gray). 
Circles with inset numbers represent the terminal nodes with the size proportional to 

the number of inferred orthogroups. 
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C.2.10 Pentatricopeptide repeat (PPR) annotation 

We conducted a targeted annotation for PPR genes because they are generally 

only weakly expressed and thus often lack transcriptome support. Open reading frames 

(ORFs) from the nuclear genome assemblies were translated into amino acid sequences 

using the “getorf” tool from the EMBOSS (v.6.5.7) package with a minimum size 

restriction of 300 nucleotides (Rice et al. 2000). These ORFs were searched for PPR motifs 

using the hmmsearch tool from the HMMER3 package (Eddy 2011). The PPR motif 

models and parameters follow those of Cheng et al. (2016). Motifs were assembled into 

full PPR tracts and the best model for each PPR determined (Cheng et al. 2016).  

To study the prevalence and location of RNA editing, non-poly(A)-enriched 

RNA-seq data were filtered to remove adapters, low-quality reads, and reads with >=5% 

Ns. Clean reads were aligned against the assembled plastid and mitochondrial genome 

assemblies using TopHat 2.0 (Kim et al. 2013). One of the inverted repeat regions in the 

plastid genomes was removed before mapping. Only uniquely mapped reads were 

retained as input for Samtools to call mismatches between RNA and the corresponding 

DNA (Li et al. 2009). Differences between corresponding RNA and DNA sequences were 

identified as the putative RNA editing sites. The RNA editing level was defined as the 

number of altered reads divided by the total mapped reads for each site. 
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C.2.11 Phylogeny of an insecticidal protein Tma12 

We used BLASTp to search for Tma12 (Genbank accession: JQ438776) homologs 

in Phytozome, 1KP transcriptomes, and NCBI Genbank nonredundant protein database 

(Camacho et al. 2009; Goodstein et al. 2012; Matasci et al. 2014). While Tma12 homologs 

are present in fern transcriptomes and the S. cucullata genome, no significant hit was 

found in any other plant genomes or transcriptomes. In addition, the majority of the 

Tma12 protein is composed of a chitin-binding domain belonging to the PF03067 Pfam 

family. This family does not contain any plant genes but predominantly represented in 

the genomes of Actinobacteria, insects, and fungi. To trace the origin of fern Tma12 

genes, we downloaded representative sequences containing PF03067 and PF08329 (as 

the outgroup) from UniProt and Genbank, and reconstructed the phylogeny using IQ-

TREE (Nguyen et al. 2015). We then used this preliminary phylogeny to compile a more 

focused sampling to narrow down the phylogenetic affinity of Tma12. PartitionFinder 

was employed to infer the optimal codon partition scheme and substitution models, and 

RAxML was used for maximum likelihood phylogeny inference and to calculate 

bootstrap branch support (Lanfear et al. 2012; Stamatakis 2006).    

C.2.12 Azolla phylogeny 

From the re-sequencing data, we compiled plastome and nuclear phylogenomic 

datasets to infer the Azolla species phylogeny. To reconstruct the Azolla plastome 

phylogeny, we included plastomes from six Azolla species (Table D.1), plus S. cucullata 
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as the outgroup. We concatenated nucleotide alignments from 83 protein-coding genes, 

and used PartitionFinder to identify the optimal data partition scheme and the 

associated nucleotide substitution models. RAxML was used for maximum likelihood 

phylogeny inference and to calculate bootstrap branch support Lanfear et al. 2012; 

Stamatakis 2006). For the nuclear dataset, we focused on genes that, based on the gene 

family classification results, are single-copy in both A. filiculoides and S. cucullata 

genomes. We used HybPiper to extract the exon sequences from each of the re-

sequenced species (Johnson et al. 2012). The “bwa” option was used in HybPiper instead 

of the “blastx” default. We then filtered out genes with more than two species missing or 

having an average sequence length shorter than 75% of the one in A. filiculoides. This 

resulted in a final dataset of of 2,108 genes. Sequence alignments and gene tree 

inferences were done in PASTA, with the default setting except that RAxML was used to 

estimate the best tree on the final alignment (Mirarab et al. 2015; Stamatakis 2006). To 

infer the species tree from these gene trees, we used the multi-species coalescent method 

implemented in ASTRAL-III (v5.6.1; Zhang et al. 2017)). The tree topology from the 

plastome and nuclear datasets are identical, and all nodes received bootstrap support of 

100 and local posterior probability of 1.0.  

C.2.13 Cyanobiont phylogeny 

To compare the host and symbiont phylogenies, we assembled the cyanobiont 

genomes from five additional Azolla species (Table D.1) using the re-sequencing data 
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generated from total DNAs including sequences derived from both the host and the 

cyanobiont. To extract the cyanobiont genomes from each of the Azolla species, we first 

filtered out chloroplast sequences by using BWA (default parameters) to map the total 

clean DNA reads against each chloroplast genome reference (Li & Durbin 2009). In this 

step, about 3–4% of the reads were filtered out, which is necessary to remove plastid 

rRNAs that are highly similar to ones in the cyanobionts. For each of the five Azolla 

species, we then mapped the filtered reads to the published cyanobiont reference (Nostoc 

azollae 0708 isolated from A. filiculoides11; Genbank accession: NC_014248) using BLAST 

(alignment criteria: E-value <= 1e-5, sequence identity >= 90%, aligned coverage >=90%; 

Camacho et al. 2009). Only the aligned reads were assembled by Mitobim (iterations = 5) 

using Nostoc azollae 0708 as a reference (Hahn et al. 2013; Ran et al. 2009). Gene 

prediction for each assembled cyanobiont was performed by the Prodigal program 

(Hyatt et al. 2010). tRNAs were predicted by tRNAscan-SE using a bacterial tRNA gene 

structure model (Lowe & Eddy 1997). The presence of rRNA sequences (gene number 

and structure) for each cyanobiont was confirmed by mapping the rRNAs of Nostoc 

azollae 0708 against each assembled genome cyanobiont sequence using BLAST. We used 

mugsy to generate the whole genome alignment, which resulted in a nucleotide matrix 

of 5,354,840 characters (Angiuoli & Salzberg 2011). IQ-TREE was used for model testing 

and maximum likelihood tree inference (Nguyen et al. 2015). Because the Nostoc azollae 

genome is reduced in size and significantly diverged from other cyanobacteria, we could 
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not find an appropriate outgroup to root the cyanobiont tree. To overcome this, we used 

STRIDE implemented in OrthoFinder to locate the root by reconciling gene trees (Emms 

& Kelly 2015, 2017). STRIDE was run with the default setting, except that MAFFT was 

used for alignment and RAxML for tree inference (Katoh et al. 2002; Stamatakis 2006). 

The root was found to be the node placing the Azolla nilotica cyanobiont as sister to a 

clade comprising all other cyanobionts. The reconciled species tree is identical to the tree 

reconstructed from the whole genome alignment. 

C.2.14 Identification of the common symbiosis pathway (CSP) genes 

The Medicago truncatula DMI2, DMI3, IPD3, CASTER/POLLUX and VAPYRIN 

sequences were used as queries, as in a previous study, to search against the genomes 

and transcriptomes from species listed in Table D.1 using tBLASTn (Delaux et al. 2015; 

Camacho et al. 2009). For liverworts and ferns from the 1KP dataset, non-annotated 

transcriptomes were used as targets, with the longest ORF of each contig extracted and 

translated (Matasci et al. 2014). For A. filiculoides and S. cucullata both the annotated gene 

models and unannotated scaffolds were used. All hits that matched already annotated 

gene models were discarded prior to subsequent analyses. No homologs were identified 

in the two fern genomes for IPD3 and VAPYRIN. Protein sequences for DMI2/SYMRK, 

DMI3/CCaMK, and CASTOR/POLLUX were aligned using MAFFT (Katoh et al. 2002). 

The best substitution model for each alignment (JTT for all alignments) was determined 

using MEGA6 (Tamura et al. 2013). Phylogenetic trees were generated using RAxML on 
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the CIPRES platform, and node support was assessed with 100 rapid bootstrap 

pseudoreplicates (Stamatakis 2006; Miller et al. 2010). 

C.2.15 Quantitative real-time PCR of nifH 

Quantitative real-time PCR for the N. azollae nifH gene was conducted using total 

RNA extracted from A. filiculoides. Primers were derived from Brouwer et al (2014). 

ThermoFisher Superscript IV was used to generate cDNA from the RNA. The cDNA 

was then used for qPCR with the Roche SYBR Green Master Mix on a Chromo4 real-

time PCR machine with the Opticon platform. Relative gene expression was calculated 

using the 2ΔC(t) method, with the cyanobacteria present/nitrogen absent condition as the 

reference. 

C.2.16 Azolla symbiosis transcriptome analysis 

We used RNA-seq to compare gene expression patterns of AzCy+ and AzCy- 

individuals grown with or without ammonium nitrate. Each condition and treatment 

combination has three biological replicates. RNA-seq reads were mapped to the A. 

filiculoides genome by HISAT2, and read counts for each gene were calculated using the 

HTSeq software package (Kim et al. 2015; Anders et al. 2015). We used the rlog function 

in the DESeq2 package for data normalization, and carried out differential expression 

analysis in DESeq2 to identify up- and down-regulated genes with an adjusted p-value 

of 0.005 (Anders & Huber 2010). Distance clustering and principal component analysis 
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were used to examine the relatedness of samples and conditions as a quality control 

measure. 

C.2.17 Azolla-cyanobacteria horizontal gene transfer 

To identify cyanobiont-derived genes in A. filiculoides genome, we first 

investigated a potential orthologous relationship between any Azolla genes and 

cyanobacteria. For this, we used the Azolla genome assembly as a query for a 

DIAMOND BLASTx against a protein dataset of eleven cyanobacterial genomes 

(Buchfink et al. 2015). This resulted in 30,312 Azolla genome contigs hitting 8,779 

different cyanobacterial proteins that were used as a query in a tBLASTn against the 

Azolla genome; 340 Azolla contigs had reciprocal hits (Camacho et al. 2009). To 

investigate whether these represent possible Nostoc-to-Azolla transfers or just examples 

of plastid-to-nucleus transfers, we used the 340 Azolla contigs for another 

BLASTx against the cyanobacteria and extracted all 51,743 BLASTx-aligned 

Azolla sequences. These highly redundant protein sequences were used for a DIAMOND 

BLASTp against the non-redundant database of NCBI. Almost all the sequences had 

streptophyte proteins as the top hit, and when not, phylogenetic analysis clearly placed 

them within streptophytes. 

C.2.18 Phylogeny of squalene-hopene cyclase (SHC) 

Homologs of squalene-hopene cyclase (SHC) and oxidosqualene cyclase (OSC) 

were obtained by searching against Phytozome, 1KP transcriptomes, and NCBI 
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Genbank nonredundant protein database (Goodstein et al. 2012; Matasci et al. 2013). 

Protein alignment was done in MUSCLE (Edgar 2004). We used IQ-TREE to find the 

best-fitting amino acid substitution model, and infer the phylogeny using maximum 

likelihood (Nguyen et al. 2015). Bootstrap support was assessed with 1,000 

pseudoreplicates. To test whether the monophyly of fern, lycophyte, moss, and 

liverwort SHC could be rejected, we conducted a Swofford-Olsen-Waddell-Hillis 

(SOWH) test using SOWHAT (Church et al. 2015). We compared the best maximum 

likelihood topology against the one with all land plant SHC constrained to be 

monophyletic. SOWHAT was run with 1,000 replicates.  

C.2.19 Detection of SHC-synthesized triterpenes 

Freeze-dried S. cucullata biomass was Soxhlet extracted in a 9:1 DCM:MeOH 

mixture for 24h.  The total lipid extracts (TLEs) obtained were dried over Na2SO4 

followed by evaporation of the solvent by a gentle stream of N2. Aliquots of the TLEs 

were methylated with diazomethane to convert acid groups into corresponding methyl 

esters, purified over a SiO2 column, and silylated using 

bis(trimethylsilyl)trifluoracetamide (BSTFA) in pyridine at 60°C for 20 min to convert 

hydroxy groups into the corresponding trimethylsilyl (TMS) ethers. TLEs were on-

column injected on a Thermo Trace GC Ultra Trace DSQ GC-MS onto a CP-sil 5CB fused 

silica column (30 m x 0.32 mm i.d., film thickness 0.10 µm). The GC-MS was operated at 

constant flow of 1.0 ml/min. The GC oven was programmed starting at 70°C to rise to 
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130°C at a rate of 20°C min-1 and then to 320°C at a rate of 4°C min-1, followed by an 

isothermal hold for 20 min. 

C.2.20 Data availability 

The genome assemblies and annotations can be found in www.fernbase.org 

(username: sgn, password: eggplant). The raw genomic and transcriptomic reads 

generated in this study were deposited in NCBI SRA under the BioProject PRJNA430527 

and PRJNA430459.  

C.3 Results and discussion 

C.3.1 Genome assembly and annotation 

To gain insight into fern genome evolution, as well as plant-cyanobacterial 

symbioses, we sequenced the genomes of Azolla filiculoides (Figure 27b) and Salvinia 

cucullata (Figure 27c) using Illumina and PacBio technologies. The assembled Azolla and 

Salvinia genomes have contig N50 of 964.7 and 719.8 Kb, respectively. The BUSCO 

assessment and Illumina read-mapping results indicate high completeness for both 

assemblies (Figure 29 and ).  
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Figure 29: Summary of Azolla filiculoides and Salvinia cucullata genome 
annotations. 

 
(a) Comparison of BUSCO scores (the Plants set) of Azolla and Salvinia assemblies 

with other sequenced plant genomes. Blue, yellow, and red bars respectively illustrate 
the proportion of complete (C), fragmented (F), and missing (M) BUSCO genes; the 

dark blue bar is for complete but duplicated BUSCO genes. (b) The annotated 
genomic compositions, with Salvinia as lower bars (vibrant colors) and Azolla as 
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upper bars (diffuse colors). Identification of high-confidence (HC) protein-coding 
genes in (c) Azolla and (d) Salvinia. HC genes were identified as having evidence 
from RNA-seq data, or similarity to protein data in UniProt/SwissProt, Selaginella, 

Chlamydomonas, Arabidopsis, Oryza, Amborella, or the PlantTribes 22 Genomes v1.1 
database. (e) Distribution of HC gene features: intron length, exon length, number of 

exons per gene, and transcript length in Azolla (red) and Salvinia (blue). 
We identified 20,201 and 19,914 high-confidence gene models in Azolla and 

Salvinia, respectively, that are supported by transcript evidence or had significant 

similarity to other known plant proteins (Figs. 14-15, Table D.5). 

We identified 51,098 and 28,968 protein-coding gene models in Azolla and 

Salvinia, respectively, using the MAKER-P pipeline (Figure 30; Campbell et al. 2014). 

Genes were classified as high-confidence (HC) if they were supported by transcript 

evidence or had significant sequence similarity to other known plant proteins (Figure 29; 

Table D.5). Gene models only supported by ab initio predictions were classified as low-

confidence (LC) and were excluded from analyses of gene families. The mean length of 

HC protein-coding genes is 5 kb and 3.4 kb with a mean of 5.3 and 5.2 introns per gene 

in Azolla and Salvinia, respectively (Table D.4). 
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Figure 30: Gene and repeat density in aquatic fern genomes. 

Circos plots showing density of genes and repeats across the largest scaffolds 
comprising half of the Azolla filiculoides and Salvinia cucullata genome assemblies. 

Circular plot areas are proportional to the amount of sequence shown. 
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Figure 31: Genomic distribution of tRNA genes. 

Circos plots showing locations and densities of non-pseudogenized tRNA genes 
predicted by tRNAscan-SE organized by their predicted anticodon for the largest 

scaffolds greater than 1 Mb for Salvinia (a) and Azolla (b). The shade of each 1 Mb 
region in the outermost track corresponds to the total tRNA density for that sequence 

region. Each inner track shows the location of each 1 Mb sequence region that 
contains tRNA genes for a specific amino acid; square size is proportional to the 

density of the given tRNA gene in that region. Numbers of tRNA genes in genome by 
amino acid (c) and anticodon (d). Circular plot areas are proportional to the amount of 

sequence shown. 
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Salvinia genes are much more compact, with a mean intron length half of that in 

Azolla (Figure 29). In addition to introns, differences in repetitive content explain some 

of the nearly threefold difference in genome size. Azolla has more of every major 

category of repeat, but 191 Mb of the 233 Mb difference in total repetitive content is 

made of retroelements, especially Gypsy and Copia LTR retrotransposons (Figure 27, 

Figure 32). DNA transposon profiles are similar for the two ferns except that Azolla has 

substantially more SOLA elements than does Salvinia (Figure 27). 

 

Figure 32: LTR divergence estimates. 

Density plots (a) and histograms (b) of divergence estimates for long terminal repeat 
(LTR) pairs of 17,286 LTR retrotransposons in Azolla and 2,526 in Salvinia. 
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C.3.2 RNA gene profiles 

The number of rRNA genes is similar in Azolla and Salvinia (1,397 and 1,161, 

respectively; Figure 30; Table D.5). In contrast, the Salvinia genome contains 50% more 

tRNA genes (an increase of 3,515 genes) compared to Azolla. These tRNA genes are 

primarily distributed evenly across the genome in both species (Figure 31), but a few 

tRNA genes appear to have proliferated locally. For example, high numbers of tRNA-

Glu genes are clustered on scaffolds 43, 46, and 48 in Salvinia, and tRNA-Asp genes are 

clustered on scaffolds 10 and 19 in Azolla (Figure 31). Azolla has nearly twice as many 

tRNA-Asp genes as its second most abundant tRNA, 95% of which have one (ATC) of 

the two possible Asp anticodons. The two most abundant tRNA gene types in Salvinia 

are tRNA-Arg and tRNA-Glu, which are 4.5 and 6.3 times more than the third (tRNA-

His). Like Azolla, specific anticodons are disproportionately represented (Figure 31). 

C.3.3 Repetitive elements 

In Azolla, we found 17,484 putative full length long terminal repeat 

retrotransposons (LTR-RT), more than six times the number in Salvinia (Figure 29; Figure 

32). We estimated sequence divergences between LTRs for all full length LTR-RT 

predictions that were supported by having homology to LTR-RTs in the Dfam 2.0 and 

Repbase 22.04 databases. Assuming a low rate of gene conversion among LTRs (Cossu et 

al. 2017), the divergence between LTRs could serve as a proxy for time since element 

insertion due to the nature of the LTR-RT transposition mechanism. Interestingly, the 
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density plots in Figure 32 show the distribution of LTR divergences in Salvinia as 

potentially bimodal. Given a constant background mutation rate and a constant birth 

rate for LTR-RTs, one would expect a smoothly tapered right-skewed distribution. The 

bimodality could be due to recent deletion of many newer LTR-RTs, a burst of 

transposition in the past, and/or heterogeneous historical substitution rates. The Azolla 

and Salvinia assemblies include 12.138 Mb and 13.095 Mb of centromere-like sequences, 

respectively. These sequences are concentrated on particular scaffolds and have been 

identified on 514 scaffolds in Azolla and 940 scaffolds in Salvinia (Figure 30).  

C.3.4 Insights into gene family evolution in land plants  

The genomes of Azolla and Salvinia offer a new opportunity to examine the 

evolution of plant genes and gene families across all Viridiplantae (land plants + green 

algae). We classified genes into orthogroups from 23 genomes (12 angiosperms, 2 

gymnosperms, 2 ferns, 1 lycophyte, 2 mosses, 2 liverworts, 1 charophyte, and 1 

chlorophyte; Table D.5), and reconstructed gene family evolution—gain, loss, expansion, 

and contraction—across the green tree of life (Figure 28; Table D.5). To investigate the 

origin of genes linked to seed development, we examined orthogroups containing 48 

transcription factors (TF) that express exclusively in Arabidopsis seeds (Le et al. 2010). 

Homologs of 39 of them were detected in ferns or other seed-free plants, indicating that 

many seed TFs were present before the origin of seeds (Table D.6). Similarly, only a 

handful of TF families arose along the branch leading to seed plants (Table D.7); rather 
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than relying on entirely novel TFs, it appears instead that expansion of pre-existing TF 

families played a greater role in seed plant evolution (One Thousand Plant 

Transcriptomes Initiative 2018; Wilhelmsson et al. 2017). Indeed, ancestral gene number 

reconstructions of MIKC-type MADS box genes (orthogroup 23) show that these 

important developmental regulators more than doubled in number from 15 in the 

ancestral vascular plant to 31 in the ancestral euphyllophyte (here, Salviniales + seed 

plants; Table D.8).  

In a recent study on the evolution of plant transcription associated proteins, 

which include TF and transcriptional regulators (TR), ferns were exclusively represented 

by the Pteridium aquilinum transcriptome (Wilhelmsson et al. 2017). The finding that the 

TR polycomb group EZ (PcG_EZ) was lost in ferns is corroborated here with our whole 

genome data. On the other hand, the TF Ultra, which originated at the base of 

euphyllophytes and is present in P. aquilinum, was apparently secondarily lost in 

Salviniales. YABBY, an important TF that patterns leaf polarity in flowering plants, is 

absent in our fern genomes and the lycophyte Selaginella moellendorffii genome (Banks et 

al. 2011). Interestingly, a YABBY homolog was recently identified in a separate 

lycophyte species Huperzia selago, suggesting that YABBY has been lost at least twice in 

land plant evolution (in Selaginella and in ferns; Evkaikina et al. 2017). How the 

differential retention of YABBY shaped the evolution of the vascular plant body plan 

requires further studies. 
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Among the orthogroups specific to seed plants, 1-aminocyclopropane-1-

carboxylic acid (ACC) oxidase is of special interest because it converts ACC to 

ethylene—the last step in the ethylene biosynthetic pathway (Figure 33). Ethylene is a 

critical plant hormone controlling a variety of important physiological responses (e.g., 

fruit ripening, flowering time, seed germination, and internode elongation). Because 

ethylene responses are known in bryophytes, lycophytes, and ferns, it is intriguing to 

find that ACC oxidase only evolved within seed plants, a result confirming that seed-

free plants must possess an alternative ethylene-forming mechanism (Van de Poel et al. 

2014; Osborne et al. 1996).  
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Figure 33: Evolution of ethylene biosynthesis. 

Evolution of ethylene biosynthesis. Ethylene-forming pathway involves the Yang 
Cycle, where 1-aminocyclopropane-1-carboxylic acid (ACC) is synthesized from S-
Adenosyl-methionine (AdoMet) by ACC synthase. ACC oxidase then catalyzes the 

conversion of ACC to ethylene. We found that ACC oxidase is unique to seed plants 
(green), and its origin likely drove the expansion of the ACC synthase gene family 

(orange; Figure 34) to create a regulated ethylene biosynthetic mechanism. 

Two other mechanisms, found in bacteria and fungi, result in ethylene formation, 

one via the 2-oxoglutarate-dependent ethylene-forming enzyme (EFE), and the other 

through the nonenzymatic conversion of 2-keto-4-methylthiobutyric acid (KMBA) into 

ethylene (Van de Poel et al. 2014). We did not identify EFE in non-seed plant genomes, 

suggesting the absence of the EFE-based biosynthetic pathway. Non-seed plants may 

possibly synthesize ethylene nonenzymatically via KMBA, however, further biochemical 
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studies are needed to test this hypothesis. Interestingly, ACC synthase (upstream of 

ACC oxidase) is present in seed-free plants, albeit in a lower copy number (<3) as 

compared to seed plants averaging 9.3 copies (Figure 33; Figure 34). Paralogs of ACC 

synthase in seed plants are differentially regulated in response to varying 

developmental or environmental stimuli (Tsuchisaka et al. 2009). Therefore, it is 

plausible that the expansion of the ACC synthase family was coupled with the origin of 

ACC oxidase in seed plants to create a regulated ethylene biosynthetic pathway. 
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Figure 34: Phylogeny of ACC synthase (ACS). 

Seed plants have an expanded ACS repertoire compared to seed-free plants. The 
numbers above branches are bootstrap (BS) support values (BS=100 is omitted), and 

the thickened branches indicate BS>70. 

C.3.5 The history of whole genome duplication (WGD) in ferns 

Our Multi-tAxon Paleopolyploidy Search (MAPS) phylogenomic analyses of the 

Azolla and Salvinia genomes (Figure 35a), together with all available transcriptome data 

from other ferns, supports two WGD events: a recent WGD event occurring in Azolla 

following its divergence from Salvinia, and an earlier WGD predating the origin of “core 

leptosporangiates” (sensu Pryer et al. 2004), a large clade comprising the heterosporous, 

tree, and polypod ferns (Li et al. 2015). The observed peaks of duplication associated 

with the inferred WGDs exceeded the 95% confidence intervals of our birth and death 

simulations for gene family evolution in the absence of WGDs. This high number of 

shared gene duplications is readily explained by a significant episodic birth event, such 

as a WGD. The discovery that Azolla experienced a genome duplication independent of 

other heterosporous ferns is not entirely surprising because Azolla has nearly twice the 

number of chromosomes of other heterosporous ferns, including Salvinia and Pilularia 

(Fig 11a; Rice et al. 2015; Wood et al. 2009).  

To further substantiate the two WGD events identified by MAPS, we examined 

the distribution of synonymous distances (Ks) between syntenic paralogs within each of 

the genome, as well as syntenic orthologs between Azolla and Salvinia. In the Azolla 

genome, we detected 242 syntenic blocks comprising 988 syntelog pairs. In contrast, only 
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83 syntenic blocks with 254 syntelog pairs could be found in Salvinia. Between Azolla and 

Salvinia, 3,587 pairs of syntenic orthologs were detected, clustering into 356 syntenic 

genomic blocks. We fit Gaussian mixture models to identify peaks in the Ks distributions 

(Figure 35; Figure 36). The main peak for Azolla-Salvinia ortholog pairs centers around 

1.0, which marks the species divergence between the two genera. To the left of this peak 

is the major Azolla intra-genomic peak (~0.8), whose position confirms the Azolla-specific 

WGD event (Figure 35b). To the right of the Azolla-Salvinia divergence peak is the 

Salvinia intra-genomic Ks peak (~1.2-1.3) matching a minor Azolla intra-genomic peak, 

consistent with the proposed pre-core leptosporangiates WGD (Figure 35b). Moreover, 

despite the antiquity of the WGDs and species divergence (Figure 27a), we were still 

able to detect Azolla-Salvinia syntenic regions in a 2:1 or 2:2 syntenic relationship (Figure 

35c), respectively corroborating the Azolla-specific and the older WGD events. 
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Figure 35: The history of whole genome duplication in Azolla and Salvinia. 

(a) MAPS analysis identified two WGD events, one specific to Azolla (orange circle), 
and one predating the core leptosporangiates (green circle). The blue line illustrates 

the percentage of subtrees indicative of a gene duplication shared by the descendants 
at each node. The grey lines display the gene birth-death simulation results without 
WGD. Species divergence dates are from Testo and Sundue (2016). (b) Density plots 

from fitting Gaussian mixture models to Ks distributions estimated from pairs of 
syntenic paralogs within the Azolla and Salvinia genomes, as well as of syntenic 

orthologs between Azolla and Salvinia. (c) Microsynteny analysis of two examples of 
Azolla and Salvinia genomic regions displaying a 2:1 (left panel) or 2:2 (right panel) 
syntenic relationship. Each block in a panel represents a genomic region, with gene 
models shown below and above the dashed line. High-scoring sequence pairs are 
marked by vertical lines, which are linked by colored connectors running between 

blocks. The series of collinear genes between blocks indicates a syntenic relationship. 

The confirmation of these two WGDs in ferns further allows us to characterize 

patterns of gene retention following WGD. We found that Azolla syntenic paralogs are 
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enriched for transcription-related genes (Table D.5), similar to what was observed in 

Arabidopsis and other angiosperms (Maere et al. 2005). Likewise, protein kinases, another 

functional category commonly retained after WGD in seed plants, are significantly 

enriched in Salvinia syntenic paralogs (Table D.5). Additional genomic data are needed 

to better characterize the distribution of WGD events across the fern tree of life, and 

compare patterns of post-WGD gene fractionation with those documented in seed 

plants. 

 

Figure 36: Gene synteny in A. filiculoides and S. cucullata. 

Histogram plots of frequency distributions of Ks values estimated from pairs of 
syntenic paralogs within Azolla (red) and Salvinia (blue) genomes, as well as of 

syntenic orthologs between Azolla and Salvinia (green). 
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C.3.6 Pentatricopeptide repeat family and RNA-editing 

The pentatricopeptide repeat (PPR) family is the largest gene family found in the 

Azolla and Salvinia genomes, with the Azolla genome encoding over 2,000 PPR proteins 

and the Salvinia genome over 1,700. PPRs are implicated in organellar RNA processing, 

and the large repertoire of PPRs correlates well with the extensive RNA editing we 

observed in the organellar genomes of Salviniales: 1,710 sites in Azolla organelles and 

1,221 sites in Salvinia (Table D.10; Barkan & Small 2014). These editing events include 

both C-to-U conversions (~70%) and U-to-C conversions (~30%). The number of PPR 

genes and the degree of RNA editing greatly exceeds that found in seed plants and most 

bryophytes (Takenaka et al. 2013). Of the sequenced plant genomes, only that of 

Selaginella moellendorffii encodes more PPR genes, correlating with the hyper-editing seen 

in lycophytes (Banks et al. 2011; Cheng et al. 2016; Oldenkott et al. 2014). However, there 

are no U-to-C editing events in Selaginella, making the Azolla and Salvinia genome 

sequences a novel and valuable resource for identifying the unknown factors catalyzing 

these events. 

More than half of the plastid transcripts and two-thirds of the mitochondrial 

transcripts in Azolla and Salvinia require start codon creation by C-to-U editing or stop 

codon removal by U-to-C editing before translation is possible. Most stop codon edits 

(76%) and start codon edits (62%) are shared between Azolla and Salvinia plastomes (as 

opposed to only 19% in internal ACG codons; Figure 37). This persistence of start and 
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stop codon edits suggests that their loss is selected against, i.e., creating the translatable 

sequence by RNA editing has an advantage over having it encoded by the genome. This 

argues that these particular RNA editing events are not selectively neutral and supports 

editing as a control mechanism for gene expression in fern organelles (Gray 1980).  

 

Figure 37: Patterns of RNA-editing in A. filiculoides and S. cucullata plastid 

genomes. 

(a) High proportions of start and stop codon editing events (orange) are shared 
between A. filiculoides and S. cucullata, suggesting that RNA-editing could be a 

mechanism to control gene expression. (b) RNA-editing sites are concentrated at the 
start codon (arrow) in plastid protein-coding genes. The x-axis is the relative position 

in each of the genes, with 0 and 1 being the start and stop codon respectively. 

Only about 55-60% of PPR proteins (1,220 in Azolla and 930 in Salvinia) contain 

domains associated with RNA editing in other plants. Although sufficient to account for 

the number of editing events observed (assuming each protein can specify one or a few 

sites as in other plants), this leaves a very large number of PPR proteins (~700 in Azolla 
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and ~600 in Salvinia) with unknown functions. By comparison, flowering plants contain 

only 200-250 PPR proteins lacking editing domains.  

C.3.7 Origin and evolution of a fern insecticidal protein  

Ferns are remarkable for their high levels of insect resistance compared to 

flowering plants (Hendrix 1980). Recently, Shukla et al. (2016) isolated a novel 

insecticidal protein, Tma12, from the fern Tectaria macrodonta. Transgenic cottons 

carrying Tma12 exhibit outstanding resistance to whitefly, yet show no decrease in 

yields, demonstrating tremendous agricultural potential. Tma12 has a high similarity to 

chitin-binding proteins (Pfam PF03067), but its evolutionary origin is unknown. Here we 

found a Tma12 homolog to be present in the Salvinia genome (henceforth ScTma12), as 

well as in a few One Thousand Plants (1KP) fern transcriptomes, but not in Azolla or any 

other publicly-available plant genomes (Matasci et al. 2014). Phylogenetic analyses 

position the fern Tma12 sequences together with bacterial sequences, and most closely 

related to Herpetosiphon aurantiacus chitin-binding protein (Phylum Chloroflexi; Figure 

38). We investigated whether this insecticidal protein was more likely a result of 

horizontal gene transfer (HGT) from bacteria to ferns, or produced by fern-associated 

microbes. ScTma12 is in a 646,687bp scaffold (Sacu_v1.1_s0099), and has an 247bp intron.  
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Figure 38: Origin of a fern insecticidal protein. 

Phylogenetic analysis of the chitin-binding domain, Pfam PF03067, shows that the 
fern Tma12 insecticidal protein was likely derived from bacteria through an ancient 

horizontal gene transfer event. The numbers above branches are bootstrap (BS) 
support values (BS=100 is omitted), and the thickened branches indicate BS>70. The 

tree is rooted based on the result from a broader phylogenetic analysis of PF03067 and 
PF08329. The red asterisk denotes the sequence from the Salvinia cucullata genome. 

The genes upstream and downstream of ScTma12 are all clearly plant genes, and 

we found no abnormality in read-mapping quality, nor an abrupt change in read 

coverage (Figure 39), which together speaks against the sequence being a contamination 

from a bacterial source. It has been argued that differential loss of genes in eukaryotes is 
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the rule and gene acquisition by HGT rather rare (Ku et al. 2015). The concerted loss of 

Tma12 in each of the other Viridiplantae lineages is unlikely but cannot entirely be ruled 

out. Functional HGT into eukaryotes, however, does occur and ScTma12 might represent 

such a case that contributed to the well-documented resistance of ferns against 

phytophagous insects (Li et al. 2014; Husnik & McCutcheon 2018). 

 

Figure 39: ScTma12 is a nuclear-encoded gene in Salvinia cucullata genome. 

(a) The location of ScTma12 in scaffold s0099, with up- and down-stream genes all 
being annotated as plant genes. (b) Expression of ScTma12 in the floating leaves, and 

(c) in the submerged leaves. The intron in ScTma12 is supported by RNA-seq data. 

C.3.8 Azolla-cyanobacterial symbiosis 

To explore the co-evolutionary history of the Azolla-Nostoc symbiosis, we re-

sequenced five other Azolla species and assembled each of their cyanobiont genomes. 

We then compared the cyanobiont phylogeny to the host plastome phylogeny and 
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found a clear cospeciation pattern, with just one exception (the placement of A. 

caroliniana; Figure 40). Although such a pattern has been hinted at before, we provide 

unequivocal evidence from whole cyanobacterial genomes (van Coppenolle et al. 1995; 

Zheng et al. 1999).  
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Figure 40: Azolla-cyanobacterial symbiosis. 

(a) The cyanobiont phylogeny largely mirrors the host species phylogeny, indicating a 
convincing cospeciation pattern between the two partners. All nodes received a 

maximum likelihood bootstrap support of 100%, and for the host phylogeny, also 
local posterior probability of 1.0 from the ASTRAL analysis (Zhang et al. 2017). Both 
nuclear and plastome datasets gave the same topology for the host, and the branch 

lengths shown here were from the plastome tree. Scale bars represent 0.01 
substitutions/site. (b) The common symbiosis pathway (CSP) genes were lost in the 

Azolla and Salvinia genomes, while orthologs can be found in other fern 
transcriptomes. Arabidopsis (*) lacks the CSP genes and does not have AM symbiosis. 
(c) Cyanobionts have a large impact on Azolla transcriptome. (d) Azolla transcriptome 

responds to nitrogen starvation more significantly when cyanobionts are absent, 
compared to present. (e) Candidate genes involved in nutrient transport and 

communication with cyanobionts. 
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The genetic basis for this persistent symbiosis is undetermined. In plants, two 

other mutualistic associations—the arbuscular mycorrhizal (AM) and the nitrogen-fixing 

root nodule (RN) symbioses—have been well characterized. While the AM symbiosis is 

formed between almost all land plants and a single fungal clade (Glomeromycota), the 

RN symbiosis is restricted to a few angiosperm lineages (mostly legumes) that associate 

with various nitrogen-fixing bacterial symbionts (e.g., Rhizobium, Frankia; Parniske 2008). 

Despite these distinct differences, both symbioses require that a common symbiosis 

pathway (CSP) be established (Parniske 2008). This pathway is highly conserved in all 

land plants40, except for those that have lost the AM symbiosis, such as Arabidopsis 

thaliana and three aquatic angiosperms (Delaux et al. 2014, 2015; Bravo et al. 2016).  

We investigated whether the CSP might have been co-opted during the evolution 

of the Azolla-Nostoc symbiosis by searching for six essential CSP genes in the Azolla and 

Salvinia genomes, as well as in transcriptomic data from other ferns in the 1KP dataset 

(Table D.11; Matasci 2014). While DMI2/SYMRK, DMI3/CCaMK, IPD3/CYCLOPS and 

VAPYRIN were found in other ferns, the Azolla and Salvinia genomes completely lacked 

orthologs (Figure 40b). IPD3/CYCLOPS and VAPYRIN do not belong to multigene 

families and homologs were not detected (Delaux et al. 2015). Although homologs of 

DMI2/SYMRK and DMI3/CCaMK were identified, phylogenetic analyses confirmed they 

are not orthologous to the symbiotic genes. In addition, for DMI3/CCaMK, we searched 

the Azolla and Salvinia homologs for two motifs (the threonine 271 and the calmodulin-
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binding domain) that are critical for symbiosis. Both motifs are missing from these 

sequences, confirming the absence of DMI3/CCaMK. CASTOR and POLLUX are 

paralogs resulting from a gene duplication event in the ancestor of seed plants, and 

although pre-duplicated homologs are present in Salvinia and other seed-free plants, 

they are absent in Azolla (Figure 40b). The co-elimination of the CSP genes suggests the 

lack of AM symbiosis in Azolla and Salvinia, and that the nitrogen-fixing Azolla-Nostoc 

symbiosis does not rely on this pathway. 

To identify genes important for the Azolla-Nostoc symbiosis, we treated A. 

filiculoides with erythromycin to remove the cyanobiont (AzCy-), and compared its gene 

expression patterns with the wildtype (AzCy+). Experiments were carried out in 

conditions where the nitrogen nutrient (ammonium nitrate) was either supplied (N+) or 

withheld (N-) from the growth media. Results from nifH real-time PCR confirmed the 

complete absence of cyanobacteria in AzCy-, and showed that the addition of nitrogen 

nutrient suppresses symbiotic N2-fixation in AzCy+ (Figure 41), consistent with an 

earlier study (Brouwer et al. 2017).  
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Figure 41: Cyanobacterial NifH expression in Azolla filiculoides using real-

time PCR. 

Low expression in AzNo- N+/- conditions indicates the cyanobiont was removed, and 
in AzNo+ N+, that exogenous nitrogen impacts Nostoc azollae nitrogenase activity. 

Asterisk indicates p-value < 0.0001. 

A large portion of the transcriptome is affected by the presence or absence of 

cyanobionts, with 6,210 and 2,125 genes being differentially transcribed under N- and 

N+ conditions, respectively (Figure 40c). Of these, over 33% have at least a 2-fold 

expression difference. In response to N-starvation, we found the Azolla transcriptomes 

remained moderately stable when the cyanobiont is present, but experienced a drastic 

shift when it is absent (Figure 40d), suggesting that the presence of the cyanobiont 

buffers Azolla's transcriptomic profile from fluctuations in environmental nitrogen 

availability.  
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We focused primarily on those genes that are differentially expressed between 

the nitrogen treatments when the cyanobiont is present, and to a lesser extent on when 

the cyanobiont is absent (Figure 40e). We show here that cyanobacterial N2-fixation rate 

is highly induced when plants are grown without nitrogen nutrient (Figure 41), 

indicating an active control of plants on the cyanobionts. To identify likely candidates 

involved in this symbiotic regulation, we focused on genes that, when cyanobionts are 

present, are differentially expressed between the N treatments, but not or to a lesser 

degree when cyanobionts are gone. In other words, for the up-regulated genes, they 

have to satisfy these three criteria: (1) when cyanobionts are present, they have a higher 

expression in N- than in N+, (2) when limited by nitrogen nutrients, they have a higher 

expression in cyano+ than cyano-, and (3) they are not down-regulated in N- compared 

to N+ when cyano-. And the opposite pattern would apply to the down-regulated genes. 

We found a total of 88 up-regulated and 72 down-regulated genes in this category that 

we termed “putative symbiotic genes”. These include an ammonium transporter, a 

metal ion transporter, and a chalcone synthase that might be involved in flavonoid 

signaling. The importance of these genes is discussed below.  

Because the cyanobacterial N2-fixation rate is strongly induced in the N- 

condition, we expect these genes to be candidates involved in nutrient exchange or 

communication with the cyanobiont to promote N2-fixation. A total of 88 up-regulated, 

and 72 down-regulated genes were identified (Figure 40e). Among the up-regulated 
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genes is a paralog of the ammonium transporter 2 sub-family (AfAMT2-4; 

Azfi_s0034.g025227; Figure 40e, Figure 42) that is likely dedicated for ammonium uptake 

from the Azolla leaf cavity where the cyanobiont resides; homologous ammonium 

transporters have been implicated to participate in the AM and RN symbioses (Breuillin-

Sessoms et al. 2015; D’Apuzzo et al. 2004). There is also a paralog of the molybdate 

transporter gene family (AfMOT1; Azfi_s0167.g054529) that is most likely specialized for 

supplying molybdenum, a required co-factor for nitrogenase, to the cyanobiont. One of 

the legume MOT1 genes was recently found to facilitate nitrogenase activity in RN 

symbiosis Tejada-Jiménez et al. 2017).  

 

Figure 42: Gene expression pattern of selected transporter genes. 

Azolla has five ammonium transporter paralogs (AMT) within its genome. 

Ammonium transporters come in two major classes in plants: AMT1s and AMT2s. In 

plants, AMT1 genes are mainly expressed in the roots, and are responsible for 

transporting ammonium from the external environment into the xylem. These genes are 
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usually constitutively expressed. In contrast, AMT2s are inducibly-expressed in all other 

plant tissues, such as shoots, leaves, and flowers. Azolla filiculoides has one AMT1 

(Azfi_s0034.g025388) and four AMT2s. One A. filiculoides AMT2, AfAMT2-4 

(Azfi_s0034.g025227), appears to be symbiosis-specific, as its expression is up-regulated 

when the cyanbiont is present, particularly under the nitrogen-depleted condition (i.e. 

when cyanobionts are fixing the most nitrogen; Figure 42). AfAMT2-4 is therefore likely 

the main transporter for exchange of ammonium with Nostoc in the leaf pocket. On the 

other hand, the expression profile of AfAMT2-3 (Azfi_s0093.g043301) suggests that it is a 

nitrogen-starvation responsive gene, whereas AfAMT1 is likely a general ammonium 

transporter, as it is expressed similarly regardless of cyanobacterial presence (Figure 42). 

The AfAMT2-1 and AfAMT2-2 genes are nearly identical to each other, so that their 

expressions cannot be measured correctly and were thus excluded. In addition to 

ammonium, there are myriad cofactors that are needed by Nostoc for N2-fixation. Metal 

ions, such as molybdenum, copper, and iron, are among the most crucial of these 

cofactors (González-Guerrero et al. 2014; Brear et al. 2014). We found a particular 

paralog of molybdate transporter (AfMOT1; Azfi_s0167.g054529) and a paralog of 

vacuolar iron transporter (AfVIT) in the putative symbiotic gene list (Figure 42). 

Similarly, in Medicago truncatula, a root nodule-specific MtMOT1.3 paralog was recently 

identified to mediate Mo transfer from plants to the symbiotic rhizobium (Hildalgo et al. 

2017; Tejada-Jiménez et al. 2017). 
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In addition to these two transporters, we identified a chalcone synthase paralog 

in this candidate gene set. Chalcone synthase catalyzes the production of naringenin 

chalcone and is the first committed step in flavonoid biosynthesis. Interestingly, 

naringenin and naringin both have significant effects on promoting cyanobacterial 

growth and differentiation (Cohen & Yamasaki 2000; Zyszka et al. 2017). Naringin is also 

a hormogonia-repressing factor (Cohen & Yamasaki 2000). Because hormogonia lack 

heterocysts and cannot fix nitrogen, naringin (or related flavonoids) could act as a plant 

signal to boost N2-fixation in the cyanobiont. 

The identification of a chalcone synthase (CHS) in our putative symbiosis gene 

list is of particular interest (Figure 41e). CHS produces naringenin chalcone, and is the 

first committed step in flavonoid biosynthesis pathway. Flavonoids are major plant 

signals used in symbioses with rhizobia and Frankia. Silencing of CHS in Medicago 

truncatula and Casuarina glauca both resulted in a defective nodule formation (Wasson et 

al. 2006; Abdel-Lateif et al. 2013). Interestingly, flavonoids also have significant effects 

on cyanobacteria growth and cellular differentiation. Naringenin was shown to 

stimulate growth of a number of cyanobacteria species including ones in Nostoc (Zyszka 

et al. 2017). Furthermore, naringin was found to be one of the most potent hormogonia-

repressing factors (HRF; Cohen & Yamasaki, 2000). Hormogonia are the motile stage of 

cyanobacteria and do not contain N2-fixing heterocysts. In the Azolla-Nostoc symbiosis, 

hormogonia are maintained in the shoot apex, and upon entering nascent leaf cavities, 
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they return to the vegetative stage, and develop heterocysts for N2-fixation. Because 

hormogonia cannot fix nitrogen, boosting the hormogonia-repressing signals can 

promote N2-fixation rates and cyanobacteria maturation. Given the expression pattern of 

CHS, we hypothesize that flavonoids act as an HRF in Azolla-Nostoc symbiosis, and are a 

major communication signal to help time the development of the leaf cavity with the 

metabolic development of the cyanobiont. Consistent with our hypothesis, Azolla 

aqueous extract was found to contain flavonoids and, importantly, can effectively 

suppress hormogonia differentiation (Cohen et al. 2002).  

Although the ancient and intimate nature of the Azolla-Nostoc relationship 

suggests that gene transfer from Nostoc to the Azolla nuclear genome may have occurred 

over time, a thorough homology search found no evidence of Nostoc-to-Azolla horizontal 

gene transfer. We did, however, discover a cyanobacteria-derived gene in the Azolla 

genome, but one that is shared with other ferns. This gene encodes a squalene-hopene 

cyclase (SHC), which mediates the cyclization of squalene into hopene, and is thought to 

be the evolutionary progenitor of many classes of eukaryotic and 

prokaryotic sterol cyclases. We found SHC homologs in both the Azolla and Salvinia 

genomes, as well as in 40 fern 1KP transcriptomes. Our reconstructed gene phylogeny 

clearly shows that the fern SHCs are nested among cyanobacteria sequences (Figure 43).  
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Figure 43: Phylogeny of squalene-hopene cyclase (SHC). 

Among streptophytes SHC homologs can only be found in ferns, lycophytes, mosses, 
and liverworts, and appear to be absent in seed plants and in green algae. Plant SHCs 

are not monophyletic, and are interspersed among bacterial sequences, suggesting 
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multiple horizontal gene transfers might have taken place. Cyanobacteria and 
heterotrophic bacteria are colored in green and orange, respectively. The numbers 

above branches are bootstrap (BS) support values (BS=100 is omitted), and the 
thickened branches indicate BS > 70. Blue asterisks denote the sequences coming 

from plant whole genome assemblies. 

While no homolog can be found in seed plants or in green algae, SHC is also 

present in bryophyte (moss and liverwort) genomes and transcriptomes. Interestingly, 

these bryophyte SHCs are not related to those of ferns, but are embedded in other 

bacterial SHC lineages (the monophyly of land plant SHCs is rejected by the Swofford-

Olsen-Waddell-Hillis test, p < 0.005; Church et al. 2015). This finding implies a complex 

evolutionary history for SHCs in land plants, possibly featuring independent transfers of 

SHC from different prokaryotic lineages to mosses, liverworts, and ferns. These SHC 

genes are not from contaminants because the gene phylogeny largely mirrors the species 

phylogeny; also, the SHC genes were not assembled into stray scaffolds in the genomes 

of Azolla, Salvinia, Physcomitrella, or Marchantia (Rensing et al. 2008; Bowman et al. 2017). 

Additionally, we detected the triterpenes products of SHC, hop-22(29)-ene, diplopterol 

and tetrahymanol, in S. cuculata biomass, providing direct evidence for SHC activity in 

this fern (Figure 44). Similar observations of SHC-synthesized triterpenes have been 

made in polypod ferns and mosses (Ageta et al. 1963; Shinozaki et al. 2008; Marsili & 

Morelli 1968). Because hopenes play an important role in plasma membrane stability in 

prokaryotes (similar to steroids in eukaryotes), and have been shown to confer low-

temperature adaptation and stress tolerance55, it is plausible that the convergent 
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evolution of hopene biosynthesis in seed-free plants, through independent HGTs from 

bacteria, might have contributed to land plants’ early adaptations to diverse and adverse 

environments. Functional studies are needed to confirm this hypothesis (Sáenz et al. 

2015).   

 

Figure 44: Identification of SHC-synthesized triterpenes in Salvinia cucullata. 

(a) Partial GC/MS chromato- gram of a total lipid extract of S. cucullata, indicating 
major peaks of common plant sterols (Campesterol, Stigmasterol and β-sitosterol) and 

peaks 1,2 and 3 representing SHC-synthesized triterpenes. Mass spectra of the 
identified compounds (b) Hop-22(29)-ene, (c) Tetrahymanol, and (d) 22-

hydroxyhopane (diplopterol). 

We anticipate that the availability of the first genomic data from ferns will 

continue to lead to vital insights into the processes that govern the evolution of plant 
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genes and gene families, and will significantly enhance the existing comparative 

genomic framework for understanding the plant tree of life. 
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Appendix D: Supplementary Tables for Appendix C



 

 

Table D.1: Species included in this study. 

Specimen from each species were used for flow cytometry and/or genome sequencing. 

Taxon Source Voucher/Accession 

Azolla filiculoides The Netherlands, Utrecht, Galgenwaard ditch Dijkhuizen et al 2018 

Azolla rubra International Rice Research Institute IRRI 6502 

Azolla microphylla International Rice Research Institute IRRI 4021 

Azolla mexicana International Rice Research Institute IRRI 2001 

Azolla caroliniana 1 International Rice Research Institute IRRI 3017 

Azolla caroliniana 2 International Rice Research Institute IRRI 3004 

Azolla nilotica International Rice Research Institute IRRI 5001 

Salvinia cucullata Dr. Cecilia Koo Botanic Conservation Center K060108 

Pilularia americana Duke University Greenhouse F.-W. Li s.n. (DUKE) 

Regnellidium diphyllum Taipei Botanic Garden Wade 4794 (TAIF) 

Marsilea crenata Taipei Botanic Garden Kuo 4170 (TAIF) 
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Table D.2: Genome assembly statistics. 

 Genome 
size (Mb) 

Assembled 
(Mb) 

N50 
(Kb) 

No. 
scaffold 

Average scaffold 
len (Kb) 

% Genomic 
reads mapped* 

% RNA reads 
mapped 

Azolla 
filiculoides 753 622.6 964.7 3839 162.2 97.14 93.77 

Salvinia 
cucullata 255 231.8 719.8 3721 62.3 95.76 95.85 

204 



 

206 

Table D.3: Gene annotation statistics. 

Gene composition in Azolla and Salvinia by feature type. Abbreviations: 
Abbreviations: Low Confidence (LC), High Confidence (HC). 
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Table D.4: Repeat annotation results. 

Genome composition by number or elements, sum length, and proportion of 
assembly. 

 

To access Tables D.5-D.7, they are available as downloadable Excel files in association 

with the Li et al. 2018 reference from Nature Plants. 

Table D.5: Gene family classification and dynamics. 

Table D.6: Evolution of transcription factors involved in seed development. 

Table D.7: Transcription factors gained and expanded in seed plants. 

Table D.8: Annotations of transcription factor associated proteins (TAPs). 

Table D.9: Gene ontology terms enriched in syntenic paralogs and tandem duplicates. 

Table D.10: Summary of RNA-editing in Azolla filiculoides and Salvinia cucullate 
organellar genomes. 

Table D.11: Annotations of common symbiosis genes. 

Table D.12: Summary of sequence data generated in this study.  
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