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Polyploidy (or whole genome duplication) and root nodule symbioses with bacteria 

(termed ‘rhizobia’) have both been important phenomena in the evolutionary history of the 

legume family (Leguminosae). Recently, it has been proposed that polyploidy may have played a 

critical role in the development or refinement of nodulation. Given the varied potential impacts 

of polyploidy, effects on biotic interactions are plausible. However, direct studies of the 

interactions between these phenomena in symbiotic, nodule-forming species are lacking.  

In this dissertation, using a complex of recently formed allopolyploids in Glycine 

subgenus Glycine, the perennial relatives of soybean, we examined (1) the root metabolites and 

symbiotic signaling capacity of multiple allopolyploid species relative to the diploid progenitor 

species that hybridized to form each allopolyploid, (2) the nodulation-related responses of 

allopolyploids and diploid progenitors to rhizobia and (3) the transcriptome-level responses to 

inoculation in allopolyploid G. dolichocarpa (T2) and its diploid progenitors. These objectives 

were pursued using a variety of approaches including root metabolite profiling, inoculation trials, 

and RNA sequencing. 

We found that, while there were no common transgressive patterns in the root metabolite 

profiles of allopolyploids in the complex, one of the progenitors of T2 had distinctive root 

metabolite and exudate profiles; profiles of symbiotic signaling metabolites were also altered in 



the allopolyploid. In addition, T2 demonstrated an enhanced symbiotic capacity when inoculated 

with rhizobia compared to its diploid progenitors. Finally, transcriptomic analyses revealed 

patterns of non-additive expression in T2, with evidence of transcriptional responses to 

inoculation that were distinct from one or both progenitors and that highlighted differences in 

hormonal signaling responses. 

Taken together, our findings highlight effects of hybridity, and the properties of diploid 

progenitors, in determining the symbiotic capabilities of allopolyploids in Glycine subgenus 

Glycine. However, the combination of features from progenitors can enhance symbiotic 

responses in allopolyploids in ways that deviate from expectations of additivity. Such effects 

provide potential explanations for the apparent abilities of allopolyploids in Glycine subgenus 

Glycine to colonize novel habitats beyond their native ranges.  
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INTRODUCTION  
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The use of nitrogen fertilizers in agriculture has increased greatly since the 1960s, 

contributing to substantial yield gains in that time, and this use is expected to increase globally 

over the next several decades (Sutton and Bleeker 2013). However, fertilizer use presents a 

number of challenges. Nitrogen fertilizers contribute to atmospheric pollution through the release 

of NOx, which leads to the formation of ground level ozone, and N2O, which is itself a potent 

greenhouse gas (Reay et al. 2012; Winiwarter et al. 2013). Nitrogen fertilizer use in agricultural 

systems is also linked to algal blooms and eutrophication (Diaz and Rosenberg 2008; Sutton et 

al. 2011). In addition, the fossil fuels required in the production and use of nitrogen fertilizers are 

environmentally costly (Jensen et al. 2012). Given the estimated costs, initiatives and 

opportunities to manage better or reduce the use and impact of nitrogen fertilizers are highly 

desirable (Beatty and Good 2011; Sutton and Bleeker 2013).  

Legumes offer opportunities to address these challenges, because they engage in a 

process known as nodulation, which involves symbiosis with phylogenetically diverse soil 

bacteria collectively called rhizobia; these bacteria fix atmospheric nitrogen and make it 

available to the plant host (van Hameren et al. 2013). Legumes thus have the capacity to be an 

important source of nitrogen in sustainable agricultural systems (Crews and Peoples 2004). 

Knowledge of nodulation is being developed further and applied to agricultural practices through 

a variety of projects, including the N2Africa program funded by the Bill and Melinda Gates 

Foundation (Sprent 2012).  

How the nodulation symbiosis originated remains an important evolutionary question 

(Doyle 2011, 2016). Several researchers, noting the strong correlation between nodulation and a 

whole genome duplication (WGD) event approximately 50 Ma in an ancestor of papilionoid 

legumes, have suggested that polyploidy played a significant role in either the origin or the 
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refinement of this key symbiosis (Young et al. 2011; Kim et al. 2013b; Li et al. 2013). The 

ability of polyploidy to generate evolutionary novelty is widely accepted (Freeling and Thomas 

2006; Madlung 2013; Wendel 2015) because whole genome duplication affects every aspect of 

plant biology, from genetics and epigenetics to physiology and ecology (e.g., Coate et al. 2012; 

Ramsey and Ramsey 2014; Yoo et al. 2014). Much remains to be discovered about the impact of 

polyploidy on biotic interactions (Soltis et al. 2010), though recent work has shown that 

polyploidy can have a substantial effect on mycorrhizal symbioses (Těšitelová et al. 2013). 

However, in the case of nodulation, existing studies primarily make inferences from patterns of 

retention and expression of key genes that have been retained in duplicate for over 50 Myr 

(Young et al. 2011; Li et al. 2013), and more direct studies of the interaction between these 

phenomena are still to be conducted. In this dissertation, we present direct studies addressing this 

interaction. 

Our study system is the perennial Glycine subgenus Glycine allopolyploid complex, 

which comprises several ‘triads’, each consisting of an allopolyploid and its two diploid 

progenitor species (Bombarely et al. 2014; Sherman-Broyles et al. 2014).  With this complex, we 

have a model system for studying how nodulation is affected in polyploids. Specifically, we use 

a three-pronged approach, investigating plant signaling, studying differences in rhizobial species 

responses, and profiling transcriptomes of inoculated and uninoculated roots in several 

allopolyploid triads. This three-pronged approach relates directly to the three primary objectives 

of this dissertation: (1) to evaluate symbiotic signaling capacity in the T1, T2 (G. dolichocarpa) 

and T5 allopolyploid triads, compared to their respective diploid progenitors, by assessing 

biosynthesis and exudation of root metabolites; (2) to determine whether the allopolyploid 

species T2 exhibits differential symbiotic responses to inoculation with rhizobia, assessed for 
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characters such as ability to form nodulating associations, frequency of root hair deformation, 

and estimates of nodule mass and nodule number; (3) to study differences in gene expression 

following inoculation in T2 relative to its diploid progenitors. 

Chapter 2 provides a critical introduction to, and review of, key considerations 

concerning potential interactions between nodulation-related signaling and polyploidy. In 

Chapter 3, we catalogue the presence of signaling metabolites in the root tissues and exudates of 

the three allopolyploids and their respective diploid progenitors, while also examining gene 

expression data relating to biosynthesis of flavonoids in T2 (Objective 1). Chapter 4 is a study 

testing for enhanced symbiotic capabilities and responses in inoculation trials of the 

allopolyploid T2 compared to its diploid progenitors (Objective 2). In Chapter 5, we examine 

overall transcriptomic responses of T2 to inoculation, and contrast these responses with those of 

its diploid progenitors (Objective 3). In the final chapter (Chapter 6), we summarize the research 

findings, highlight their contribution to the literature and their broader implications, and propose 

directions for future work. 
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CHAPTER 2 

THE IMPLICATIONS OF POLYPLOIDY FOR THE EVOLUTION OF SIGNALING IN 

RHIZOBIAL NODULATION SYMBIOSIS 
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ABSTRACT 

 Nodulation is a symbiotic interaction between soil bacteria and plant hosts, most notably 

between rhizobia and legumes. This interaction is important for plant hosts, since it enables them 

to access atmospheric nitrogen made available by the bacteria. The establishment of this 

symbiosis requires several levels of communication and signaling between the plant host and the 

bacterial symbiont. The evolution of nodulation, and of the signaling mechanisms involved, 

appears to have involved recruitment of genes from pre-existing processes. Polyploidy, or whole 

genome duplication, has the capacity to provide duplicate genes that can be recruited for novel 

functions and genomic analyses have recently given rise to speculation that polyploidy has 

played an important role in the evolution of nodulation. Assessing the implications of polyploidy 

for nodulation enables predictions about possible outcomes and, while several challenges exist 

for studying the effects of polyploidy on nodulation signaling, testing of these predictions in a 

variety of study systems will yield insights into the evolutionary consequences of polyploidy for 

nodulation symbioses. 
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INTRODUCTION 

 Polyploidy, or whole genome duplication (WGD), and nitrogen-fixing symbioses have 

both been instrumental in contributing to the evolution and diversity of plants. Nitrogen-fixing 

symbioses involve interactions between host plants and bacterial symbionts, generally enabling 

the plants to acquire nitrogen that would be inaccessible otherwise (Vance 2001; White et al. 

2007). Such symbioses, particularly those termed ‘rhizobial’ interactions that involve nodule-

forming interactions with bacteria (‘rhizobia’) from numerous genera of Alphaproteobacteria 

and Betaproteobacteria, constitute an important aspect of the diversity of the legume family 

(Leguminosae) (Sprent 2009). WGD events, in turn, are also believed to have had an important 

role in the evolution and diversification of plants (Madlung 2013; Weiss-Schneeweiss et al. 

2013). Given the importance of both polyploidy and nodulation, interest in the intersection 

between the two phenomena has increased in recent years. 

Rhizobial nodulation symbiosis provides a model for understanding the implications of 

polyploidy for biotic signaling and interactions, given that many aspects of the signaling between 

plants and rhizobia have been elucidated. Similarly, a basic understanding of the potential 

evolutionary effects of polyploidy has been developed. Thus, it is possible to make predictions 

about the effects of polyploidy on interactions between plants and rhizobia by examining 

particular elements that relate to signaling. Genomic studies have also provided perspectives on 

the possible role of polyploidy in the evolution and refinement of nodulation symbiosis and 

signaling. Along with these recent advances and current opportunities, there are also challenges 

to the study of connections between these two phenomena.  

 Much of the seminal, critical work in understanding the signaling mechanisms underlying 

interactions between plants and rhizobia was conducted using limited sets of plant and rhizobial 
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genotypes, often under laboratory conditions. Such experimental systems are necessary, and they 

have yielded important results. However, we are also interested in rhizobial interactions at the 

level of species; in our case, our focus is primarily on the plant species that serve as hosts. 

Ultimately, in considering the interactions for a plant species, we would like to understand the 

changes in interactions that can occur at the level of species over time, as well as over spatial 

variability, which includes environmental interactions. 

Researchers have elucidated numerous positive and negative determinants of rhizobial 

symbioses (e.g., Broughton et al. 2000; Keen and Staskawicz 1988; Oldroyd et al. 2011). Many 

of these involve signaling components, such as secondary metabolite signals in the rhizosphere 

(see below). The status of each determinant will yield a proximal outcome and, while some sets 

of determinants act in a sequential manner where the outcome of one determinant is not possible 

without a prior outcome, each determinant and its outcomes exist in a complex network of 

interacting determinants. The fitness consequences, benefits, and costs of the interactions will 

also interact with the other variables to modulate probabilities of outcomes and, ultimately, to 

determine the range of symbiotic interactions. Nevertheless, each signaling determinant or 

variable can be visualized as defining a ‘signaling space’ (Figure 2.1). This space represents the 

total hypothetical set of rhizobial genotypes for which the given variable under consideration in a 

particular legume host genotype will yield an outcome that permits symbiotic nodulation. This 

can also be conceptualized for a host plant species, where the species signaling space will 

comprise the rhizobial genotype by plant genotype (Gplant x Grhizobium) combinations that will 

yield outcomes conducive to symbiosis. However, each variable, considered singly, may enable 

conducive outcomes with different sets of rhizobial genotypes, so as additional variables are 

considered and the signaling spaces for each variable are overlain, the possible symbiotic 
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interactions will generally become reduced and, as additional non-signaling variable spaces are 

included, the realized or actual symbiotic space, for a host plant species or particular genotype, is 

reached. The signaling components that serve as determinants in rhizobial interactions, and the 

potential implications of polyploidy for these determinants, can be understood in the context of 

the signaling spaces conceived in this manner. These spaces (notably the overall symbiotic 

space) will also be variable over space (environment) and time (species evolution). 

 

 

Figure 2.1. Visualization of the signaling spaces defined by determinants of symbiotic 

nodulation. Each determinant of nodulation can be understood as having a direct outcome that is 

needed for symbiosis. The direct outcomes of these determinants act to define the host-symbiont 

combinations that are effective (functional). (A) For any single host plant genotype, any single 

signaling determinant (e.g., flavonoid stimulation of Nod factor production, Nod factor binding 

to NFR genes, etc.) delineates a ‘signaling space’, which is the subset of all possible rhizobial 

genotypes for which the determinant will lead to a direct outcome that is necessary or conducive 

to nodulation. (B) As the signaling spaces of sequentially acting determinants are overlain 

(intersect), the composite signaling space will either remain the same or become more restricted. 

(C) This conception of the signaling space can be applied not only to a single plant host 

genotype, but also to a host species, where the species signaling space is defined as the set 

(union) of rhizobial genotypes with which the sum of host plant genotypes that make up the 

species can interact. As with the signaling space of a single plant genotype, one or multiple 

determinants can be considered. 
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NODULATION SIGNALING: DETERMINANTS OF SYMBIOTIC INTERACTIONS 

 Many aspects of the evolution of nodulation and nodulation signaling appear to be 

marked by the recruitment of pre-existing genetic capacities, including those related to 

developmental programs and symbiotic interactions, notably signaling components involved in 

the evolutionarily older fungal mycorrhizal mutualism and in microbial defense responses 

(Mathesius 2003). The recruitment or co-option of these programs (‘exaptation’ as defined by 

Gould and Vrba (1982)) also indicates that the concept of ‘deep homology’ is relevant to 

understanding the evolution of signaling in rhizobial symbiosis. This term describes cases where, 

even when an organ or trait (i.e., character) may have evolved independently in several lineages 

and is therefore considered non-homologous, the independent origins have involved recruitment 

of homologous programs or components (Shubin et al. 2009). Such deep homology and 

recruitment have been proposed for several aspects of rhizobial nodulation-related signaling 

(Doyle 2011; Soyano and Hayashi 2014). 

Successful establishment of rhizobial nitrogen-fixing nodule-forming symbioses requires 

numerous steps, in which signaling plays a critical role in various forms and at various stages, 

including initial communication between the plant host and rhizobia, signal transduction and root 

hair responses, bacterial invasion, infection thread formation and growth, and nodule 

organogenesis (Oldroyd and Downie 2008). Many of the mechanisms and key steps have been 

elucidated, particularly in the root hair mediated rhizobial symbioses that are our primary focus 

(Figure 2.2). Variations in plant metabolites and molecules employed in rhizosphere signaling 

between plant and bacteria, the plant receptors for perception of bacterial signals, and additional 

signaling components required for nodulation can serve to enhance or lessen symbiotic 

interactions.  
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Figure 2.2. Summary schematic of steps required in the formation of rhizobial nodulation 

symbioses via root hair infection. Additional components involved at each stage are noted on the 

right. The interaction is initiated through the exudation of plant secondary metabolites, which 

lead to Nod factor induction in rhizobia. The Nod factors are perceived by the plant via Nod 

factor receptors. This is followed by signal transduction and a variety of responses, including 

root hair curling and formation of the bacterial infection thread. The infection proceeds to reach 

the site of cortical cell division, where rhizobia are released into symbiosomes.  

 

The plant metabolites involved in establishing successful symbiotic relationships have 

been well-characterized through the use of various model papilionoid legume systems, including 

Lotus japonicus, Medicago truncatula, and Glycine max (soybean), along with corresponding 

rhizobial symbionts (Oldroyd 2013; Oldroyd and Downie 2008). For nodulation symbiosis to be 

established, the initial requirement is for plants to exude compounds that are able to trigger the 

induction of nod genes in the rhizobia. Compatible compounds, notably flavonoids, interact with 

the transcriptional regulator NodD in the bacteria, enhancing the DNA binding affinity of NodD 

to a consensus sequence in the promoter region of nod genes (termed the nod box), activating 

transcription of the nod genes (Peck et al. 2006). Noninducing flavonoids are competitive 

inhibitors, indicating that they also bind to NodD and can enhance nod box binding affinity of 
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NodD, but without leading to nod gene transcription (Peck et al. 2006). While evidence has been 

documented of nod gene induction by compounds such as aldonic acids (Gagnon and Ibrahim 

1998), jasmonates (Mabood et al. 2006) and betaines (Phillips et al. 1992), flavonoids constitute 

the primary class of compounds implicated in nod gene induction in legumes (Cesco et al. 2010; 

Oldroyd 2013).  

Induction of nod genes, in turn, leads to the production of Nod factors 

(lipochitooligosaccharides) that are secreted by rhizobial bacteria and perceived by the plant, 

triggering subsequent symbiotic responses. Perception of the compatible Nod factors leads to 

signal transduction, transcriptional activation of the early nodulation (ENOD) genes, and 

physiological responses including root hair curling and infection thread formation (Ferguson et 

al. 2010). The backbone of Nod factors is composed of N-acetylglucosamines, with an N-linked 

acyl chain on the terminal nonreducing residue (D’Haeze and Holsters 2002; Cullimore and 

Gough 2013). Substantial diversity is possible in the structure of Nod factors synthesized and 

secreted by rhizobia, and this is largely due to variability in the acyl group, as well as 

substituents at one or both of the nonreducing- and reducing- terminal residues (D’Haeze and 

Holsters 2002). Different species and strains of rhizobia have varying capacities for synthesizing 

Nod factors with distinctive structures (D’Haeze and Holsters 2002). In general, broad host range 

rhizobia produce a correspondingly broad array of Nod factors; narrow host range rhizobia 

produce a more restricted and specific set (Cullimore and Gough 2013). For example, the 

promiscuous strain NGR234 synthesizes a diverse family of Nod factors with various 

combinations of substitutions, encoded by a series of nod genes (Price et al. 1992). Following the 

induction and release of Nod factors by rhizobia in response to host plant compounds, the host 

plants then perceive the Nod factors, primarily through Nod factor receptors (NFRs). Here, 
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again, there is a requirement for compatibility between the Nod factor and the plant receptors. 

Diversity of Nod factor structures, with their decorations, and NFRs have been implicated in the 

specificity of interactions in a variety of legume genera (Cullimore and Gough 2013). 

NFRs were identified and characterized in L. japonicus by Madsen et al. (2003) and 

Radutoiu et al. (2003). Radutoiu et al. (2003) cloned NFR1 in L. japonicus and showed that it 

was necessary for the earliest responses to Nod factors. NFR5 was also identified as essential for 

nodulation in L. japonicus (Madsen et al. 2003). It has been proposed that the NFR5 and NFR1 

proteins form a heterodimer and function together in Nod factor perception (Arrighi et al. 2006; 

Oldroyd 2013). The extracellular domains of NFR1 and NFR5 were found to be similar to the 

LysM (lysin motif) domains of previously-identified chitinases and peptidoglycan-binding 

proteins (Gust et al. 2012; Madsen et al. 2003; Radutoiu et al. 2003). Diverse LysM proteins are 

thus involved in binding a variety molecules that are structurally similar to Nod factors, 

including the microbe-associated molecular patterns (MAMPs) such as fungal chitin and 

bacterial peptidoglycan (Gust et al. 2012). Op den Camp et al. (2011a) also found that, in the 

only known instance of a non-legume that nodulates with rhizobial bacteria, Parasponia 

andersonii, a LysM Nod factor receptor protein involved in mycorrhizal association has been 

recruited for nodulation symbiosis. Their data suggest that the PaNFP gene identified serves a 

dual function in both mycorrhizal (Myc factor) signal reception and Nod factor reception, which 

is plausible given the apparent structural similarity of Nod factors to Myc factors as well (Gust et 

al. 2012).  

 The importance of NFRs in determining specificity between legume hosts and rhizobial 

partners has been demonstrated through transformation studies. The expression of the NFR1 and 

NFR5 genes from L. japonicus in M. truncatula and L. filicaulis enabled nodulation of these 
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latter species with M. loti, which commonly nodulates L. japonicus but not the other species 

(Radutoiu et al. 2007). While nodulation capability was transferred, the developmental activation 

in M. truncatula resulted in the indeterminate nodules typical for that species, as opposed to the 

determinate nodules formed by L. japonicus. Using domain swap and mutant experiments, the 

critical role of the LysM domains of the NFRs in determining specificity was also demonstrated 

(Radutoiu et al. 2007). Overexpression of receptors can lead to increased nodule numbers 

(Indrasumunar et al. 2011), suggesting that the amount or density of receptors can also lead to 

variation in the amount of interaction with Nod factor molecules, and the consequent response, 

that is possible. While most evidence for the role of Nod factor receptors in nodulation was 

obtained through studies of mutants, more recently, Broghammer et al. (2012) obtained direct 

evidence showing binding of NFR1 and NFR5 to Nod factors. In addition to Nod factor 

receptors, lectin nucleotide phosphohydrolases (LNPs) have also been identified as proteins that 

bind to Nod factors at the plant surface and are thus also thought to mediate symbiotic 

interactions with rhizobia (De Hoff et al. 2009; Etzler et al. 1999).  

 Toll-interleukin receptor/nucleotide-binding site/leucine-rich repeat (TIR-NBS-LRR) 

resistance genes (R genes) have also been implicated in determining rhizobial interactions in 

cultivars of Glycine max (Yang et al. 2010). Rfg1 and Rj2 alleles are known to confer the 

specificity for nodulation with particular strains of Bradyrhizobium japonicum and 

Sinorhizobium fredii (e.g., Nakano et al. 1997)(see summary in (Hayashi et al. 2012a)), the 

characterization of these alleles as R genes is a more recent development (Yang et al. 2010). The 

particular mechanisms of action or the roles of these R genes in inhibiting nodulation remain 

unresolved, although it appears that failed infection thread growth is involved, which may be due 

to plant defense responses by perception of bacterial effectors, leading to recognition of 
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incompatible rhizobia as parasites rather than mutualists (Yang et al. 2010). Another gene, Rj4, 

which is known to restrict nodulation of G. max with specific incompatible strains has recently 

been found to encode a thaumatin-like protein; it is a member of the pathogenesis-related protein 

family 5, which is implicated plant host resistance (Hayashi et al. 2014). Proteins, including 

nodulation outer proteins, are also secreted by rhizobia through type III and type IV secretion 

systems and these proteins have additional potential for both positive and negative effects on 

symbiosis, which further emphasizes the importance of plant defense in determining rhizobial 

interactions and also highlights the likely evolutionary connections between pathogenic and 

mutualistic symbioses (Deakin and Broughton 2009). 

 In addition to root hair responses, symbiotic responses are also triggered in cortical cells, 

leading to the expression of additional genes required for nodule organogenesis (Oldroyd and 

Downie 2008). Plant hormones have been implicated in several aspects of signaling and 

regulation of nodulation. Cytokinins and cytokinin-related signaling, in particular, appear to have 

important roles in the development and regulation of nodule formation. A histidine kinase 

cytokinin receptor in cortical cells is necessary for signaling subsequent to the root hair cell 

responses following initial contact with rhizobia. RNA interference of the cytokinin receptor 

homolog in M. truncatula (MtCRE1) resulted in strongly reduced nodulation, including 

decreased progression of rhizobial infection and formation of nodule primordia (Gonzalez-Rizzo 

et al. 2006). Gain-of-function mutation of the orthologous gene in L. japonicus led to 

spontaneous nodule organogenesis (Tirichine et al. 2007). Experiments in L. japonicus 

overexpressing cytokinin oxidase, the primary enzyme for degradation of cytokinins, also led to 

both a decrease in the number of nodules formed per plant and an increase in the number of 

lateral roots (Lohar et al. 2004). In contrast to this positive role in nodule formation, recent work 
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also suggests that cytokinins may be implicated in the shoot-derived inhibition of nodulation that 

is part of the autoregulation of nodulation (AON) pathway in legumes (Sasaki et al. 2014). AON 

is another process that provides feedback regulation of nodule number, and genes in this pathway 

have been identified from mutants of several species, including soybean, possessing increased 

nodule numbers (Miyahara et al. 2008; Searle et al. 2003). Other hormones have also been found 

to have roles in the control of nodule development and nodule number, including ethylene, which 

is a negative regulator of nodule number (Gresshoff et al. 2009; Lohar et al. 2009; Penmetsa et 

al. 2008).  

In the context of the evolution of nodulation, the genes involved in many of the processes 

underlying nodulation, including signaling, often appear to have additional, related functions 

within a given plant species (Yokota and Hayashi 2011). This confirms the long-held hypothesis 

that, in many cases, genes with pre-existing functions have been recruited to play roles in 

nodulation (Doyle 1994). A notable example of this type of recruitment is apparent in the early 

stages of nodulation signaling, where the genes involved in the common symbiosis pathway were 

recruited from the older arbuscular mycorrhizal symbiosis (Soyano and Hayashi 2014). These 

genes include those encoding nuclear cation channels (POLLUX, CASTOR/DMI1), a plasma 

membrane localized LRR receptor kinase (SYMRK/DMI2), and a calcium-dependent and 

calmodulin-dependent protein kinase (CCaMK/DMI3), among others (Ané et al. 2004; 

Charpentier et al. 2008; Endre et al. 2002; Lévy et al. 2004; Mitra et al. 2004; Stracke et al. 

2002). 
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WHOLE GENOME DUPLICATION AS A PROCESS ALTERING PLANT SIGNALING, 

BIOTIC INTERACTIONS AND ECOLOGICAL AND GEOGRAPHICAL RANGES 

Polyploidy is a prominent process in the evolutionary history of flowering plants, having 

been suggested to underlie their origin and diversification (De Bodt et al. 2005; Vanneste et al. 

2014). Wood et al. (2009) estimated that 15% of all speciation events in flowering plants have 

involved polyploidy. Moreover, it is now recognized that all flowering plants have a polyploid 

past (Jiao et al. 2011), and that the genomes of most modern species show evidence of more than 

one WGD—for example, the soybean genome shows evidence of the two polyploidy events 

shared with all flowering plants, a whole genome triplication shared with eudicots (Jiao et al. 

2011), a WGD shared with many legumes (Cannon et al. 2015), and a 5-10 MYA polyploidy 

event unique to the genus Glycine (Egan and Doyle 2010). Thus, it is indisputable that 

polyploidy has produced successful lineages and has played a significant role in plant evolution. 

Recruitment of duplicated genes can provide a means of evolving novel or distinct 

functions. For example, recent work on nodulation suggests that gene duplication has given rise 

to the GRAS transcription factors NSP1 and RAM1, which function downstream of the common 

symbiosis pathway (Gobbato et al. 2012). RAM1 has a role primarily in the mycorrhizal 

symbiosis, while NSP1 has a role in nodulation and does not appear to have any function in plant 

response to mycorrhizal signaling (Gobbato et al. 2012). In the case of the gene family of 

MtLYK3-LjNFR1a, several duplication events are believed to have preceded the evolution of 

nodulation, the origin of legumes and thus any polyploidy events in the legumes, nevertheless 

contributing to the evolutionary trajectory toward nodulation (De Mita et al. 2014).  

If the duplication and subsequent evolution of single genes can contribute to the 

evolution of novel traits, including diversification of symbiotic interactions and components of 



18 

 

nodulation signaling, duplication of the entire set of genes as well as regulatory sequences by 

polyploidy has the potential to greatly amplify these processes, providing duplicates across entire 

biosynthetic, signaling and regulatory networks. Evolution is driven by mutation, and polyploidy 

can be thought of as a super-mutation, leading to evolutionary novelty; Freeling and Thomas 

(2006) have suggested that the retention and recruitment of duplicated genes, specifically by 

polyploidy, is a major driver of morphological novelty and complexity.  

While gene duplicates are often lost following a WGD event, several models suggest 

ways in which natural selection can lead to retention of both paralogous copies, such as 

neofunctionalization and subfunctionalization (Innan and Kondrashov 2010). In the case of 

nodulation signaling, if a gene with a pre-existing function were duplicated, one copy could be 

recruited for a novel function in nodulation, while the other copy could maintain the original 

function. This provides an example of neofunctionalization. Alternately, if a gene developed 

both nodulation-related and non-nodulation-related functions and was subsequently duplicated, 

the two functions could be divided between the two resultant copies, and subsequently each 

paralogue could evolve for specialization in each function. This process is referred to as 

subfunctionalization.  

Quantitative dosage effects will also play a role in determining the initial retention of 

certain types of gene duplicates; WGD can provide an opportunity for retention of genes 

involved in pathways where selection for specific stoichiometry means that single gene 

duplications are less likely to be favored, while the maintenance of stoichiometric relationships 

occurring through a WGD would be favored (Birchler and Veitia 2012). The classes of genes 

that are subject to dosage balance in this manner often include transcription factors and the 

components of signaling pathways (Blanc and Wolfe 2004; Maere et al. 2005; Paterson et al. 
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2006). In the context of nodulation, retention of duplicates in both of these cases could contribute 

to the evolution of novel signaling or the enhancement and modulation of existing signaling 

mechanisms. 

Autopolyploidy and allopolyploidy are two endpoints on a spectrum of genetic and 

taxonomic possibilities for WGD. Autopolyploidy is typically defined as a WGD event occurring 

involving genetically similar genomes, often from within the same species. In contrast, 

allopolyploidy involves a WGD event coupled with hybridization between two or more 

progenitors, often from distinct species. Both result in doubled genomes and the concomitant 

effects specifically related to an increase in DNA content (nucleotypic effects, e.g., Bennett 

1972), while allopolyploidy also involves potential effects of genome merger, such as heterosis 

(Washburn and Birchler 2014). In an allopolyploid’s complex genome, genetic loci that were 

orthologous in the diploid progenitors are termed homoeologues (Wendel and Doyle 2005). 

Allopolyploids thus at least initially have the opportunity to deploy the homoeologous gene 

copies from both progenitors, often with variations in homoeologue expression bias (Chen 2010; 

Grover et al. 2012; Yoo et al. 2013). WGD can result in transgressive, novel expression patterns 

and homoeologue silencing in natural polyploids (Yoo et al. 2014). The changes to patterns of 

epigenetic regulation and gene expression are referred to as ‘genomic shock’ (McClintock 1984). 

Furthermore, unequal expression of homoeologous copies is thought to lead to fractionation (loss 

of one copy in each homoeologue gene pair); bias in expression of homoeologous copies can be 

a legacy of diploid progenitors, with one transcriptome dominant over the other (Buggs et al. 

2014). It is hypothesized that in allopolyploids this process can lead to biased fractionation 

across the duplicated genome (Garsmeur et al. 2014; Schnable et al. 2011). In addition to 
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fractionation, biases in gene conversion can also alter the expected additive pattern of 

homoeologous copies in allopolyploids (Flagel et al. 2012). 

Polyploidy can thus lead to substantial chromosomal rearrangement or loss, genetic and 

epigenetic changes, and gene expression changes that, while in many cases deleterious, have the 

capacity to generate increased variability and potential for adaptation. Allopolyploidy, in 

particular, can confer advantages in changing environments, including variable climate and 

habitat disturbance (Combes et al. 2012; Fawcett and Van de Peer 2010; Stebbins 1985). 

Furthermore, polyploids are often found to show an increased ability to colonize new habitats 

and alter their ranges. Evidence indicates that polyploidy can broaden environmental 

distributions and that polyploids can have larger ranges than their diploid progenitors (Green et 

al. 2011, 2013; Hijmans et al. 2007; Lowry and Lester 2006), as would be expected of plants 

with a greater capacity for colonization, although it may not be a general tendency (Harbert et al. 

2014; Martin and Husband 2009). Pandit et al. (2011) conducted a comprehensive study and 

meta-analysis of invasive species in the world, and found that polyploidy correlated strongly 

with invasiveness. This could be due to alterations that affect polyploids in numerous ways and 

incorporate a variety of effects of polyploidy including phenotypic plasticity, ecological 

tolerance and niche differentiation (te Beest et al. 2012). Of particular interest here, te Beest et al. 

(2012) highlighted the importance of biotic interactions and, in particular, changes to biotic 

signaling for apparent increased invasiveness and colonization ability of polyploids. Connecting 

invasiveness of polyploids in this manner suggests that polyploids can possess broadened 

signaling spaces, compared to related diploids. Given the emerging awareness of the significance 

of the microbiome in plant and animal health and ecology (Berendsen et al. 2012; Cho and 

Blaser 2012; Ezenwa et al. 2012), it is possible that a polyploid’s ability to occupy and colonize 
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new habitats or geographic ranges may be partly due to its ability to interact with diverse 

microbes. In the case of legumes, this could include compatible rhizobial signaling interactions 

available to the plant, coupled with the supply and demand for available soil nitrogen. 

Given the many genetic, physiological and ecological changes that can result from 

polyploidy, researchers have begun examining the effects of polyploidy on biotic interactions. 

While the effects of polyploidy on biotic interactions are not yet fully elucidated (Soltis et al. 

2010), recent research has yielded progress. Several studies have established that polyploidy has 

the potential to generate differences in, and diversification of, biotic interactions. In pollination 

interactions, Heuchera grossulariifloria polyploids have suites of pollinators that differ in the 

relative visitation rates and contributions to seed set of particular pollinators between diploid and 

autopolyploid plants (Segraves and Thompson 1999; Thompson and Merg 2008; Thompson et 

al. 2004). Thompson and Merg (2008) note that these differential visitation rates of pollinators 

on diploids and polyploids are likely due to chemical signaling cues employed by the pollinators, 

in addition to any morphological differences, since certain diploid and polyploid populations 

studied were morphologically indistinguishable; explanations in terms of chemical signaling cues 

suggest alterations to the signaling space in the polyploids. Damage from herbivory also varies 

between diploids and polyploids in a number of study systems (Hull-Sanders et al. 2009a; 

Münzbergová 2006; Nuismer and Thompson 2001). Differences in performance of the insect 

herbivore Spodoptera exigua on Solidago gigantea (giant goldenrod) plants of differing 

cytotypes were also attributed to changes in secondary chemistry (Hull-Sanders et al. 2009a, b), 

indicating further modulation of the interaction space.  

That symbiotic interactions with soil microorganisms can also be affected by polyploidy 

has been shown in relation to arbuscular mycorrhizal (AM) associations. Studies of the 



22 

 

Gymnadenia conopsea group (Orchidaceae) found that plants of different ploidy levels formed 

associations with distinct suites of mycorrhizal fungi (Těšitelová et al. 2013). In this work, the 

segregation of mycorrhizal symbionts by ploidy level was most strongly observed in the 

comparison of diploids and derived autopolyploids growing in close proximity at sites containing 

mixtures of plants of several ploidy levels. This research suggests the potential for differences in 

signaling between plants of varying ploidy and mycorrhizal symbionts in that the interactions 

with different suites of symbionts may be indicative of signaling specificity and differentiation of 

signaling spaces. Subsequent work has confirmed interactive effects of ploidy and AM 

inoculation in other genera, affecting plant growth and mycorrhizal parameters (Sudová et al. 

2014), which also suggests effects of polyploidy on signaling and interaction spaces. Differing 

growth responses to particular symbionts between autopolyploids and diploids also suggest that 

divergent selection can lead to differentiation of signaling subsequent to polyploid formation. 

However, the effects of polyploidy can vary with taxon. In a study by Sudová et al. (2010), 

differences in mycorrhizal growth responses were not observed between diploids and polyploids 

for Campanula gentilis and Pimpinella saxifraga, though the growth of Aster amellus diploids 

was positively responsive to mycorrhizal inoculation, while hexaploids were either not 

responsive or negatively responsive. In these experiments, ploidy did not have any effect on 

mycorrhizal parameters, including extraradical mycelial growth and the extent of mycorrhizal 

colonization (Sudová et al. 2010).  

 This research indicates the potential for plant polyploidy to alter interactions between 

plants and various types of symbionts, notably soil microorganisms, and suggests that alterations 

in signaling may be connected to the differences observed. The next section explores the 
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potential implications of polyploidy for nodulation signaling and symbiosis, with attention 

devoted to effects on particular components of signaling.  

 

POTENTIAL IMPLICATIONS OF POLYPLOIDY FOR NODULATION SIGNALING 

 The visualization of symbiotic and signaling spaces introduced earlier is useful in 

considering effects of polyploidy, since polyploidy can alter these spaces by affecting diverse 

processes in plants, leading to a variety of possible outcomes. If we consider a scenario with two 

diploid progenitors with distinct but overlapping hypothetical symbiotic spaces, we can predict a 

variety of outcomes in the symbiotic space of an allopolyploid, including additive, parental, and 

transgressive patterns (Figure 2.3). The following sections will explore a number of effects 

through which polyploidy can alter these hypothetical symbiotic spaces. We will consider 

alterations to metabolite signaling in exudates, signal reception, as well as additional signaling 

mechanisms and effects on signaling. 

 

Figure 2.3. Visualizations of species-level signaling spaces (defined by multiple determinants) 

and outcomes of allopolyploidy. (A) The composite signaling space illustrated in Fig. 1C is 

shown for two diploid species (genome designations AA and BB), representing the rhizobial 

genotypes for which interactions are possible with plant genotypes (A1A1, A1A2, A2A2, … ; B1B1, 

B1B2, B2B2,…) that make up each host species. In this case, the two species have partly 



24 

 

overlapping, partly non-overlapping signaling spaces. When an allopolyploid is formed from the 

two diploid progenitors, a variety of outcomes are possible for the signaling space of the 

allopolyploid, including: (B) a signaling space that comprises the summed signaling spaces of 

both diploids, (C) a signaling space that is the same as one diploid or the other (possibly due to 

dominance of one homoeologous genome over the other), or (D) some combination of the 

signaling spaces of the diploid progenitors, including potential transgressive (non-parental) 

signaling spaces. 

 

Flavonoids 

 Polyploidy can alter the biosynthesis of secondary metabolites. These effects include 

increased accumulation and concentration of secondary metabolites (e.g., Hull-Sanders et al. 

2009a; Lavania et al. 2012), including changes in flavonoid pathways (Griesbach and Kamo 

1996). Qualitative variations in flavonoid profiles between ploidy levels, including novel 

compounds in polyploids that are not found in progenitor diploids, have also been documented 

(Levy and Levin 1971, 1974). Historically, such qualitative differences in flavonoid profiles, 

particularly when additive, were often used as evidence for determining the parentage of 

allopolyploids (Mears 1980). 

The synthesis of novel, more diverse flavonoids, and novel combinations of flavonoids, 

can occur as a result of diversification of genes affecting the biosynthetic processes by 

neofunctionalization or through the effects of hybridity (including differential regulation or novel 

regulatory patterns) in an allopolyploid. Qualitative differences in exuded flavonoids can alter 

symbiotic outcomes because, as noted above, there is specificity between particular flavonoid 

compounds and the response of nod gene induction in particular strains of rhizobial bacteria 

(Aoki et al. 2000; Long 1996). A given flavonoid can have distinct inducing and inhibiting 

effects on Nod factor synthesis across various species and strains of rhizobia (Kape et al. 1991; 

Kosslak et al. 1987; Kosslak et al. 1990; Yokoyama 2008). Similarly, polyploidy-induced 

alterations to gene expression that affect enzymes involved in the synthesis of signaling 
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compounds could have quantitative effects on symbiotic interactions, increasing or decreasing 

the magnitude and intensity of the signaling. It is also conceivable that, in terms of absolute 

exudation on a per-plant basis, changes to the biomass of biosynthetic tissues in polyploids could 

also increase or decrease the total amount of flavonoids produced. In vitro, increases in flavonoid 

concentration can lead to increased Nod factor synthesis (e.g., Yokoyama 2008), which in turn 

can lead to different calcium responses (Shaw and Long 2003). In optimized hydroponic 

systems, exogenous application of inducing flavonoids stimulates nodulation (Novak et al. 

2002). Such induction responses can increase with flavonoid concentration over a certain range, 

beyond which, in certain cases, the response decreases, potentially due to toxicity effects 

(Bolaños-Vásquez and Werner 1997; Novak et al. 2002; Pueppke et al. 1998). In general, any 

change in biosynthesis of particular flavonoids that affects the profile of exuded compounds 

would be expected to lead to alterations in the magnitude of induction or inhibition of Nod factor 

synthesis, which would alter the probabilities of outcomes within the signaling space defined by 

flavonoid signaling.  

In the context of signaling spaces, one can propose a broad, hypothetical signaling space 

delineated solely by the exudation of flavonoids and their capacity for inducing or inhibiting Nod 

factor production. The size of the signaling space can initially be taken as all rhizobial genotypes 

for which a plant’s exudate yields a non-zero probability of Nod factor induction. The relative 

size of the signaling space under consideration can be increased or decreased depending on 

setting a biologically relevant Nod factor induction threshold. The exclusion or inclusion of a 

rhizobial strain from a particular signaling space established by a given Nod factor induction 

threshold will be determined by the total Nod factor inducing capability of the mixture of 

compounds in the exudate of a plant. This could be calculated by summing the products of the 
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total amount of each compound released by the plant and taken in by a given bacterium, and the 

Nod factor inducing or inhibiting effect of each compound. Additional terms are also required to 

account for interactive effects between the compounds that will change the total induction or 

inhibition capacity of the exudate for any particular rhizobial genotype. In this framework, the 

effect of quantitative or qualitative changes in flavonoid profiles due to polyploidy could be 

approximated by comparing the concentrations of compounds and inductive capabilities of the 

compounds in the polyploids with those of the diploids. 

 While changes in the biosynthesis of flavonoids due to polyploidy are critical to consider, 

in the context of nodulation, it is the exudation of flavonoids from the root into the rhizosphere 

that affects the potential for signaling with rhizobial bacteria. This requires consideration of 

ATP-binding cassette (ABC) and MATE transporters. ABC-type transporters have been 

implicated in the exudation of flavonoids from legume root cells and evidence suggests they 

could have a variable affinity for different flavonoid compounds (Sugiyama et al. 2007). 

Competitive inhibition assays using soybean plasma membrane vesicles found that the 

isoflavonoid daidzein, as well as biochanin A and formononetin, inhibited genistein transport, 

while the flavonone naringenin and the flavonol kaempferol did not, suggesting the latter were 

not readily transported (Sugiyama et al. 2007). Genistin, the glucoside of genistein, also inhibited 

genistein transport, but appeared to do so to a lesser degree than the daidzein, biochanin A and 

formononetin (Sugiyama et al. 2007). MATE transporters have not been reported as being 

involved in exudation from the root or transport across the plasma membrane, but several MATE 

transporters have been found that are involved in transport of flavonoids into the vacuole, 

leading to suggestions that MATE transporters may also play a role in flavonoid exudation 

(Gomez et al. 2009; Marinova et al. 2007; Zhao and Dixon 2009). Given the importance of 
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transporters in exudation and varying capacities for transporting different flavonoids, simply 

synthesizing novel compounds alone would not necessarily translate into their exudation from 

the plant root tissues; different transporters may be required for effective exudation of particular 

flavonoids. The observation that mutations to individual transporters can lead to changes 

throughout the biosynthetic networks involved in flavonoid production (e.g., Zhao et al. 2011) 

suggests that changes to the number and specificities of transporters could have a profound 

influence on rhizosphere signaling. Thus, for synthesis of novel or more diverse flavonoids in 

polyploids to affect nodulation signaling, the capacity to transport the novel array of compounds 

must also be present among the transport proteins that participate in the exudation of flavonoid 

compounds from the root tissues to the rhizosphere. In a polyploid, the genes encoding the 

necessary transporters may be available due to their presence in the diploid progenitors; 

alternately, novel transport capacities could theoretically be developed by mutation (creation of 

new alleles) or by neofunctionalization of duplicated genes. 

 Similarly, quantitative increases in the biosynthesis of flavonoids would not necessarily 

lead to greater exudation, but would depend on the density of transporters available for 

exudation. This would, in turn, depend in a complex manner on the number of transporters per 

cell and the external cell surface area. This is not expected to be constant between polyploids and 

diploids, since cell size and, therefore, surface-to-volume ratios, are often altered by WGD 

(Coate et al. 2012; Lavania et al. 2012; Levin 1983). Alterations to transcriptome size and 

differential translational regulation will also have effects on the number of flavonoid transporters 

on the root surface; both types of changes have been documented in polyploids (Coate et al. 

2014; Coate and Doyle 2010, 2015) (Coate and Doyle, 2010; Coate et al., 2014; Coate and 
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Doyle, 2015). These aspects will also be relevant in the following section on genetic diversity 

and gene expression. 

 Although flavonoids can be important in the attraction of rhizobia, they are not 

necessarily the primary compounds that serve this purpose. Early studies on the chemotaxis of 

rhizobia found that with some rhizobial species, such as Rhizobium leguminosarum and 

Sinorhizobium meliloti, chemotaxis occurred in response not only to flavonoids but also to 

nutrients, specifically organic acids (Aguilar et al. 1988; Armitage et al. 1988; Caetano-Anolles 

et al. 1988). In these species, flavonoids that were nod gene inducers were also found to be 

chemotactic attractants. However, in Bradyrhizobium japonicum, chemotaxis occurred in 

response to nutrients but not flavonoids (Barbour et al. 1991; Kape et al. 1991). In this case, it 

appeared that chemotactic molecules were distinct from nod gene inducers. More recent work 

has examined varying chemotaxis of B. japonicum strains to nutrient attractants (Althabegoiti et 

al. 2008), and also explores the bacterial genes and receptors involved in perception of 

chemotactic signals in various rhizobial species (Miller et al. 2007; Webb et al. 2014; Yost et al. 

1998). Given the chemotactic importance of non-flavonoid compounds, the impacts of 

polyploidy on rhizobial interactions may extend beyond the effects on flavonoid biosynthesis and 

exudation to the synthesis and exudation of organic acids and other nutrients as well, when 

considering the contribution of chemotaxis as a variable defining the signaling space. 

Nod factor receptors 

In the context of nodulation signaling, polyploids have the potential to possess increased 

diversity of Nod factor receptors, thereby enabling perception of a broader array of rhizobial 

signals. As fixed hybrids, allopolyploid species can, at least initially, combine Nod factor 

receptors from different diploid species. Neofunctionalization and further diversification of Nod 
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factor receptors could increase the capacity to perceive a broader array of bacterial Nod factors 

having diverse structural properties. A general prediction is that greater Nod factor receptor 

diversity should be associated with a greater range of bacterial symbiont partners with which root 

hair curling is elicited (Indrasumunar et al. 2010; Radutoiu et al. 2007). Thus, one hypothesis is 

that the allopolyploids, as fixed hybrids, will have equal or greater symbiont ranges (interaction 

spaces) relative to their diploid progenitors. However, tests of selection and differences in 

expression may reveal early fractionation, neutral evolution and loss of particular gene copies, in 

which case the allopolyploid may not have an increased diversity of receptor genes and the 

expected concomitant increased symbiotic range. Further, polyploidy-related modulation of the 

expression of plant receptors could also have quantitative effects on symbiotic interactions, 

increasing or decreasing the magnitude and intensity of the signaling.  

Resistance genes 

 R genes encode R proteins, which play an important role in plant defense against 

pathogens. This contribution to resistance can be achieved by several potential mechanisms, 

including through the R protein binding directly to pathogen avirulence molecules (effectors) or 

by monitoring cellular targets of effectors (according to the ‘guard hypothesis’; Jones and Dangl 

2006). Tandem duplications and segmental genomic duplications have contributed to R gene 

family expansion, though paralogous genes may also be lost following duplication in some cases, 

and duplicated genes have subsequently diverged due additional accumulated mutations (Meyers 

et al. 2005). Thus, both genome duplication and fixed hybridity (in allopolyploids) have the 

capacity to increase diversity and create novel combinations of R genes, which in turn would 

affect potential biotic interactions, including nodulation. In particular, variations on the allelic 

combinations of Rfg1 and Rj2 in G. max, mentioned earlier, could enhance or reduce the ability 
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of a polyploid to form nodules with particular bacterial species or strains. The general 

predictions for R genes in polyploids stand in opposition to those for the Nod factor receptors, 

because greater diversity of R genes would be expected to lead to a more restricted symbiont 

range, given that particular alleles at the locus serve to prevent nodulation with certain 

symbionts. Thus, when considering interaction outcomes defined by R genes, one could predict 

that allopolyploid fixed hybrids, for example, would have an equal or more restricted signaling 

space than their diploid progenitors, unless the allopolyploids silence R genes from one 

progenitor. That R genes may belong to the general class of ‘duplication resistant’ genes 

(Paterson et al. 2006) is plausible given preferential NB-LRR gene loss in G. max following 

polyploidy (Ashfield et al. 2012). The general lability of R genes is suggested by extreme copy 

number variation in several plant taxa (Zhang et al. 2010). 

Additional avenues for effects of polyploidy on signaling mechanisms via plant growth and 

cytokinins 

Polyploidy often has effects on plant growth. In general, wild autopolyploids, along with 

induced neopolyploids, tend to have larger organs than related diploids (Ramsey and Schemske 

2002; Ramsey and Ramsey 2014). Such changes to mature plant size and plant growth rates can 

be related to alterations to nutrient demand and uptake. Early studies found greater tolerance of 

Nicotiana polyploids for growth in nutrient-poor calcareous soils (Noguti et al. 1940); more 

recent work also found greater tolerance to calcium treatments in polyploid Solidago gigantea 

(Schlaepfer et al. 2010) and greater salinity tolerance in tetraploid Brassica rapa (Meng et al. 

2011). Effects of ploidy resulting in increased or decreased nutrient uptake efficiency, however, 

appear to be species-specific, in the cases of potassium and sulfate (Cacco et al. 1976). If 

polyploidy results in alterations to nitrogen uptake and demand, such effects would be likely to 
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yield changes in rhizosphere signaling. Flavonoid and metabolite exudation into the rhizosphere 

is changed by high nitrogen treatments: nitrogen deficiency can trigger the biosynthesis of 

flavonoids and nitrate application decreases flavonoid accumulation, including the nodulation 

signaling isoflavonoids daidzein and genistein in soybean (Cho and Harper 1991; Lea et al. 

2007). In addition to effects on secondary metabolite accumulation, changes in plant growth and 

nutrient regulation are also connected to differences in hormonal concentrations and signaling 

(Depuydt and Hardtke 2011; Kiba et al. 2011; Krouk et al. 2011). Cytokinin levels, as noted 

above, have the potential to affect the number of nodules formed (Lohar et al. 2004; Sasaki et al. 

2014); thus certain changes to hormonal signaling in polyploid plants can have additional effects 

on symbiotic interactions. Furthermore, cytokinins have the capacity to repress a number of 

transporters of nutrients, including nitrate, ammonium, sulfate and phosphate (Sakakibara et al. 

2006), while cytokinin transport and biosynthesis can also be regulated by nitrate availability 

(Takei et al. 2001; Takei et al. 2004). Nitrogen availability relative to plant demand, then, has the 

potential for interacting effects on cytokinin signaling and flavonoid biosynthesis, both of which 

have implications for signaling and interactions between legumes and rhizobia. If there were 

changes in the response of a polyploid to the relative quantities of signaling molecules, such as 

cytokinins, the densities of receptors for these signals, or the sensitivity of receptors to the 

signals would lead to alterations, as noted above, in nodule formation, in addition to altered plant 

growth. Altered cytokinin signaling in the polyploid would also have the potential to interact 

with nitrogen transport, thereby affecting flavonoid biosynthesis and possibly flavonoid 

signaling into the rhizosphere.  

 Op den Camp et al. (2011b) examined the duplication of genes in the cytokinin signaling 

pathway through a WGD event in the papilionoid legume lineage to determine if this duplication 



32 

 

could lead to evolution of nodulation-related functions. The authors identified a gene pair of 

cytokinin response regulators that were duplicated at the time of the WGD event, and their data 

appear to indicate that the two genes have differing expression patterns and responses to Nod 

factors, with MtRR9 having the strongest induction in response to symbiotic signals, while 

MtRR11 showed nonsymbiotic expression. They suggested that the WGD event in the 

papilionoids had an effect on nodulation signaling through the duplication of genes in the 

cytokinin pathway. 

Although the potential impacts of polyploidy on nodulation symbioses and signaling can 

be explored to make predictions, extensive studies to match those conducted with pollinators, 

herbivores and AM fungi remain necessary. Nevertheless, recent genomic studies have generated 

interest in the interface between polyploidy and rhizobial interactions. These studies have 

yielded insights into the evolutionary connections between polyploidy and nodulation, with 

genetic data relating specifically to signaling processes. 

 

EVIDENCE OF ROLES FOR POLYPLOIDY IN THE EVOLUTION OF NODULATION 

AND RHIZOBIAL SIGNALING 

Nitrogen-fixing symbioses have evolved in four plant orders (Cucurbitales, Rosales, 

Fagales and Fabales) that comprise the nitrogen-fixing clade (NFC) of the Fabid group of rosid 

eudicots; the instances of nodulation in this clade are thought to be nonhomologous (Doyle 

2011). Prominent within this group is the legume family, where symbioses with rhizobial 

bacteria evolved (Figure 2.4); with the exception of Parasponia in the order Rosales, the other 

nitrogen-fixing symbioses in the NFC involve plants that are nodulated by Gram-positive soil 

bacteria in the genus Frankia (Pawlowski and Sprent 2007). The Cucurbitales, Rosales and 
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Fagales each contain a relatively small number of taxa that form nodulating associations. In 

contrast, rhizobial nodulation symbioses in legumes are widespread and extremely diverse, such 

that Gram-negative bacteria from eleven genera interact with a wide taxonomic range of legumes 

(Pawlowski and Sprent 2007). There is also ample diversity of structure and growth in legumes 

(e.g., indeterminate nodules that maintain a persistent meristem or determinate nodules that do 

not), method of infection (e.g., rhizobia enter the plant tissues through root hairs, or by epidermal 

or crack entry) and nutrient transport (e.g., nitrogen is exported from the nodule as amides or 

ureides) among the symbioses between legumes and rhizobia (Sprent 2007). Here, we review 

recent genomic studies that have suggested connections between the evolution of nodulation in 

legumes and WGD events, and have led to speculation about the contribution of polyploidy to 

the development and refinement of nodulation interactions (Li et al. 2013; Young et al. 2011). 

 

 

Figure 2.4: Summary legume phylogeny adapted from Cannon et al. (2015), showing selected 

taxa (for more detailed figure see Doyle, 2011). Filled circles indicate that many species in the 

clade nodulate, while empty circles indicate that no members of the clade are known to nodulate. 

The circle for the Swartzioid clade is meant to indicate that some members of the clade nodulate. 

Timing of hypothesized genome duplication events is indicated using red bars. Polygala and 
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Quillaja are non-legume outgroups, neither of which nodulates; these genera and legumes are 

members of the order Fabales, one of several orders of the NFC, where nodulation occurs 

sporadically. Nodulation in legumes occurs only in the MCC clade and in the papilionoids, and 

may have originated in their common ancestor. However, this hypothesis is not parsimonious 

given the absence of nodulation from most genera in the MCC clade outside of the core 

mimosoids (represented here by Mimosa, but including over 3,000 species, nearly all of which 

nodulate), and from some of the “basal” lineages of papilionoids (here represented by 

Xanthocercis, the Cladastris clade, and some members of the Swartzioid clade). It is more 

parsimonious to hypothesize multiple independent origins of nodulation, one or more times each 

in the MCC and papilionoid clades (Doyle, 2011). Independent origins of nodulation are known. 

 

The exact role of WGD events in the evolution of nodulation has been difficult to 

ascertain. In part, this is due to the difficulty of determining the timing of WGD events and in 

pinpointing instances of the novel evolution of nodulation. The ability to distinguish between 

ancestral and derived states is necessary to understand the evolution of any trait. In the case of 

many legume genera, the states are not known for nodulation (Doyle 2011). For example, the 

genus Senna does not nodulate (Sprent 2009). If none of its ancestors were able to nodulate, lack 

of nodulation would be an ancestral (‘primitive’) character; but if its ancestors were able to 

nodulate, but this ability has been lost, the absence of nodulation would be a derived state. Thus, 

it is at present unknown how many independent origins of nodulation there have been in the 

legume family (Doyle 2011). Similarly, the number and timing of polyploidy events in the 

legumes has not been known until recently (Cannon et al. 2010; Cannon et al. 2015). Moreover, 

when WGD events are older than a few million years, the ancestor or ancestors of the polyploid 

typically are not known, because diploid progenitors are extinct. Finally, it is difficult to 

reconstruct ancestral states for gene families due to processes including gene birth and death, 

concerted evolution, and the evolution of gene expression.  

Despite these difficulties, progress has been made in assessing the role of polyploidy in 

the evolution of nodulation. Researchers have proposed the unique evolution of a still-unknown 
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‘predisposition’ or ‘precursor’ for nodulation in a common ancestor of the NFC (Soltis et al. 

1995). A recent modeling study updates this hypothesis, reaffirming that this predisposition 

evolved a single time, over 100 MYA, and suggesting that subsequent evolution led to 

‘actualization’ that enabled formation of symbiotic associations in nodule structures (Werner et 

al. 2014). In turn, this actualization was followed by additional processes of refinement, 

elaboration and diversification in different lineages. Elements of signaling cascades are clearly 

candidates for the evolution of the precursor and steps in the process of actualization leading to 

effective nodulation symbioses.  

Constraining the analysis to rhizobial symbiosis in legumes, establishing timing of WGD 

events and instances of actualization, or evolution of nodulation proper, has also been difficult. 

While fossil evidence exists for AM symbioses (Remy et al. 1994; Taylor et al. 1995), there are 

no known fossil nodules (Sprent 2007). The most recent common ancestor of legumes existed 

around 60 MYA, and the early evolution of the family was rapid, with the major lineages all 

established within 10-15 MY (Bruneau et al. 2008; Lavin et al. 2005). Nodulation has been 

rarely lost in two major lineages—over 95% of papilionoids nodulate, and a comparable 

percentage of mimosoids do as well—with several other legume groups also able to nodulate. 

Given uncertainties in legume phylogeny, incomplete data on nodulation, and an inability to 

discriminate loss of nodulation from ancestral inability to nodulate (discussed above), we still do 

not know how many times nodulation was gained or lost in the family. However, focusing only 

on papilionoids, we know that the common papilionoid ancestor experienced a WGD event 

(Cannon et al. 2015), and, given our current understanding of legume phylogeny (Cardoso et al. 

2012; Cardoso et al. 2013), it seems most likely that this ancestor did not nodulate. Thus, the 

timing and potential coincidence of this WGD event with the advent or refinement of rhizobial 
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symbioses has led to speculation that the polyploidy event in the papilionoid lineage had a 

critical role in the evolution of legume nodulation.  

Recent evidence, primarily derived from genomic and transcriptomic data on gene 

retention and expression, has been used to support the proposition that the WGD event shared by 

the papilionoid legumes enabled the refinement and specialization of various nodulation-related 

processes (e.g., Kim et al. 2013b; Li et al. 2013; Young et al. 2011). The evidence supporting the 

role of this WGD in the development of nodulation centers on the retention of gene duplicates 

originating from the papilionoid WGD where one member of each pair is currently involved in 

nodulation-related processes. This, coupled with differential expression across tissues and 

functions, suggests that the WGD contributed genetic material that served in the development 

and/or refinement of nodulation. 

 For example, in their analysis of the Medicago truncatula genome, Young et al. (2011) 

found that the nodulation-related genes NFP, the Nod factor receptor involved in rhizobial signal 

perception, and ERN1 both have duplicates (LYR1 and ERN2, respectively) that date to the 

papilionoid WGD, and have contrasting expression patterns, suggesting functional specialization. 

While NFP and ERN1 are implicated in and expressed during nodulation, LYR1 and ERN2 are 

associated with mycorrhizal infection. This is in contrast to Parasponia andersonii, the non-

legume nodulating with rhizobia: P. andersonii possesses a single NFP orthologue that functions 

in both rhizobial and mycorrhizal interactions (Op den Camp et al. 2011a). This suggests that the 

signaling receptors NFP and LYR1 developed their specialized functions following duplication 

via the papilionoid WGD. 

 Li et al. (2013), working with the sequenced genomes of four papilionoid legumes, found 

further examples of apparent preferential gene retention following duplication during the 
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papilionoid WGD, where a member of a pair of duplicate genes had a role in nodulation, 

indicating the polyploidy event ‘might have induced the emergence of critical symbiotic genes 

and increased the complexity of the symbiotic signaling pathway’. They found genes in the 

flavonoid biosynthesis pathway that were retained in duplicate, and suggest that ‘more abundant 

and diverse flavonoids would be synthesized as a result of the polyploidy event and that the 

enrichment of flavonoids might be adaptive for the complex signaling required for legume–

Rhizobium symbiosis’ (Li et al. 2013). Some caution is warranted in interpreting this evidence; 

while possession of duplicated genes encoding an enzyme may be found to lead to increased 

enzyme concentrations and biosynthetic activity, functional divergence of the homoeologous 

gene copies would be required for synthesizing a greater diversity of flavonoids. In addition to 

retention of duplicates involved in flavonoid biosynthesis, this work also highlighted retention of 

duplicates in other ontology terms that include processes involved in nodulation. These included 

signaling receptors, nodule organogenesis (particularly gene ontology (GO) terms including 

hormone-mediated signaling pathways and cytokinin-mediated signaling pathways), infection 

thread formation and growth, and nutrient transport, exchange and metabolism. These 

hypotheses provide fertile ground for further, more detailed studies on individual gene families 

and genes. 

As noted above, however, any simple account of a connection between polyploidy and 

the evolution of nodulation based solely on the relationship of nodulation to the papilionoid 

WGD event is complicated by several additional considerations. The presence of nodulation in 

the genus Chamaecrista, a legume that does not share the papilionoid WGD, also indicates that 

this particular WGD event was not necessary for the appearance of nodulation, even in legumes 

(Cannon et al. 2010). On this basis, Cannon et al. (2010) suggested that polyploidy did not 
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necessarily predate nodulation in all legumes and, consequently, there can be no necessary role 

ascribed to the papilionoid-specific WGD. A recent, more comprehensive phylogenomic study, 

however, found evidence of an additional polyploidy event at the base of the Mimosoid-

Cassiinae-Caesalpinieae (MCC) clade, which includes the genus Chamaecrista (Cannon et al. 

2015). Thus, nodulation in the MCC clade may yet be connected to an MCC-specific WGD 

event. However, just as there are non-nodulating taxa in the papilionoid subfamily that 

experienced the papilionoid-specific WGD event, there are also non-nodulating taxa that shared 

the MCC-specific event (e.g., Gleditsia, Gymnocladus, Senna); indeed, outside the mimosoid 

clade, most members of the MCC do not nodulate. Moreover, evidence was also found for 

separate polyploidies in the history of the Cercideae and Detarieae (Cannon et al. 2015), which 

are groups in which there is no known nodulation (Sprent 2009). The presence of these non-

nodulating lineages that have undergone WGD events in their evolutionary history reinforces the 

observation that polyploidy does not inevitably lead to nodulation in legumes, despite the 

presence of the nodulation precursor. It remains unclear, though, whether these non-nodulating 

taxa represent multiple losses (preceded by a single origin of nodulation) or whether there were, 

conversely, multiple independent gains of nodulation. According to the models of Werner et al. 

(2014), the ‘actualization’ of nodulation occurred independently on numerous occasions in the 

MCC-clade; however, this modeling study used a very different tree than that which has been 

used in other legume phylogenies and does not provide definitive information on where 

nodulation originated in the clade. Even assuming the evolution of a shared predisposition for 

nodulation in all members of the Fabales, it appears that subsequent polyploidy events do not 

necessarily lead to nodulation, given evidence of independent polyploidy events in the non-

nodulating Polygala and Quillaja lineages (Cannon et al. 2015). 
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The current evidence indicates that no single WGD event appears to have been necessary 

for the evolution of rhizobial signaling mechanisms and symbiosis throughout the legume 

family. If there were a necessary connection between the two events, the interpretation would 

require acknowledgement of the distinct, lineage-specific WGD events in nodulating legumes, 

and the apparent absence of a single WGD event in the most recent common ancestor of all 

nodulating lineages. While it is plausible that polyploidy can, and likely did, provide raw 

materials for the elaboration or refinement of nodulation signaling and symbioses (as it does for 

all other plant processes), it is also still uncertain that WGD is sufficient for the evolution of 

rhizobial nodulation in all legumes or even in papilionoids. There are, nevertheless, several 

examples of critical genes involved in papilionoid nodulation, including some encoding signaling 

functions, that arose as duplicates due to WGD in the evolutionary history of the legume family. 

Additional tests of the effects of more recent polyploidy events in nodulating legume lineages 

could help to clarify the potential of WGD events to enhance or yield further refinements. 

 

CURRENT AND FUTURE STUDIES OF POLYPLOIDY AND NODULATION: 

CHALLENGES AND OPPORTUNITIES 

 Studies using genomic data to examine the connection between polyploidy and the origin 

or refinement of nodulation have highlighted a need for additional evidence and direct 

experimentation. Several early inoculation studies attempted to examine the relationship between 

polyploidy and nodulation in a restricted number of study systems (Weir 1961; Leps et al. 1980). 

These studies, however, were primarily conducted in synthetically generated autopolyploids and 

preceded the substantial advances in understanding of the signaling mechanisms underlying 

nodulation, many of which have occurred since the 1980s (e.g., reviewed in Long 1996; 
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Broughton et al. 2000; Ferguson et al. 2010; Oldroyd 2013). Moreover, substantial progress was 

also made over the course of these decades in advancing the study of polyploidy through the use 

of molecular techniques (Soltis et al. 2010). Thus, there is now a great opportunity to engage 

again in direct study of the interaction between these phenomena, given both our enhanced 

understanding of the molecular mechanisms underlying the evolutionary context and relevance 

of polyploidy for nodulation indicated by recent genomic studies. To this end, our research has 

turned to experiments testing relationships between polyploidy and nodulation, flavonoid 

exudation, receptor diversity, and transcriptome-level responses, primarily using Glycine 

subgenus Glycine as our study system, which includes a complex of recently formed 

allopolyploids (Sherman-Broyles et al. 2014). 

 Along with the opportunities for advancing this area of research, several challenges exist 

for any future work on the connection between polyploidy and nodulation. These include issues 

related to variability of the effects of polyploidy at different time-scales and the importance of 

assessing the progenitor contributions to the formation of polyploids, given the sensitivity of 

rhizobial interactions to genotype-by-genotype-by-environment (G x G x E) interactions. Each of 

these issues is broadly relevant to the study of polyploids and their ecological interactions, but 

here we consider particular aspects that will be important in assessing the implications for 

nodulation symbioses and signaling. 

Studying effects at several time-scales: natural paleopolyploids, neopolyploids and synthetics 

 Polyploidy can have variable effects at different time-scales and this is a challenge for 

developing any general understanding of the effects polyploidy can have on nodulation. While 

ancient polyploidy events and the genomes of ancient paleopolyploid have been the source of 

data pertaining to the evolution of nodulation, direct evaluations are generally not possible, since 
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the progenitors of these polyploids are not known or available (e.g., Young et al. 2011). Natural, 

recently formed polyploids, though, often present opportunities to study both the extant 

progenitors and the polyploids to which they gave rise (Hegarty et al. 2013). Even here, 

however, caution is required in making inferences, since the formation of polyploids may 

involve radical genetic and epigenetic changes (e.g., ‘genomic shock’ of McClintock (1984)) and 

selection has had the capacity and time to alter rhizobial symbioses in the polyploid plants, such 

that the effects of selection would be combined with any effects due to polyploidy (Hegarty et al. 

2013). In addition, the diploid progenitors and their symbiotic interactions will also have evolved 

and, in their current ecological responses, may not be accurate representatives of the plants that 

originally gave rise to the polyploid. In general, even when comparison of natural polyploids and 

diploid progenitors is possible, such a comparison necessarily confounds the near-term effects of 

polyploidy, which include effects of changes to cell size and division, development and gene 

dosage, with longer term effects, including altered responses to natural selection (Ramsey and 

Ramsey 2014). These issues complicate any direct comparisons that could be attempted between 

extant polyploids and presumed diploid progenitors. Not coincidentally, studies of natural 

polyploids must necessarily involve consideration of species rather than individual genotypes, 

since the relevant genotypes are unknown and unsampled if indeed they still exist. 

When available, synthetic polyploids present an excellent opportunity to study the 

immediate effects of polyploidy. The effect of genome doubling itself can be studied, removing 

from consideration subsequent effects of natural selection in an ecologically relevant context, 

and can also be used to separate effects of genome duplication from those of genome merger by 

examining both autopolyploids and allopolyploids (Hegarty et al. 2013). With nodulation-related 

plant signaling mechanisms, as outlined above, enhanced exudation of a broader diversity of 
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signaling compounds or the expression of Nod factor receptors from distinct diploid progenitors 

might be such immediate outcomes of polyploidy. However, constraints to the inferences that 

can be made from the study of synthetic polyploids are precisely due to the isolation from effects 

at longer time-scales noted above, when natural selection has shaped the symbiotic interactions. 

Interactions between host plant and rhizobial symbiont can exist along a continuum from 

mutualism to parasitism (Denison and Kiers 2004); with respect to changes in nodulation-related 

signaling, interactions that are initially enabled or made possible by polyploidy may later be 

selected against if they are adversely impact fitness. While the expression and silencing of one 

member of some classes of progenitor genes (duplication resistant genes) appears to be 

predictable, stochastic alterations are also observed over the early generations of synthetically 

formed allopolyploids (e.g., Gaeta et al. 2007; Gaeta et al. 2009; Madlung and Wendel 2013; 

Wang et al. 2004). Thus, a polyploid’s biosynthesis of signaling molecules, receptors and other 

elements of rhizobial signal transduction pathways could also change rapidly in the generations 

following its formation. These issues, coupled with the fact that the environmental range (and 

thus the adaptive context for rhizobial symbiosis) is often altered over time for polyploids 

relative to their diploid progenitors (te Beest et al. 2012), suggest that a combination of studies 

examining both synthetic and natural (i.e., non-synthetic) polyploids, including established and 

very recently formed neopolyploids, will be needed in order to develop a complete picture of the 

implications of polyploidy for nodulation. 

Challenges of genotype-by-genotype interactions 

 The definition of ‘species’ continues to be debated (e.g., De Queiroz 2007), but for our 

present purposes it can be defined as a collection of genotypes, each with different potentials for 

genetic interaction (in addition to gene flow, the ability to independently assort and recombine to 
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produce diversity). Consideration of rhizobial nodulation in a species necessarily requires 

consideration of interactions between genotypes of the host plants (Gplant) by the genotypes of the 

rhizobia (Grhizobia) by the environment (E). The variability of Gplant x Grhizobia and Gplant x Grhizobia 

x E interactions has been observed in a number of cases (e.g., Heath et al. 2012; Heath and Tiffin 

2007). This variability is relevant when studying polyploids for several reasons. Polyploids may 

be formed multiple times by various combinations of diploid progenitor genotypes, and may 

incorporate further variation from its progenitors by gene flow after formation (Soltis and Soltis 

2009). Even so, formation will involve only a subset of genotypes from within the diploid 

progenitor population. Thus, the variability of these interactions in a set of plant genotypes 

within a progenitor species has the ability to affect the symbiotic outcomes in the polyploid 

produced from them. In a natural context, the symbiotic capacity of a polyploid will depend on 

the genotypes it has ‘sampled’ and incorporated from the progenitor population. When a 

polyploid arises multiple times, the resulting polyploids may interbreed to form a single 

polyploid species; however, if polyploids from different origins are separated geographically or 

genetically, the result can be multiple reproductively isolated polyploid species (Soltis and Soltis 

2009). Isolated polyploid species arising from multiple origins would produce low diversity in 

each individual polyploid species; multiple origins with sampling of a significant part of the 

diversity of the diploid progenitors, followed by recombination (including independent 

assortment) could produce a single, much more diverse, polyploid species that would be more 

likely both to sample more of the diploid diversity (though the sum of diversity across all of the 

polyploid taxa might be the same in both cases) and to produce much more recombinational 

diversity. In turn, these differences in diversity will affect the resultant symbiotic signaling 

capabilities and interaction spaces of the polyploid species. In such cases, comparisons of 
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symbiotic interactions should ideally be made between the polyploids and the diploid progenitor 

genotypes that contributed to its formation, rather than other genotypes of the diploid species, 

though this would be difficult in all but the most recently formed natural polyploids and would 

depend on sampling. 

Allopolyploids thus involve the complications of interactive effects due to hybridity and 

the combination of two diploid progenitor genotypes. Allopolyploid complexes nevertheless 

provide opportunities to understand the emergent effects of polyploidy on nodulation. While 

repeated formation of allopolyploids, with different combinations of diploid progenitors, can 

provide additional complexity, it also provides opportunities to examine a naturally replicated 

system, where emergent properties can be observed across independent instances of polyploid 

formation among closely related species. An additional challenge arises, however, given the 

combination of the effects of hybridity and genome doubling in allopolyploids. Nevertheless, this 

challenge can be addressed in natural systems by relating levels of hybridity with particular 

effects to determine whether a possible effect of allopolyploidy correlates strongly with the level 

of hybridity (i.e., the genetic distance or divergence between progenitor species). Effects that are 

strongly associated with allopolyploids, but do not correlate well with hybridity levels are thus 

less likely to be due to hybridity and may be attributable to the phenomenon of genome doubling 

in the allopolyploids (and subsequent selection acting on them). In the context of rhizobial 

symbiosis, untangling such effects is important, since there is evidence that both hybridity and 

polyploidy can, for example, affect biosynthesis of flavonoid compounds (e.g., Levy and Levin 

1971, 1974; Orians 2000; Schwarze 1959). Thus, changes in rhizobial interactions observed 

between an allopolyploid and its diploid progenitors may be attributable either to hybridity, 

genome doubling, or both. 



45 

 

CONCLUSION 

In recent years, researchers have expressed interest in the possibility of engineering 

biological nitrogen fixation in cereals, due to the potential value of reducing nitrogen fertilizer 

application (Beatty and Good 2011; Oldroyd and Dixon 2014). Such potential applications have 

stimulated additional interest in understanding the evolution of nodulation in legumes and other 

NFC species. Analyses of genomic data from nodulating legumes known to have experienced 

whole genome duplication have suggested an important role for polyploidy in the evolution of 

nodulation in such species. While several challenges exist to the direct evaluation of the 

connections between polyploidy and nodulation, the opportunities for increased understanding 

are great. Many of the signaling mechanisms underlying nodulation have now been elucidated. 

The methods available for accurately identifying and assessing polyploids have improved. Thus, 

future research involving the combined study of diverse nodulating systems will yield insights 

into the emergent implications of polyploidy for rhizobial signaling and symbiotic interactions 

with plants. 
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CHAPTER 3 

EFFECTS OF ALLOPOLYPLOIDY AND RHIZOBIAL INOCULATION ON ROOT 

METABOLITE PROFILES, DIVERSITY, EXUDATION AND BIOSYNTHETIC GENE 

EXPRESSION IN GLYCINE SUBGENUS GLYCINE 
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INTRODUCTION 

Polyploidy (whole genome duplication; WGD) has been a prevalent phenomenon in the 

evolutionary history of plants. All flowering plants have polyploidy in their history and 

polyploidy is believed to have been involved in their diversification (Jiao et al. 2011). Polyploidy 

can generate evolutionary novelty (e.g., Freeling and Thomas 2006; Madlung 2013), and WGD 

affects many aspects of plant biology (Coate et al. 2012; Lavania et al. 2012; Coate et al. 2013; 

Chaudhary et al. 2009; Hao et al. 2013; Marchant et al. 2016; Visger et al. 2016). Novelty 

through polyploidy has also been linked to invasiveness and the ability to colonize new habitats 

(te Beest et al. 2012). However, relatively little is known about the impact of polyploidy on 

biotic interactions (Soltis et al. 2010), but recent work has explored the effects of polyploidy on 

herbivory, pollination and mycorrhizal symbioses (e.g., Nuismer and Thompson 2001; 

Thompson and Merg 2008; Těšitelová et al. 2013).  

Nodulation in legumes is a specialized symbiotic relationship, established between plants 

and a diverse set of nitrogen-fixing bacteria ('rhizobia') to meet the critical challenge of nitrogen 

acquisition (Herridge 2008; Vance 2001, 1998). How the nodulation symbiosis originated 

remains an important evolutionary question (Doyle 2011), but several workers, noting the strong 

correlation between nodulation and a WGD event approximately 55 to 60 million years ago 

(MYA) in the common ancestor of the papilionoid legumes, have suggested that polyploidy 

played a significant role in either the origin or the refinement of this key symbiosis (Young et al. 

2011; Li et al. 2013; De Mita et al. 2014; Kim et al. 2013b). Such studies addressing the role of 

polyploidy in the evolution of nodulation are primarily those that make inferences from patterns 

of retention and expression of genes involved in nodulation that have been retained in duplicate 

for over 50 MY. With the exception of several pre-genomic studies that found differences in 
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nodule number and effectiveness, primarily in autopolyploids (Weir 1961; Leps et al. 1980; 

Stalker et al. 1994), little research has addressed the intersection of these two phenomena directly 

or examined underlying mechanisms, using recently formed polyploids and their known diploid 

progenitors. 

Li et al. (2013) identified a number of nodulation-related processes through which 

polyploidy may have affected the development and evolution of this symbiosis. One such 

process relates to the signaling and synthesis of flavonoids. Flavonoids are important for 

rhizobial symbiosis since they are exuded by the plant and they induce Nod factor production in 

compatible bacteria; Nod factors are, in turn, perceived by the plant host and initiate a series of 

symbiotic responses in the plant (Oldroyd 2013). As the initial signal from hosts to symbionts, 

the types and abundances of flavonoids produced by plant hosts have the potential to affect the 

diversity of rhizobia with which the host has the capacity to interact (e.g., Peck et al. 2006; 

Kobayashi and Broughton 2008). Li et al. (2013) found that genes for a number of enzymes 

involved in flavonoid biosynthesis had been duplicated and retained following the papilionoid 

WGD event. The authors suggested that more abundant and more diverse flavonoids would be 

produced due to polyploidization, and that this could be adaptive in the context of rhizobial 

symbiosis (Li et al. 2013). This is also related to a general expectation that the diversity of 

metabolites synthesized can increase in allopolyploids through combined effects of genome 

doubling and hybridity (e.g., Mears 1980; Levin 1983; Orians 2000). 

On this basis, one would predict that the root metabolite profiles of allopolyploids would 

contain more abundant, more diverse, or novel flavonoid compounds compared to their diploid 

progenitors. If diploid progenitors produce different suites of compounds, an allopolyploid with 

an additive metabolite profile could have enhanced signaling capabilities, having the ability to 
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engage in a different set of interactions, potentially with a broader, more diverse suite of 

symbionts (Powell and Doyle 2015). Over time, this allopolyploid could also develop a 

metabolite profile consisting of a unique subset of the compounds exuded by both diploid 

progenitors. Alternately, the allopolyploid could exhibit transgressive profiles including novel 

compounds, which also might result in broader or novel interactions. Experimental evidence has 

shown that accumulation of natural products can vary in polyploids relative to diploids (Hull-

Sanders et al. 2009a; Lavania et al. 2012) and other past studies have dealt with accumulation of 

flavonoids by polyploids, primarily in above-ground tissues (e.g., Levy and Levin 1971; Murray 

and Williams 1976; Murray and Williams 1973). However, relevant analyses have not been 

conducted on species that form nodulation symbioses. 

The metabolites synthesized by a host plant delineate the broadest potential symbiotic 

signaling capacity of the plant, and the symbiotic signaling capacity of a species is the aggregate 

symbiotic signaling capacity of the individual members of the species. Here, the concept of 

symbiotic signaling capacity is used in a manner similar to the constitutive information 

landscape described by Kessler (2015) for herbivores and other interacting partners, though here 

the chemical information landscape, or symbiotic signaling capacity, creates a type of boundary 

excluding certain species or genotypes of mutualist rhizobia and other bacteria, while enabling 

compatible symbionts to interact with the host. Furthermore, in the case of signaling between 

legumes and rhizobia, while the flavonoids synthesized in the root establish the broadest set of 

interactions (interpretable as a fundamental information space), the compounds present in the 

exudates under different growing conditions represent a narrower, realized information space, 

contributing, ultimately, to the realized set of interactions in the rhizosphere. 
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The allopolyploid complex of Glycine subgenus Glycine provides a model system for 

studying the intersection of nodulation and polyploidy, since members of the complex are known 

to form nodulation symbioses (Pueppke 1988; Pueppke and Broughton 1999; Brockwell et al. 

1998). The complex includes several independently-formed allopolyploids that resulted from 

crosses between known, extant diploid progenitors within the past several hundred thousand 

years (Bombarely et al. 2014). The diploid species are found primarily in Australia, with some 

species’ ranges extending to Papua New Guinea (Doyle et al. 2002; Doyle et al. 2004). Some of 

the allopolyploids, in contrast, are found in diverse locations including Taiwan, the Philippines, 

and the Ryukyu Islands of Japan, in addition to their native ranges in Australia and Papua New 

Guinea (Doyle et al. 2002; Doyle et al. 2004). Conveyance by birds has been suggested as a 

potential mechanism of dispersal (Hymowitz et al. 1990).  

Here, we characterize the flavonoid and nodulation-related metabolite profiles of roots 

and root exudates in members of the Glycine subgenus Glycine complex, asking several 

questions relating to the effects of allopolyploidy. First, do allopolyploids in the complex have 

metabolite profiles that differ from their diploid progenitors qualitatively or quantitatively? 

Second, are there common transgressive patterns among the allopolyploid metabolite profiles, or 

are there differences between allopolyploid species? If they do not clearly differ from one or 

both of their progenitors, or from each other, it is unlikely that the allopolyploid species are 

capable of a different set of interactions with rhizobia, while novel interactions are possible to 

the degree that metabolite profiles differ. Where differing profiles were observed, we explored 

the gene expression that might underlie the differences observed, and also analyzed the degree to 

which distinctive features related to key signaling compounds were also present in root exudates. 
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MATERIALS AND METHODS 

Plant materials 

 For flavonoid analysis, the study group consisted of three allopolyploid species and their 

four diploid progenitor species. The allopolyploids include G. dolichocarpa ‘T2’, G. tomentella 

‘T1’, and G. tomentella ‘T5’. G. syndetika ‘D4’ and G. tomentella ‘D3’ are the diploid 

progenitors of G. dolichocarpa ‘T2’; G. tomentella ‘D1’ and G. tomentella ‘D3’ are the 

progenitors of G. tomentella ‘T1’; G. clandestina (abbreviated as ‘CLA’ herein) and G. 

tomentella ‘D1’ are the progenitors of G. tomentella ‘T5’. The accessions used in this study for 

each species were selected to sample across the estimated geographic ranges and genetic 

diversity of these species in Australia and Papua New Guinea (Table 3.1) (Doyle et al. 2002; 

Harbert et al. 2014). This set of samples also includes an accession collected outside of this 

range; the T2 accession G1854 was collected in Taiwan.  
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Table 3.1. Accessions of species in Glycine subgenus Glycine used in this study. The table gives 

the accession G (CSIRO Perennial Glycine Collection) numbers, the provenance (locality and 

country, as well as the Australian state where relevant) and the datasets in which the accession 

was included. 
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Species Accession Provenance Root 

Metabolites 

Exudates RNA-Seq 

D1 G1156 Charleville, 

Queensland, 

Australia 

Yes Yes - 

D1 G1157 Surat, Queensland, 

Australia 

Yes Yes - 

D1 G1316 Texas, Queensland, 

Australia 

Yes Yes - 

D1 G1858 Condamine, 

Queensland, 

Australia 

Yes Yes - 

D1 G2312 Injune, Queensland, 

Australia 

Yes Yes - 

D1 G2734 Mitchell, 

Queensland, 

Australia 

Yes Yes - 

D3 G1364 Nadzab, Papua New 

Guinea 

Yes Yes Yes 

D3 G1403 Yalkula, 

Queensland, 

Australia 

Yes Yes Yes 

D3 G1686 Mareeba, 

Queensland, 

Australia 

Yes Yes - 

D3 G1749 Lockhart River, 

Queensland, 

Australia 

Yes Yes - 

D3 G1820 Bloomsbury, 

Queensland, 

Australia 

Yes Yes Yes 

D4 G1300 Mt. Garnet, 

Queensland, 

Australia 

Yes Yes Yes 

D4 G1772 Mt. Surprise, 

Queensland, 

Australia 

- Yes - 

D4 G1775 Greenvale, 

Queensland, 

Australia 

Yes Yes - 

D4 G1784 Pentland, 

Queensland, 

Australia 

- Yes - 
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Table 3.1 (Continued) 

D4 G2073 Charters Towers, 

Queensland, 

Australia 

Yes Yes Yes 

 

 

D4 G2321 Bogantungan, 

Queensland, 

Australia 

Yes Yes Yes 

D4 G2471 Townsville, 

Queensland, 

Australia 

- Yes - 

G. clandestina G1126 Iandra, New South 

Wales, Australia 

Yes Yes - 

G. clandestina G1253 Captains Flat, New 

South Wales, 

Australia 

Yes Yes - 

G. clandestina G1731 Rainbow Beach, 

Queensland, 

Australia 

Yes Yes - 

G. clandestina G2757 Dunolly, Victoria, 

Australia 

Yes Yes - 

G. clandestina G2940 Ajana, Western 

Australia, Australia 

Yes Yes - 

T1 (= D1xD3) G1133 Brampton Island, 

Queensland, 

Australia 

Yes Yes - 

T1 (= D1xD3) G1136 Delungra, New South 

Wales, Australia 

- Yes - 

T1 (= D1xD3) G1260 Mackay, Queensland, 

Australia 

Yes Yes - 

T1 (= D1xD3) G1288 Grafton, New South 

Wales, Australia 

Yes Yes - 

T1 (= D1xD3) G1763 Cooktown, 

Queensland, 

Australia 

Yes Yes - 

T2 (= D4xD3) G1134 Brampton Island, 

Queensland, 

Australia 

Yes Yes Yes 

T2 (= D4xD3) G1188 Lindeman Island, 

Queensland, 

Australia 

Yes Yes Yes 

T2 (= D4xD3) G1393 Kalunga, Queensland, 

Australia 

Yes Yes Yes 

T2 (= D4xD3) G1854  Taiwan Yes Yes - 
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Table 3.1 (Continued) 

T2 (= D4xD3) G2320 Capella, Queensland, 

Australia 

Yes Yes - 

T2 (= D4xD3) G2809 Whitsunday Islands, 

Queensland, 

Australia 

Yes Yes - 

T5 

(=D1xG.clandestina) 

G1487 Station Creek, New 

South Wales, 

Australia 

Yes Yes - 

T5 

(=D1xG.clandestina) 

G1655 Narrabri, New South 

Wales, Australia 

- Yes - 

T5 

(=D1xG.clandestina) 

G1656 Baradine, New 

South Wales, 

Australia 

Yes Yes - 

T5 

(=D1xG.clandestina) 

G1741 Narrabri, New South 

Wales, Australia 

Yes Yes - 

T5 

(=D1xG.clandestina) 

G1969 Gilgandra, New 

South Wales, 

Australia 

Yes Yes - 

T5  

(=D1xG.clandestina) 

G1972 Gilgandra, New 

South Wales, 

Australia  

Yes Yes - 

 

 

Root tissue analysis 

For both root tissue and exudate analysis, seeds were surface sterilized by submersion in 

40% ethanol for five minutes and 40% bleach for five minutes, followed by five rinses with 

sterilized water. The seeds were then nicked with a razor blade and placed in petri plates with 

water. The petri plates were moved to a dark drawer for three days to ensure germination. 

Root tissue was then plated on nitrogen-free Jensen’s media (Somasegaran and Hoben 

1994), and was either mock-inoculated with sterile water or inoculated with a culture of 

approximately 107 cells per ml of rhizobium strain NGR234, for which the cell count was 

determined with a Helber counting chamber (Somasegaran and Hoben 1994). For details on the 

methods for culturing rhizobia, refer to Powell and Doyle (2016). Seedlings were then grown for 
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a week in a growth chamber with a day/night cycle of 16h/8h, with day/night temperatures of 

22C/18.5C, relative humidity of 60% and light intensity of 150 µmol/m2/s. Plant root tissue was 

collected, frozen in liquid nitrogen and stored at -80C. The tissue was subsequently ground while 

frozen with a FastPrep tissue homogenizer (MP Biomedicals LLC, Santa Ana, CA, USA) and 0.9 

g of 2.3 mm Zirconia/Silica beads (Biospec Products Inc., Bartlesville, OK, USA). Phenolics 

were then extracted by vortexing and incubating the tissue with 80% MeOH for two hours. 

Prepared extracts were then analyzed by HPLC on an Agilent 1100 instrument with a Gemini 

C18 reverse-phase column (3 μm, 150 x 4.6 mm, Phenomenex Inc., Torrance, CA, USA). The 

mobile phase (A) was 0.25% phosphoric acid and (B) acetonitrile, with a method starting with 

5% B for 4 minutes, increasing to 60% B at 24 minutes, and a further increase to 95% at 34 

minutes, holding for 1 minute. The flow rate was 0.7 ml/minute and the injection volume was of 

15 μl. Standards for compounds that have previously been characterized as having relevance to 

the symbiosis between Glycine max and rhizobia were included in each sample analysis. These 

standards (all from Sigma, St. Louis, MO, USA, catalog numbers given) included daidzein 

(D7802), genistein (G6649), daidzin (42926), genistin (48756), coumestrol (27883), and 

formononetin (47752). All peaks were integrated and quantified at 254 nm. 

For this dataset, HPLC peaks that did not reach a signal intensity area of 200 (equivalent 

to approximately 1.46 ng/µl of genistein) in any of the samples were excluded from these 

analyses as identification to class became unreliable below this limit. This resulted in a set of 18 

total compounds; based on clearly identifiable UV spectra, a subset of 12 isoflavones within this 

set of 18 compounds was also used for certain analyses. Signal intensity was converted to 

concentration units of genistein equivalents, using a standard curve based on a genistein standard 

dilution series. For both sets of compounds, the percentage contribution of each compound to the 
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total amount of each set was calculated and these percentages were visualized as stacked column 

plots using the ggplot() function in the R package ggplot2 (Wickham 2009). The total amounts 

for each compound set were compared for each triad of species, comprising each allopolyploid 

and its diploid progenitors, and tested using a mixed model including species and treatment as 

fixed effects, as well as accession as a random effect and the interaction term between species 

and treatment, using the lme4 (Bates et al. 2015), lmerTest (Kuznetsova et al. 2015), and lsmeans 

(Lenth and Hervé 2016) R packages. In addition, these packages were used in testing a model for 

Shannon’s H index values, which were calculated for each sample; analyses of variance 

(ANOVA) were based on all samples across all species and included species and treatment as 

fixed effects, the interaction term between species and treatment, and accession as a random 

effect. For testing statistical differences in individual compounds between species of the T2 triad, 

given non-normality of residuals, the Kruskal-Wallis test was used, along with the Dunn test for 

pairwise differences, through the PMCMR package in R (Pohlert 2014). 

 For assessment of unique and shared metabolites between species, the presence of a 

metabolite in a given species, within total set of metabolites, was assessed based on which 

samples had HPLC peaks integrated at the relevant retention time for each metabolite. For this 

analysis, if the metabolite was present in any accession of a species under either treatment, the 

metabolite was counted as present in the species. 

For multivariate analyses, principal component analysis was conducted using the R 

package vegan (Oksanen et al. 2015), using the rda() function. Redundancy analyses were 

conducted using the rda() function with a specified model including species and treatment as 

explanatory variables. The ANOVA-like permutation test provided by the anova() function 
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within the vegan package was used, in conjunction with the rda() function, to determine 

significance of the species and treatment terms. 

The approach to random forest presented here primarily follows the implementation 

presented for volatile organic compounds in the context of plant chemical ecology by 

Ranganathan and Borges (2010). Variable selection using random forest was conducted with the 

varSelRF R package (Diaz-Uriarte 2007) and also provided estimates of the prediction error rates 

using random forest. Mean decreases in accuracy (MDA) of classification when particular 

predictor variables (compounds) were excluded from the model were calculated using the 

importance() function of the randomForest R package (Liaw and Wiener 2002). 

Exudate analysis 

 The protocol for exudate analysis was adapted from previously published methods 

(Bolaños-Vásquez and Werner 1997; Pueppke et al. 1998). For each accession, three seedlings, 

germinated as described above, were incubated for seven days in a 13 x 100 mm borosilicate 

glass tube containing a cellulose acetate membrane (Whatman OE 66, 0.2 µm, 25 mm diameter, 

GE Healthcare, UK) and 3 ml of 1mM CaCl2 in 5mM MES buffer at a final pH of 6.8. For all 

accessions, three such samples were prepared for analysis, except for G1136, G1253 and G2734, 

for which two samples were analysed. Following incubation, the cellulose acetate membranes 

were separated from the plants and buffer, rinsed five times with deionized water, and the 

compounds were eluted from the membranes using two sequential washes of 3mL 100% 

methanol and one rinse with 90% methanol. The combined eluates were dried in a rotary 

evaporator (Labconco, Kansas City, MO, USA) before being reconstituted in 200 µl of 80% 

methanol. Umbelliferone (H24003, Aldrich, St. Louis, MO, USA) was also added to each sample 

as an internal standard with a final concentration of 50 ng/µl. 
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A 10-μl aliquot of each sample was analysed for secondary metabolites by liquid 

chromatography-mass spectrometry (LC-MS) on a Thermo Scientific TSQ Quantum Access LC-

MS system equipped with a Gemini C18 reverse-phase column (3 μm, 150 x 2, Phenomenex 

Inc., Torrance, CA, USA). The method used a mobile phase of (A) 0.1% formic acid and (B) 

ACN, linear increasing B from 5% to 75% over 20 minutes, holding for 5 minutes, then 

increasing to 95% at 26 minutes until 30 minutes, with a flow rate of 200 μl/minute. The identity 

of the compounds in the exudates was determined by comparison with authentic standards for 

each. Exudate concentration values in units of ng IS per g fresh weight (FWT) were calculated. 

For statistical testing, values for each sample were log-transformed, with a value of 0.001 added 

to each concentration prior to log-transformation, in order to improve the normality of residuals. 

A mixed-effect model for individual compounds in each allopolyploid triad was used including 

species as a fixed effect and accession as a random effect, and Tukey’s HSD was used for 

pairwise comparisons in cases where species was a significant factor. 

Expression analysis 

 RNA-Seq libraries were prepared using pooled root tissue from multiple plants from 

three accessions for each species in the T2 triad, and inoculated and mock-inoculated samples 

were grown for each accession as described above. Total RNA was extracted using the AllPrep 

DNA/RNA/miRNA Universal Kit (QIAGEN, Hilden, Germany), with on-column DNase 

treatment (QIAGEN, Valencia, CA, USA). Illumina single-end libraries were made and 

multiplexed with the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina Inc., San Diego, 

CA, USA). The Illumina HiSeq 2500 platform at the Cornell University Biotechnology Resource 

Center’s sequencing facility (http://www.biotech.cornell.edu/brc/genomics-facility) was used for 

sequencing. Fastq-mcf (Aronesty 2013) was used to trim sequences and to remove short reads, 

http://www.biotech.cornell.edu/brc/genomics-facility
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with a minimum quality setting of 30 and a minimum read length of 50. Tophat2 (Kim et al. 

2013a) was then used to map the reads to the G. max genome (2.75_Wm82.a2.v1). The 

command samtools view -h input.bam | grep -w "@SQ\|@PG\|NH:i:1" was used to filter for 

uniquely mapped reads. The command htseq-count (Anders et al. 2014) then yielded counts of 

reads mapped to each exon. Separate analyses were conducted for mock-inoculated samples and 

inoculated samples. Pairwise comparisons of the T2, D3 and D4 samples were conducted using 

DESeq2 (Love et al. 2014), examining specific genes involved in the biosynthesis of flavonoids, 

which were identified from the literature (Gutierrez-Gonzalez et al. 2010; Zhang et al. 2014). 

Sequences for genes in the biosynthetic pathway leading to the synthesis of isoflavones were 

obtained from Gutierrez-Gonzalez et al. (2010), and these were used as queries in BLAST 

searches in Soybase (www.soybase.org) against the Wm82.a2.v1 transcript sequences, and the 

top matches for each of the following genes were selected for study: PAL (Glyma.03G181600, 

Glyma.03G181700, Glyma.19G182300), CH4 (Glyma.02G236500, Glyma.14G205200), 4CL 

(Glyma.01G232400, Glyma.11G010500), and CHR (Glyma.14G005700). Another chalcone 

reductase gene was examined; the chalcone reductase gene sequence described in Zhang et al. 

(2014) was also used, and gene expression of the best match, Glyma.16G219500, was examined.  

 

RESULTS 

 The overall relative quantities of metabolites in the root tissues showed variation across 

diploid and allopolyploid species. The various compounds observed made up different 

proportions of the profiles of the diploid species although percent allocation to certain 

metabolites was broadly similar across the species. This was the case both when the set of 18 

compounds quantified were examined (Figure 3.1), and when only isoflavones were considered 
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(Figure 3.2). In particular, among the diploid species, the compound formononetin appeared to 

make a substantial contribution only in D4, as well as to a lesser degree in G. clandestina, which 

is also an ‘A-genome’ species and is thus closely related to D4. Across all samples, genistin, and 

to a lesser extent daidzein, were particularly abundant. 

 

Figure 3.1. 100% stacked column chart showing the proportion in each sample of each 

compound in the 18-compound set. Sample species and treatment groups are labeled below the 

plot (CTRL = mock-inoculated samples; INOC = samples inoculated with rhizobia). 
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Figure 3.2. 100% stacked column chart showing the proportion of each isoflavone in each 

sample. Sample species and treatment groups are labelled below the plot (CTRL = mock-

inoculated samples; INOC = samples inoculated with rhizobia). 

 

In terms of shared and unique metabolites, in the T1 and T5 triads, all 18 metabolites 

were found to be present in both diploid progenitors and the allopolyploids. However, in the T2 

triad, while 15 compounds were shared among all three species, one compound was present in all 

accessions of D3 but not in any D4 accessions and another was present in D4 but not D3. In both 

cases, the metabolites that were unique to one of the progenitors were also present in the 

allopolyploid. The last of these 18 compounds was not present in any of these three species. 

Shannon’s H values were calculated for each sample as an assessment of the diversity of 

compounds present in each profile. Shannon’s H index takes into account not only the presence 

or absence of compounds, but also the evenness of their distribution within a sample. Species 

was a significant factor in the analysis of compound diversity when considering the 18-

compound set across all samples (F6, 28 = 2.78, P < 0.05), while treatment (F1, 28 = 0.55, P > 0.05) 
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and the interaction of treatment and species (F6, 28 = 0.81, P > 0.05) were not significant (Figure 

3.3). In pairwise comparisons, D3 and D4, the diploid progenitors of T2, were significantly 

different from each other (Tukey’s HSD, P < 0.05). G. clandestina was also significantly 

different from D3 (Tukey’s HSD, P < 0.05), though this comparison is not directly relevant to 

natural allopolyploidy in Glycine. When considering the isoflavone set, as with the 18-compound 

set, species was a significant factor (F6, 28 = 8.95, P < 0.001), but treatment (F1, 28 = 0.59, P > 

0.05) and the interaction term (F6, 28 = 0.71, P > 0.05) were not (Figure 3.4). For the isoflavone 

set, D4 was significantly different from all other species except T2; T2 was also different from 

T2 and D4 (Tukey’s HSD, P < 0.05). 

 

Figure 3.3. Shannon’s H diversity index values across all species, calculated based on the set of 

18 compounds in root tissues. Boxplots show the median and interquartile range, with whiskers 

indicating minimum and maximum values. Species sharing the same letter group are not 

significantly different (p > 0.05). 
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Figure 3.4. Shannon’s H diversity index values across all species, calculated based on the set of 

isoflavones in root tissues. Boxplots show the median and interquartile range, with whiskers 

indicating minimum and maximum values. Species sharing the same letter group are not 

significantly different (p > 0.05). 

 

For the set of all compounds analyzed in the study, as well as for the subset of identified 

isoflavones, total amounts present in roots were also calculated and compared between species in 

each triad (Figures 3.5-3.10). With the T1 triad, neither factor nor the interaction term was 

significant in either the total compound set or the isoflavone set. Inoculation treatment was 

significant in explaining differences in the total isoflavones for the T2 triad (p=0.045). In the T5 

triad, total amounts in the set of 18 compounds were significantly affected by treatment 

(p=0.033), and there was a significant interaction between treatment and species (p=0.021). For 

total isoflavones in the T5 triad, the interaction term was also significant (p=0.031). In general, 

no significant differences were observed in comparisons between species within each triad. The 
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significant interaction terms for the T5 triad indicate a differential response to inoculation among 

the three species, which appears to be due to the decrease in T5 under inoculation (Figure 3.9 

and Figure 3.10). 

 

Figure 3.5. Interaction plot showing least-square means model predictions of total compound 

amounts for the 18-compound set in the T1 triad.  

 

Figure 3.6. Interaction plot showing least-square means model predictions of total isoflavone 

amounts in the T1 triad. 
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Figure 3.7. Interaction plot showing least-square means model predictions of total compound 

amounts for the 18-compound set in the T2 triad.  

 

Figure 3.8. Interaction plot showing least-square means model predictions of total isoflavone 

amounts in the T2 triad. 
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Figure 3.9. Interaction plot showing least-square means model predictions of total compound 

amounts for the 18-compound set in the T5 triad.  

 

Figure 3.10. Interaction plot showing least-square means model predictions of total isoflavone 

amounts in the T5 triad. 
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Principal component analyses  

Overall root metabolite profiles were used for principal component analysis of all 

samples (Figure 3.11). From this analysis, D4 and G. clandestina appear to have the most 

distinctive profiles of all species studied. In addition, profiles for each allopolyploid triad were 

analyzed by principal component analyses, with control samples and inoculated samples 

analyzed separately (Figures 3.12-3.14). In the case of the T2 allopolyploid triad, principal 

components (PCs) 1 and 2 accounted for 37.4% and 33.7% of the total variance, respectively, for 

the control samples, and 38.0% and 31.4% for PC1 and PC2 for the inoculated samples. Here, T2 

appears to form an intermediate group between D3 and D4. For the T5 allopolyploid triad control 

samples, PC1 accounted for 41.9% of the total variance while PC2 accounted for 18.9%. In T5 

inoculated samples, PC1 accounted for 43.3% and PC2 accounted for 18.4% of the variance. 

Lastly, PC1 and PC2 accounted for 40.5% and 30.5% of the total variance in the T1 

allopolyploid triad control samples and 38.3% and 21.4% in the PCA of the T1 triad inoculated 

samples.  

In the redundancy analysis, using the 18-compound dataset, species was a significant 

factor in explaining the differences between samples in the T2 triad (p=0.002), while inoculation 

treatment was not (p=0.517). While the allopolyploids in the other triads (T1 and T5) seemed to 

be placed primarily between the samples of the two corresponding diploids, species was not a 

significant explanatory factor for these triads (T1: p=0.357; T5: p=0.067). Treatment did not 

have a discernible, significant effect in either the T1 (p=0.603) or T5 (p=0.792) triads. 
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Figure 3.11. PCA plot of all samples by species. PCA was based on the complete 18-compound 

dataset.  

 

Figure 3.12. PCA plots of T1 triad samples by species for (A) control and (B) inoculated 

samples. PCAs were based on the complete 18-compound dataset. 

 



70 

 

 

Figure 3.13. PCA plots of T2 triad samples by species for (A) control and (B) inoculated 

samples. PCAs were based on the complete 18-compound dataset. 

 

 
Figure 3.14. PCA plots of T5 triad samples by species for (A) control and (B) inoculated 

samples. PCAs were based on the complete 18-compound dataset. 
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Random forest on T2 triad tissue metabolites 

 To confirm the results of the PCA and redundancy analysis, as well as to identify key 

compounds in the roots that are primarily responsible for the distinctiveness of the T2 triad 

profiles, we examined the root metabolite data using random forest. The estimates of prediction 

error rates for distinguishing samples of a given species from other samples in an allopolyploid 

triad show that low error rates were obtained for D3 and D4 in the T2 triad, while the control G. 

clandestina samples in the T5 triad and the inoculated D1 samples, also in the T5 triad 

comparison, had comparably low estimated prediction error rates (Table 3.2). In most cases, the 

allopolyploid samples were associated with a higher estimated prediction error than either of the 

relevant diploids (particularly in relation to the error rates at random when information from the 

groups is not used). 

Table 3.2. Error rates generated using the varSelRFBoot() function with 200 bootstrap samples. 

Random error denotes the minimal error obtained if information from the metabolites in the 18-

compound set is not used. Low RF error rates showing improvement on the random error 

indicate that the metabolite profile of a given species can be identified as distinctive from other 

samples in the triad by random forest. 

Classification Random Error – 

Control 

RF Error Rate 

– Control 

Random Error 

– Inoculated 

RF Error Rate –  

Inoculated 

T1 Triad 

D1 versus the rest 0.400 0.397 0.400 0.322 

D3 versus the rest 0.333 0.153 0.333 0.210 

T1 versus the rest 0.267 0.390 0.267 0.430 

T2 Triad 

D4 versus the rest 0.267 0.047 0.267 0.062 

D3 versus the rest 0.333 0.069 0.333 0.058 

T2 versus the rest 0.400 0.449 0.400 0.238 

T5 Triad 

D1 versus the rest 0.375 0.216 0.375 0.043 

CLA versus the rest 0.313 0.098 0.313 0.223 

T5 versus the rest 0.313 0.298 0.313 0.447 
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Given the results in table 3.2, indicating that the most distinctive metabolite profiles are 

present in the species of the T2 triad, we sought to identify the components of the profiles in the 

T2 triad that contributed most to their distinctiveness. The MDA values in the T2 triad suggest 

that formononetin levels are the key distinguishing feature for D3 samples in relation to the other 

samples in the T2 triad, and formononetin was also the compound with the highest MDA values 

in the T2 samples (Figures 3.15-3.17). Formononetin also tended to have relatively high MDA 

values for the D4 samples. In the control samples, daidzein also had a high MDA value in D4. 

Based on these MDA values, the metabolite formononetin appears to be an important feature 

distinguishing the three species in the T2 triad.  

 

 

Figure 3.15. Mean decrease in accuracy (MDA) when individual compounds are removed from 

the model for D3 versus the rest of the samples (from D4 and T2), when (A) control and (B) 

inoculated samples are analyzed. 
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Figure 3.16. Mean decrease in accuracy (MDA) when individual compounds are removed from 

the model for D4 versus the rest of the samples (from D3 and T2), when (A) control and (B) 

inoculated samples are analyzed. 
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Figure 3.17. Mean decrease in accuracy (MDA) when individual compounds are removed from 

the model for T2 versus the rest of the samples (from D3 and D4), when (A) control and (B) 

inoculated samples are analyzed. 

 

Analyses of root exudates 

 For root exudates, four key signaling compounds were analyzed and quantified: daidzein, 

genistein, coumestrol and formononetin; daidzin and genistin were not quantified because they 

were not observed in any exudate samples in this study. In the T1 triad, there were no differences 

between species in any of the four compounds (p > 0.05), while in the T5 triad, there was a 

significant difference in the levels of formononetin (p = 0.0037), with the levels in G. 

clandestina and T5 exudates being greater than those in D1 (Figure 3.18). 

Given the apparent differences in the percentages in root metabolite profiles of the T2 

triad and the relative importance of formononetin as a distinguishing feature between the species, 

the T2 triad exudates were also analyzed and the predominant components were quantified. In 
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the root tissues, formononetin was significantly different between species (p=0.0016), present at 

greater levels in the D4 samples compared D3, with T2 as an intermediate (Figure 3.19); a 

similar pattern was present in the exudates, where D4 exuded substantial amounts of 

formononetin, while both T2 and D3 exuded negligible levels of the compound (Figure 3.18). 

Daidzein was also detected at greater levels in D4 roots than in D3 or T2 (p=0.022), but levels in 

the exudates were not significantly different between the three species (p>0.05) (Figure 3.18; 

Figure 3.19). Genistin was not detected in the exudates, though genistin constituted a greater 

percentage of compounds in the roots of D3 samples compared to D4 samples. 
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Figure 3.18. Concentrations of daidzein, genistein, coumestrol and formononetin in exudates of 

species from the (A) T1, (B) T2 and (C) T5 triads. With compounds for which significant 

differences were detected between species, values that the same letter group are not significantly 

different (p>0.05). Where no letter grouping is shown, no significant differences were detected 

between species for these compounds. 
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Figure 3.19. Concentrations of daidzein and formononetin in root tissues of species in the T2 

triad. Boxplots show the median and interquartile range, with whiskers indicating minimum and 

maximum values. For each compound, species sharing the same letter group are not significantly 

different (p > 0.05). 

 

Expression Analyses 

 Based on the differences in root metabolite profiles for D3, D4 and T2, we also looked at 

differential expression of several genes in the flavonoid biosynthetic pathway (Figure 3.20). For 

a series of genes in the biosynthetic pathway leading to isoflavones, including those encoding 

phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumaroyl:CoA-ligase 

(4CL), and isoflavone synthase (IFS), there was general upregulation in each species following 

inoculation, with greatest upregulation in D3, with considerably less in D4, and intermediate 

upregulation in T2. Analyzing control and inoculated samples for the three species separately, 

expression of chalcone reductase (CHR), a gene encoding an enzyme involved in isoflavone 

biosynthesis at the step differentiating the daidzein and genistein pathways, was examined for 

between species differences. One gene encoding CHR (Glyma.16G219500) showed differential 

expression in pairwise comparisons between the three species. Expression of this chalcone 

reductase gene was significantly higher in D4 relative to D3 (Wald test p-value < 0.001) and T2 

(Wald test p-value = 0.005) in inoculated samples, and while p-values were greater than 0.05 in 
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control samples, expression showed a similar pattern when compared to D3 (Wald test p-value = 

0.055) or T2 (Wald test p-value = 0.137). Another CHR paralogue (Glyma.14G005700), showed 

a similar pattern, with D4 expression greater than D3 (Wald test p-value = 0.088) and T2 (Wald 

test p-value = 0.101) in control samples, though Wald test p-values were substantially greater in 

comparisons between inoculated samples.  
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Figure 3.20. Expression data for genes encoding enzymes in (A) the biosynthetic pathway 

leading to isoflavones, including (B) comparison of differential expression of key genes in the 

pathway in terms of log fold changes between inoculated and mock-inoculated samples of each 

species and (C) log fold change in expression between species for genes encoding chalcone 

reductase.   
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DISCUSSION 

In this study, we examined several aspects connected to metabolite presence, biosynthesis 

and exudation in diverse accessions of three natural allopolyploid species, along with their 

diploid progenitors. Given that these allopolyploids were not synthetically generated, they 

integrate the effects of polyploidy and hybridity, as well as selection and evolution (Buggs et al. 

2014) in the context of nodulation symbiosis. Ample evidence exists to suggest that enrichment 

of flavonoid biosynthesis can occur following polyploidization (e.g., Mears 1980; Levin 1983; 

Orians 2000). Previous observations of duplicate gene retention and differential gene expression 

suggested that polyploidy might lead to qualitative and quantitative enrichment of flavonoid 

exudates involved in rhizobial signaling (Li et al. 2013). Here, we studied connections between root 

metabolite profiles, flavonoid exudation, and differential gene expression of candidate genes involved in 

flavonoid biosynthesis. Our findings relate to, and have implications for, several areas of research: 

(1) the effects of allopolyploidy and inoculation treatment on overall profiles of symbiotic 

signaling metabolites, (2) biosynthesis and exudation of signaling compounds in Glycine, and (3) 

differences in colonization ability in species of Glycine subgenus Glycine. 

Effects of allopolyploidy and inoculation treatment on metabolite profiles 

In previous studies using members of Glycine subgenus Glycine, daidzein was the 

phenolic compound with the highest concentrations in roots and genistein was also among the 

predominant compounds in root phenolic profiles (Lin et al., 2005; Lin et al., 2010). This is 

comparable to our results here; however, we have sampled a broader variety of species than these 

earlier studies, which focused on G. dolichocarpa (T2), G. tabacina, and G. tomentella (T4) (Lin 

et al. 2005). Furthermore, we examined the effects of both allopolyploidy and inoculation 

treatment on root metabolite profiles. 
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Inoculation treatment did not appear to have an effect when considering overall profiles 

or compound diversity, but did affect total levels of compounds in some cases. To date, the most 

comprehensive root metabolome analyses in the genus Glycine have been conducted using G. 

max (soybean). While our study focused largely on metrics for overall profiles and total amounts, 

studies of soybean root hairs have found differences in a variety of particular metabolites 

between inoculated and control samples. Sixteen (iso)flavonoids were regulated at one or several 

time points following inoculation (Brechenmacher et al. 2010). However, these regulated 

compounds did not include the key nodulation-regulated soybean compounds daidzein and 

genistein, nor did they include formononetin, daidzin, genistin or coumestrol. The symbiotic 

significance of the regulated compounds identified by Brechenmacher et al. (2010) is thus not 

entirely clear, and the relevance of focusing exclusively on root hairs in the context of 

isoflavones is not certain given that evidence related to gene expression of isoflavone synthase, 

the enzyme responsible for biosynthesis of isoflavones, indicates that, while expression is greater 

in roots than in other tissues, localized expression occurs in root epidermal cells that are not root 

hairs, in addition to occurring in root hair cells (Subramanian et al. 2004). Nevertheless, most of 

the inoculation-responsive compounds identified by Brechenmacher et al. (2010) were 

upregulated by inoculations, though several were downregulated as well, and increased IFS gene 

expression in response to inoculation (Subramanian et al. 2006) further suggests that total 

biosynthesis can be enhanced by exposure to rhizobia. This last evidence is consistent with the 

findings here, in that species in the T2 triad showed general upregulation of genes encoding 

enzymes in the isoflavone biosynthetic pathways in response to inoculation. However, this 

contrasts with the apparent decrease observed here in total isoflavones, particularly in T2. Thus, 
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while T2 and T5 showed evidence of responsiveness in total levels of root compounds, this 

cannot directly be accounted for by the patterns of gene expression observed. 

Given that species was not a significant factor for explaining metabolite profiles in two of 

the triads (T1 and T5; Figure 3.12, Figure 3.14), there does not appear to be any common, 

repeated transgressive effect of ploidy in the allopolyploids of this complex. Furthermore, while 

we cannot discount the possibility that the species in the T1 and T5 triads have different 

symbiotic interactions based on their metabolite profiles, we did not find evidence of a species-

level difference between the profiles and, as such, we cannot infer any capacities for differing 

symbiotic signaling and interactions. In the case of the T2 triad, however, there is differentiation 

between the metabolite profiles of the three species. This suggests that species in this triad may 

differ in their interactions with potential symbionts. As T2 appears to have a broadly 

intermediate metabolite profile, this further confirms the absence of any common transgressive 

effect due to ploidy, and suggests that any change in the allopolyploid T2 is related to hybridity 

and the particular characteristics of its diploid progenitors, D3 and D4. This hybridity effect is 

also suggested by the combination, in T2, of metabolites present in D3 and D4. From the random 

forest results (Table 3.2), it appears that T2 is not differentiated from its diploid progenitors; 

instead, the difference between species in the T2 triad is mainly due to the difference between 

the diploid progenitors D3 and D4. Also, the diversity of compounds observed showed no clear 

difference between diploids and the various allopolyploids examined, although D3 and D4 

differed again while T2 appeared to be intermediate. Thus, while its progenitors are likely to 

have differing capacities for symbiotic interactions, T2’s symbiotic capabilities, as inferred from 

root metabolite profiles, would not be expected to differ as greatly from either diploid progenitor 
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as the progenitors differ from each other. If rhizobial interactions are specified by flavonoids, T2 

would be expected to combine the repertoires of its progenitors. 

 Previous research on the effects of hybridity and polyploidy have yielded variable results. 

Hybridity in and of itself can lead to a variety of outcomes including production of all 

metabolites in progenitors, failure to express all metabolites from the progenitors or the 

production of novel metabolites, as well as a spectrum of quantitative variation (Orians 2000). 

Orians (2000) highlights several factors that affect the outcomes: parental taxa, hybrid origin, 

ploidy level, chemical class, and the genetics of expression. Evidence indicating that ploidy level 

is relevant for flavonoid-related outcomes was gathered as early as the 1970s with several studies 

showing that novel, transgressive metabolite profiles could be obtained in polyploids (Levy and 

Levin 1971, 1974; Levy 1976; Levin 1983), and more recent work has also shown associations 

between increased ploidy and greater accumulation of secondary metabolites (Lavania et al. 

2012). The results obtained here, however, suggest a role for hybridity in determining metabolite 

profiles, rather than ploidy-related effects leading to transgressive patterns, and, while 

inoculation treatment appeared to affect overall levels of compounds, species and allopolyploidy 

did not. 

Biosynthesis and exudation of signaling compounds in Glycine 

Profiles of flavonoids present in root tissues are relevant in determining symbiotic 

signaling capabilities in that the types and quantities of flavonoids contribute to determining the 

potential range of rhizobia with which a host species can form symbiotic interactions (Kobayashi 

and Broughton 2008; Liu and Murray 2016). Nod factor signaling and specificity and, by 

extension, flavonoid signaling also continues to be important to the development of symbiosis 

once the rhizobia are in direct contact with, or inside, the root tissues, in the processes of 
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infection thread formation and progression (e.g., Walker and Downie 2000; Den Herder et al. 

2007; Oldroyd and Downie 2008), and isoflavones also have a role as regulators of auxin 

transport in the process of nodulation (Subramanian et al. 2006). Thus, the metabolites found in 

root tissues are important to consider. However, exudation of metabolites is also critical since 

presence of flavonoids in the rhizosphere can serve as the initial signal to potential symbionts. In 

the context of signaling, we are thus also interested in how the levels of specific compounds 

observed in the root tissues relate to levels in the plant exudates, whether there is evidence of 

differential transport or whether what is observed in the exudates is purely a reflection of 

biosynthesis in the roots.  

In general, the predominant compounds that we observed in the exudates of the various 

diploid and allopolyploid species have also been found in the analysis of exudates of G. max and 

G. soja, where the primary compounds were daidzein, genistein, and coumestrol (Pueppke et al., 

1998). The abundance of daidzein and genistein in root exudates of perennial Glycine species 

presented here coincides well with their role as nod gene inducers in the typical rhizobial 

symbionts of G. max, and contrasts with predominant exudates of other legumes that 

preferentially interact with other species of rhizobia (Bolaños-Vásquez and Werner, 1997). 

 An isoflavone of particular interest is formononetin, which was present at high levels in 

both roots and root exudates of D4, absent in D3, and present at low levels in T2 (Figures 3.18-

3.19). While daidzein and genistein are the common primary nod gene inducers in the symbioses 

between G. max and rhizobia, formononetin is believed to be an inhibitor of nod gene induction 

in B. japonicum and E. fredii; it is structurally similar to daidzein, but does not induce nod gene 

transcription to the same degree as daidzein (Kosslak et al. 1987; Kosslak et al. 1990; Pueppke et 

al. 1998). There is evidence that this is also true in the wide host-range symbiont, NGR234 
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(Bassam et al. 1988; Le Strange et al. 1990). Experiments with NodD transcriptional activators 

have found that flavonoids that were not nod gene inducers for a given species competitively 

bound to the transcriptional activator, but only the species-specific inducers both bound to NodD 

and led to nod gene expression in compatible rhizobia (Peck et al. 2006). Thus, one might expect 

that the formononetin present in the exudates of D4 plants could be a competitive inhibitor to 

nodulation with certain types of rhizobia. 

Genistein, along with its glucoside genistin, is formed from naringenin, while daidzein 

and formononetin are formed from liquiritigenin. The branch point in flavonoid synthesis 

between these two pathways is the biosynthetic step when p-Coumaroyl-CoA is converted to 

either 4,2’,4’-trihydroxychalcone or 4,2’,4’,6’-tetrahydroxychalcone (Figure 3.20). The increased 

relative amounts of both daidzein and formononetin in D4 thus suggest a shift from the 

biosynthetic branch involving genistein, as observed in most species studied here, to the second 

branch favored in D4. This is supported by the comparisons of transcript expression for chalcone 

reductase, the enzyme that differentiates the biosynthesis pathway leading to synthesis of 4,2’,4’-

trihydroxychalcone, liquiritigenin, and daidzein from 4,2’,4’,6’-tetrahydroxychalcone, 

naringenin and, subsequently, genistein (and genistin). Thus, based on the relative amounts of 

genistin, daidzein and formononetin in the roots of D3, T2 and D4, along with greater expression 

of chalcone reductases in D4 relative to D3 and T2, it appears that D4 upregulates the 

biosynthesis of not only formononetin but daidzein as well, at the expense, in relative terms, of 

the pathway leading to genistein and genistin. In the case of D4, then, any overall inhibition of 

nod gene induction due to formononetin synthesis and exudation could possibly be offset by the 

increased allocation to daidzein as well. 
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However, the substantially greater amounts of formononetin in D4 exudates compared 

with D3 and T2 were not matched by any concomitant increase in the daidzein (or genistein) 

present in the exudates of D4 over D3 and T2. The statistically intermediate levels of 

formononetin in the exudates of T2 are also consistent with the patterns of intermediacy 

observed in the results for overall root tissue profiles such as, for example, the principal 

component analyses. Furthermore, while the pattern of formononetin levels in the exudates 

matches that present in the root tissues, the fact that the relative levels of daidzein in the exudates 

are not reflected in the root tissue levels indicates that there may be differential regulation of 

transport and exudation of the daidzein in the three species. The influence of formononetin leads 

to the prediction that T2 should have enhanced symbiotic responses relative to D4 with strains in 

which formononetin has an inhibitory effect, and this is indeed what was observed in inoculation 

experiments involving the T2 triad and NGR234, as well as certain B. japonicum strains (Powell 

and Doyle 2016). 

Given this, it is not only synthesis, but also differential exudation and transport of 

flavonoids into exudates that are important for determining realized symbiotic signaling. Much 

remains unknown about the mechanisms underlying transport and exudation of flavonoids in 

legumes. An ATP-binding cassette transporter of isoflavones was characterized in G. max 

(Sugiyama et al. 2007). Competition assays established that daidzein and genistein, as well as 

several other aglycones including formononetin, were secreted, while the glycosylated forms, 

such as daidzin and genistin, were not as readily recognized by this transport protein, which is 

consistent with the absence of daidzin and genistin in the exudates we examined. Transport 

activity also appeared to be independent of nitrogen nutrition, in that in vitro ATP-dependent 

transport of genistein into soybean root-derived plasma membrane vesicles was unchanged with 
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nitrogen addition. However, in terms of the relative inhibition of genistein transport in the 

competition experiments, both daidzein and formononetin had similar effects, suggesting that 

there was no differential transport of daidzein and formononetin (Sugiyama et al. 2007). From 

evidence relating to the characterized isoflavone transporter in G. max, then, we find a plausible 

explanation for the absence of glucosides observed in our study of the exudates, but evidence 

supporting a mechanistic explanation for differential exudation of daidzein and formononetin is 

still lacking. 

Symbiotic signaling, allopolyploidy and implications for colonization 

The differing potentials in symbiotic signaling capacity hold implications for colonization 

ability. As noted above, certain allopolyploids in Glycine subgenus Glycine appear to have 

colonized habitats such as Taiwan, islands in the South Pacific, and the Ryukyu Islands of Japan, 

while the diploids appear confined to Australia and Papua New Guinea (Harbert et al., 2014; 

Sherman-Broyles et al., 2014). Given that there were no clear patterns in our data differentiating 

the allopolyploids, as a group, from the diploid species, we do not have evidence to support any 

general effect of allopolyploidy on metabolites that could mediate a difference in colonization 

between ploidy levels. It is interesting to note, however, that of the three allopolyploids included 

in the present study, only T2 has been found at locations outside of Australia and Papua New 

Guinea (Taiwan). The range of T1 overlaps largely with the ranges of its diploid progenitors, and 

the range of T5 seems to be a small fraction of the area where the ranges of its diploid progenitor 

species overlap (Harbert et al., 2014; Sherman-Broyles et al., 2014). We have provided evidence 

of differences between the three allopolyploids in their root metabolite profiles and exudates, and 

the contrasts in ranges and colonization among the allopolyploids can be interpreted in the 

context of this evidence. 
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 These three allopolyploids are similar in having formed within the last several hundred 

thousand years (Bombarely et al., 2014), but differ in the breadth of the cross involved in their 

formation. T1 is formed from closely related genomes, whereas T2 and T5 involved crosses 

between more divergent species. This could be relevant to the differences between the root 

metabolite profiles of these three allopolyploids, given that D4 and G. clandestina profiles are 

noticeably different from both D1 and D3. However, this alone cannot account for the apparent 

difference in colonization in T2, since both T2 and T5 resulted from hybridizations between an 

A-genome species (D4 and G. clandestina, respectively) and the equally distantly diverged 

species D3 (in the case of T2) and D1 (in T5), yet T5 had significantly less isoflavone diversity 

when compared to T2. Thus, the particular effects of hybridity on the metabolite profiles and 

exudates must be examined to account for differential symbiotic interactions and, ultimately, 

colonization. 

For T1 and T5, we have little evidence suggesting clear differences between their 

metabolite profiles and those of their diploid progenitors (or, for that matter, between the profiles 

of the diploid progenitors, considered apart from the allopolyploid), though a stronger case can 

be made for distinctiveness in T5. On the basis of these allopolyploids having less distinctive 

profiles relative to their progenitors, we would not expect a differential symbiotic signaling 

capacity, enabling novel or varying symbiotic interactions, for any of the three species within 

each of these triads.   

In the T2 triad, though, D3 and D4 differ in terms of metabolite profiles and there is 

differential exudation of formononetin in D4. T2 shows intermediacy, or perhaps it would be 

better to say additivity, between these two diploid progenitors. It thus has greater isoflavone 

diversity than T5 (the allopolyploid with the smallest range), suggesting a possible connection 



89 

 

between isoflavone diversity and range or colonization ability, and potential progenitor-specific 

increase in diversity in an allopolyploid, similar to the outcome predicted by Li et al. (2013). The 

interpretation of this outcome warrants caution, since increased diversity in T2 is likely 

contributed by the formononetin synthesis present in D4, and formononetin may not be an 

enhancer of symbiosis in certain interactions with specific types of rhizobia. Nevertheless, the 

particular combination of the properties of D3 and D4 can lead to a different potential capacity 

for interactions with the hypothetical spectrum of possible nodulating symbionts for 

allopolyploid T2. With the specific set of rhizobia tested to date, we have found that T2 tends to 

have an enhanced capacity for symbiotic interactions with rhizobia (Powell and Doyle, 2016).  In 

turn, ecological experiments have provided evidence that the capacity for interaction with 

compatible nodulating rhizobia may contribute to the ability of certain plant hosts to become 

established in new habitats (Stanton-Geddes and Anderson, 2011). Thus, the metabolite profiles 

present in T2 could contribute, in part, to the ability of the species to occupy different geographic 

areas than its D4 diploid progenitor. The contrast between T2 and D3, however, is less clear and 

it is likely that other factors are contributing to enhanced interactions with rhizobia and enhanced 

colonization ability in T2 as compared to D3. We are currently exploring additional subsequent 

symbiotic responses in this allopolyploid triad at the level of transcriptional regulation that may 

contribute and differentiate the response of T2 from D3. Clearly, a causative relationship 

between isoflavone diversity and symbiont diversity is a hypothesis worth testing with field 

sampling in the native ranges of these species. 

Conclusion 

In this study, we found an absence of any transgressive metabolite profiles in 

allopolyploid species and there were no clear effects of inoculation treatment on metabolites in 
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three different allopolyploid species triads. However, in the T2 triad, distinctive profiles in 

diploid progenitors D3 and D4 yielded differences in the metabolite profile of the allopolyploid 

T2 (G. dolichocarpa). Differences relating to the levels of formononetin in the root tissues were 

reflected in the exudates studied for D3, D4 and T2. These differences will likely affect the 

potential range of rhizobia with which these species engage. Relatedly, we observed differential 

accumulation of transcripts encoding a key enzyme, chalcone reductase, in the flavonoid 

biosynthetic pathway.  
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CHAPTER 4 

 

ENHANCED RHIZOBIAL SYMBIOTIC CAPACITY IN AN ALLOPOLYPLOID SPECIES 

OF GLYCINE (LEGUMINOSAE) 
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INTRODUCTION 

Polyploidy is a prevalent phenomenon in the evolutionary history of plants. A whole-genome 

duplication (WGD) event is believed to have occurred in the common ancestor of all seed plants 

and a second WGD in the common ancestor of all flowering plants (Jiao et al. 2011), with many 

more events scattered among angiosperm lineages (Wendel 2015). Polyploidy can have a variety 

of phenotypic effects in plants, often yielding increased stature, larger organs, as well as altered 

biochemistry and other anatomical properties that have the potential to affect competition and 

environmental tolerance (Levin 2002; Ramsey and Ramsey 2014). Given these types of 

phenotypic changes, researchers have explored diverse evidence for ecological effects including 

niche differentiation, increased colonization ability, and enhanced ecological tolerances and 

ranges of polyploids beyond those of their diploid progenitors (Lowry and Lester 2006; McIntyre 

2012; Theodoridis et al. 2013), though conclusions appear to vary depending on the system 

studied and have been historically conflicting, particularly concerning changes to ecological 

tolerance (Stebbins 1985; Petit and Thompson 1999; Martin and Husband 2009). Nevertheless, 

Pandit et al. (2011); (2014) found that invasive plants tend to be polyploid, which may be related 

to competitive advantages of polyploidy in particular environments. te Beest et al. (2012) 

suggested that changes in biotic interactions, as well as changes to nutrient uptake and 

physiology, can be factors contributing to the ability of polyploids to colonize novel habitats and 

to extend their ranges beyond those of their diploid progenitors. 

Several studies have examined the relationship between polyploidy and enhanced ecological 

tolerance through altered nutrient uptake and performance under diverse soil conditions (te Beest 

et al. 2012). Increased salinity tolerance in polyploids has been found in a wide range of species 

(e.g.,Meng et al. 2012; Meng et al. 2011; Yan et al. 2015). Polyploid Solidago gigantea also 



93 

 

exhibited greater tolerance to certain calcium treatments (Schlaepfer et al. 2010). Additional 

species-specific effects of ploidy have been found in relation to phosphate and sulfate uptake, 

when evaluated in wheat, sugar beet, and tomato (Cacco et al. 1976). Nutrient relations have the 

potential to be an influential determinant of ecological tolerance in polyploids. Nutrient status, in 

turn, can be affected by biotic interactions, notably those with soil microorganisms, and recent 

research has examined effects of polyploidy on mycorrhizal symbioses. In the orchid 

Gymnadenia conopsea, Těšitelová et al. (2013) found differences in mycorrhizal interactions 

between ploidy levels, and Sudová et al. (2014) observed interactive effects of ploidy and 

mycorrhizal inoculation on root mass, shoot phosphorus concentrations, and extraradical 

mycelium length in Aster amellus. 

In addition to mycorrhizal interactions, nodulation is an important phenomenon affecting 

plant nutrient relations, notably for plants in the legume family (Leguminosae) (Sprent 2007; 

White et al. 2007). Nodulation is a symbiotic interaction between plant hosts and diverse 

nitrogen-fixing bacteria (collectively termed rhizobia) where the rhizobia are maintained in an 

organ known as a nodule, typically on the plant root, and fix atmospheric nitrogen, rendering it 

available to the plant host in exchange for carbon assimilates from the plant (e.g., White et al. 

2007; Libault 2014). Recently, on the basis of genomic studies, it has been proposed that 

polyploidy had a role in the evolution of rhizobial nodulation and in the diversification of 

legumes (Young et al. 2011; Li et al. 2013). However, there is an absence of recent direct studies 

examining the potential interactions between polyploidy and nodulation. 

Allopolyploids are the complex products of hybridity, genome doubling, and divergence 

subsequent to their origin (e.g., Buggs et al. 2014). In the case of allopolyploids, several 

competing predictions can be made about effects on rhizobial symbiotic interactions (Powell and 
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Doyle 2015). As fixed hybrids, recent allopolyploids combine the genomes, and thus the 

nodulation gene repertoires, of their diploid progenitors. If the ability to form an effective 

symbiotic partnership with particular bacterial genotypes is determined by host genes that 

facilitate symbiosis, then a simple expectation would be that the allopolyploid could form 

effective symbioses with the full range of bacterial genotypes hosted effectively by either of its 

diploid progenitors. In contrast, if the range of functional host-symbiont combinations is 

determined by genes that limit infection by bacteria, an allopolyploid might have fewer potential 

partners than either diploid. Alternately, transgressive effects could lead to capabilities for 

partnerships with unique rhizobial symbionts that cannot form effective symbioses with either 

diploid progenitor species. 

The polyploid complex of Glycine subgenus Glycine provides a useful study system for 

examining these phenomena. As members of the legume family, these wild perennial relatives of 

the cultivated soybean, G. max, are capable of forming nodulation symbioses (Pueppke 1988; 

Pueppke and Broughton 1999). The complex consists of approximately 30 species, mostly 

diploids, but including eight allopolyploid species formed from extant diploid genomes in 

various combinations (Sherman-Broyles et al. 2014). Allopolyploids in this complex are 

estimated to have been formed within the last half million years (Bombarely et al. 2014), thereby 

providing an opportunity to study impacts of allopolyploidy, coupled with subsequent natural 

selection, on nutrient relations and nodulation interactions. Within Glycine subgenus Glycine, the 

allopolyploid G. dolichocarpa (a member of the “G. tomentella complex” designated T2) was 

formed, with multiple origins, from the diploid progenitors G. syndetika (D4) and G. tomentella 

s.l. (D3) (Doyle et al. 2002; 2004). Five of the eight allopolyploid species in Glycine subgenus 

Glycine, among them T2, have expanded beyond their native Australian ranges, having 
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colonized numerous islands in the Pacific Ocean as far north as the Ryukyu Islands of Japan 

(e.g., T2 has colonized Taiwan), whereas the diploid species are all confined to Australia and, in 

the case of D3, Papua New Guinea (Doyle et al. 2002; 2004). T2 shows many differences from 

its diploid progenitors in such traits as photosynthesis-related phenotypes, photoprotection, gene 

transcription and translation (Coate et al. 2012; 2013; 2014; Ilut et al. 2012); any of these could 

help account for its abilities as a colonizer. Similarly, rhizobial symbiosis, tolerance of various 

nutrient conditions, and the interaction between these two may also contribute to T2’s apparent 

increased ability for colonization. 

In this study, we tested whether the allopolyploid T2 has a greater capacity for rhizobial 

interaction and differential responses to inoculation and nitrogen treatment than do its two 

diploid progenitor species. We assayed “symbiotic capacity”—the capability to form effective 

rhizobial symbioses, which includes early signaling interactions, as well as nodule formation. 

We ask several questions regarding how recent allopolyploidy, coupled with subsequent natural 

selection, affects responses to nitrogen and rhizobial inoculation: (1) Is there evidence of an 

increased range and probability of potential rhizobial interactions in T2 when compared with D3 

or D4? (2) What effect do nitrogen, inoculation and species have on total nodule mass per plant 

and on nodule number per plant? (3) Is plant performance and competitive ability, as measured 

by fresh plant biomass, different for the three species? For each species, how is plant growth 

affected by nitrogen treatment and rhizobial inoculation? If responses to nitrogen levels and 

rhizobial symbionts (particularly where nitrogen is limiting) are contributing to T2’s apparent 

colonization ability, we expect either transgressive responses with potential symbionts and 

enhanced performance under the treatment conditions tested or the additive combination of 

parental traits and capabilities that maximize beneficial symbiotic interactions. If T2 possesses a 
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more restricted and reduced symbiotic capacity relative to either of its diploid progenitors, then it 

is less likely that such interactions contribute to any unique colonization ability in T2. 

 

MATERIALS AND METHODS 

Study system 

For the preparation of experimental rhizobial cultures, lyophilized samples of bacterial 

strains NGR234, USDA110, USDA138, USDA191, and USDA257 were obtained from the 

USDA-ARS Rhizobium Germplasm Resource Collection. All lyophilized samples were revived 

and isolated according to protocols supplied by the USDA-ARS Rhizobium Germplasm 

Resource Collection. The strains that were used in the experiment were all symbionts that were 

not isolated from any member of Glycine subgenus Glycine, nor do they originate from areas 

where such plants were present, such that they represent equally novel potential partners for each 

of the three plant species in this study. USDA191 and USDA257, as representative strains of 

Ensifer (Sinorhizobium) fredii, were isolated in mainland China; USDA191 was isolated from 

soil in Shanghai and USDA257 was isolated from G. soja (a member of Glycine subgenus Soja) 

in Henan (Chen et al. 1988). The two strains of Bradyrhizobium japonicum, USDA110 and 

USDA138, were included to test further the symbiotic range of these species, as these were 

isolated from G. max in the United States (Cassman et al. 1981; Kaneko et al. 2002). Ensifer 

fredii strain NGR234, a broadly nodulating strain also included in this study, was isolated from 

Lablab purpureus in Papua New Guinea (Trinick 1980). 

T2 plant accessions used were G1134, G1188, and G1393; D3 accessions were G1364, 

G1403, and G1820; and D4 accessions were G1300, G1772, G1775, G2073, and G2321. For 

inoculation trials, seeds of multiple accessions per species were also used from diploid 

progenitors D3 (accessions G1364, G1403, G1686, and G1820) and D4 (accessions G1300, 
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G1772, G1775, G2073, and G2321), while four accessions were used from T2 (accessions 

G1134, G1188, G1393, and G2809). The accessions used in this study were chosen to sample 

geographic and genetic diversity of each species (Brown et al. 2002; Doyle et al. 2002). The 

accessions represent samples collected and propagated by selfing by the Commonwealth 

Scientific and Industrial Research Organization (CSIRO). 

Root hair deformation assay 

For the root hair deformation assay, three seedlings per accession per treatment were 

evaluated. Rhizobial inoculum was prepared by growing separate rhizobial strains in arabinose 

gluconate (AG) media for 5 d for E. fredii and 7 d for B. japonicum at 30°C and bacterial cell 

concentrations in media were determined with a Helber counting chamber (Somasegaran and 

Hoben 1994) and an Olympus CX41RF microscope (Olympus, Tokyo, Japan) and 40× objective. 

Cultures of approximately 109 bacterial cells per mL were used to inoculate seedlings. Seeds 

were surface-sterilized for 5 min in 40% ethanol, followed by 5 min in 20% commercial bleach. 

The seeds were then washed in sterile water three times and left to soak in sterile water for 2 h. 

Under sterile conditions, the seeds were nicked and placed in petri plates with 8 mL of sterile 

water. Five-day-old seedlings were transferred to microcentrifuge tubes. Cultures were pelleted 

and washed twice with sterile water. Seedlings were inoculated with 200 µL of bacterial culture 

containing 109 bacterial cells per mL. Sample tubes were coded and labeled, such that the 

researcher counting root hair deformations was blind to the identity of each plant sample. 

Seedlings were incubated with the bacteria for 60 h. Root hairs were then observed using phase 

contrast optics as described by Somasegaran and Hoben (1994), using the Olympus CX41RF 

microscope and 20× objective. Root hairs were observed over the entire length of one side of the 

root. All deformation counts were summed as a percentage of total root hairs observed, and these 
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were evaluated following exposure to rhizobia, as well as in water-treated control samples; the 

ratio of the percentage deformation in treatment roots to the mean percentage in control roots for 

each accession was then calculated. 

Seedling inoculation trials 

Seeds of the three species were sterilized and nicked as described already. The seeds in petri 

plates were then stored in the dark for 7 d. Following germination, the seedlings were separated 

from their seed coats under sterile conditions and were moved to growth tubes containing 10 mL 

of Jensen’s media each. N-free and N-added Jensen’s media was prepared according to 

Somasegaran and Hoben (1994). The N-added media contained 0.1% KNO3. Equal numbers of 

plants per accession were randomly allocated to the N-free or N-added tubes (3 to 5 per 

accession per nitrogen treatment per inoculation treatment). The tubes were then inoculated with 

rhizobial treatment or control media. 

For inoculation treatments, liquid cultures of each rhizobial strain were grown to stationary 

phase, as described. Each treatment plant seedling received 109 cells by pipetting, applied 

directly to the roots. Each control plant was mock-inoculated with an equal volume (0.5 mL) of 

sterile media. The plants were placed in a growth room under 125 µmol light, with 16 h days/8 h 

nights at 22.5°C for 10 wk. All plants received an equal volume of additional water under sterile 

conditions at 2, 6, and 8 wk postinoculation. At the end of 10 wk, all plants were removed from 

media, plant tissue was weighed (aboveground and belowground tissue were separated at the 

hypocotyl, and nodule number and mass were assessed. Due to variation within species for 

ability to nodulate, we assessed the effect on plant biomass of exposure to rhizobia regardless of 

whether the plant was able to form nodules. In the context of colonization, we are primarily 

interested in the comparison of overall growth responses between species with exposure to 
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rhizobia; less growth in one species due to reduced nodulation is relevant and appropriate when 

considering colonization ability, and this approach has been used previously (e.g., Parker et al. 

2006). While acetylene reduction assays are most accurate in determining levels of nitrogen 

fixation, for the purposes of this study a standard scoring method for effectiveness of nodules, 

assessing red coloration in dissected nodules as described by Somasegaran and Hoben (1994) 

was used. 

Statistical analyses 

For the root hair assays, the ratios of root hair deformation in treatment plants to controls 

were analyzed using a model including rhizobial inoculation treatment and plant species as fixed 

effects, with accession included as a random effect, along with the interaction of plant species 

and rhizobial treatment. 

To assess the propensity for nodulation of the three species, data on the presence or absence 

of nodules on each plant was evaluated with a logistic regression model. The model was applied 

to data for the trial with the strain NGR234, using species and nitrogen as fixed effects and 

accession as a random effect. The interaction between nitrogen and species was also included in 

the model. Pairwise differences were assessed using Tukey’s honestly significant difference 

(HSD) test. The data for tests using other strains were not amenable for several statistical tests 

due to the absence of any nodulation in numerous cases. 

Additional statistical tests were conducted on the data from the NGR234 trial. A normal 

mixed-effects model was used to evaluate significant factors affecting plant fresh biomass. 

Species, nitrogen, and rhizobial inoculation (i.e., whether a sample was inoculated with NGR234 

or was mock-inoculated) were included as fixed effects, along with plant accession as a random 

effect, and the interactions between the fixed effects were also included. 



100 

 

Hurdle models were run for total root nodule mass per plant and number of nodules per plant, 

due to the substantial number of zero values in these data sets. The first part of each hurdle 

model consisted of a logistic regression for zero and nonzero values. For both of these hurdle 

models, the results of the logistic regressions were identical to the logistic model described 

above. The second part of each hurdle model involved a normal ANOVA model fit on the 

nonzero subsets of each dataset. To improve the normality of the residuals, the models were run 

on the log-transformed values for both data sets. For both steps of each hurdle model, nitrogen 

treatment and species were included as fixed effects and accession was included as a random 

effect. The interaction term between species and nitrogen was also included. Tukey’s HSD test 

was used to examine pairwise differences between groups. All analyses described were 

conducted using the R packages lme4 (Bates et al. 2015) and lsmeans (Lenth and Hervé 2016). 

 

RESULTS 

Root hair deformation 

In assessing root hair deformations in response to rhizobial exposure, numerous types of 

deformation phenotypes were observed, including curling, branching, wiggling, and bulging, as 

has been previously noted in studies using G. max and B. japonicum (Duzan et al. 2004). In roots 

treated with rhizobia, accession averages ranged from near zero to approximately 11% of root 

hairs deformed. In general, root hair deformation was greatest in T2 (Figure 4.1). For the overall 

model, plant species was a statistically significant predictor of root hair response (F2, 8 = 8.87, P 

< 0.01). Pairwise differences between species showed that the greater root hair deformation in T2 

was significantly different from both D3 (Tukey’s HSD, P < 0.01) and D4 (Tukey’s HSD, P < 

0.05). 
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Figure 4.1. Root hair deformation ratios (deformation percentage in treatment plants divided by 

mean accession percentage in control plants) for D3, T2, and D4 species. Values represent means 

± SE of all samples for a species (N = 9, 9, 15 for D3, T2, and D4, respectively, for each 

rhizobial treatment). For each rhizobial treatment, letters above the bars indicate statistical 

significance; categories sharing a letter are not significantly different from each other (Tukey’s 

HSD, P > 0.05), while those not sharing a letter are significantly different (Tukey’s HSD, P  

0.05). 

 

 

In the overall model, treatment (i.e., the bacterial strain with which roots were incubated) was 

a significant factor (F4, 142 = 9.00, P < 0.01) and the interaction of plant species and treatment 

was also significant (F8, 142 = 2.91, P < 0.01), indicating that effect of species varied depending 

on the particular bacterial strain treatment. While our interest was not primarily in the variable 

effects of different bacterial treatments, we also explored unique effects of each strain on the 

three plant species. Models tested for each treatment strain separately showed that, in the case of 

USDA138, the curling ratio of T2 was significantly greater than those of D3 and D4 (Tukey’s 

HSD, P < 0.05), while there was no significant pairwise difference between D3 and D4. With 

both USDA110 and USDA257, T2 was greater than D3 (Tukey’s HSD, P < 0.05); no other 

pairwise differences were statistically significant. For NGR234 and USDA191, no significant 

differences were found despite T2 having numerically higher ratios in both cases. 
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Although differences between species, specifically between the allotetraploid and its 

progenitors, were of primary interest, variation at the level of accession within plant species was 

accounted for in the statistical models used here. Substantial differences can be observed 

between accessions for particular rhizobial treatments, and these differences can be observed for 

all three species (Appendix 1). Such detailed data are useful in understanding the correlations 

between root hair deformations and other explanatory variables connected to differences in 

signaling. Thus, despite differences within species, the root hair deformation assays indicate that 

differences in the responses to inoculation exist between species, and that T2 appears to be more 

responsive to rhizobial treatment than either of its diploid progenitors (particularly D3). 

Inoculation trials 

Root hair deformation occurs in the earliest stages of the establishment of rhizobial 

symbiosis, and as such, the root hair response can serve as a proximal indicator of symbiotic 

signaling. However, since the signaling that gives rise to root hair deformation and curling 

constitutes the earliest stages of symbiotic interaction, it does not necessarily follow that these 

will translate directly into differences in nodule formation and concomitant contributions to plant 

growth. We therefore also assessed nodule formation following inoculation. 

We calculated the total proportion of plants for each accession and species that formed 

nodules following inoculation with one of the five rhizobial strains (Figure 4.2). Qualitatively, 

T2 appeared to have a greater capacity for nodulation, with instances of nodulation observed in 

T2 plants for all of the inoculation treatments with each of the five strains, while this was not the 

case with D3 and D4. Furthermore, with strains where nodules were observed on only one 

diploid species, the diploid that formed nodules was not consistent across strains; in the case of 

USDA110, nodules were found on some D3 plants but no D4 plants, while with USDA138 the 
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opposite was true. The overall proportion of nodulated plants was also greater for T2, compared 

with D3 and D4, for each of the strains tested, although overall proportions of nodulation were 

low for all three plant species with certain strains (e.g., USDA138 and USDA257). No nodules 

were observed on mock-inoculated control plants of any of the three Glycine species. The 

qualitatively greater capacity for nodulation with diverse strains observed for T2 suggests some 

potential for both a broader range of interactions with novel symbiotic partners and a greater 

propensity to form nodules with particular strains. 

 

Figure 4.2. Percentage of plants with nodules for D3, T2, and D4 species following inoculation 

with rhizobia NGR234, USDA110, USDA138, USDA191, and USDA257. 

 

 

A logistic regression model was used to test whether species and nitrogen treatment affected 

the probability of a plant forming any nodules when inoculated with NGR234. These statistical 

tests were not possible with other strains due to the preponderance of zero values, which led to 

violations of model assumptions. For the NGR234 treatment, species was a significant 
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explanatory factor (likelihood ratio test, 2 = 8.13, df = 2, P < 0.05). The predicted probability of 

having nodules was greatest for T2, followed by D3 and D4, and the pairwise difference between 

T2 and D4 was statistically significant (Tukey’s HSD, P < 0.05). However, there was no effect 

of nitrogen treatment (likelihood ratio test, 2 = 0.76, df = 1, P > 0.05), nor was there a 

significant effect of the interaction between species and nitrogen (likelihood ratio test, 2 = 2.53, 

df = 2, P > 0.05). Growth of putatively effective nodules when inoculated with NGR234, 

characterized by visible red coloration when opened, was also confirmed on eight T2 plants and 

three D4 plants, while, though nodules were observed on D3 plants, putatively effective nodules 

were not observed. 

NGR234 nodule growth 

The first component of our hurdle models (i.e., the first “hurdle”) consists of a logistic 

regression model on nodule presence and absence data. For both nodule mass and nodule 

number, the logistic regression components of both hurdle models were identical to those of the 

logistic regression discussed already. The second step of each of the hurdle models involved 

taking only the subset of the data for which nonzero values occurred (i.e., plants for which 

nonzero values were obtained for total nodule mass per plant and nodule number per plant) and 

testing for differences between groups. The log-transformed total nodule mass per plant and 

nodule number per plant were evaluated and compared for those plants that had at least some 

nodules present. For the relevant subset of total nodule mass data, species was highly significant 

(F2, 43 = 5.77, P < 0.01). T2 had the greatest nodule mass, followed by D4 and then D3. In 

pairwise comparisons, T2 had a significantly greater total nodule mass per plant when compared 

with D3 (Tukey’s HSD, P < 0.05), but D4 was not significantly different from either D3 or T2 

(Figure 4.3A). The interaction between nitrogen treatment and species was not significant (F2, 43 
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= 1.98, P > 0.05), and nitrogen treatment was also not statistically significant (F1, 43 = 3.69, P = 

0.062). In the subset of log-transformed nodule number data, neither species (F2, 6 = 0.65, P > 

0.05), nitrogen (F1, 37 = 0.60, P > 0.05), nor the interactions between species and nitrogen (F2, 37 

= 1.67, P > 0.05) were significant (Figure 4.3B). Species and nitrogen were also not significant 

in the model excluding the interaction term. These results suggest that since, among nodulated 

plants, there was no difference in the number of nodules, T2 achieved the greater total nodule 

mass by producing nodules that were also individually larger, which corresponds with 

observations of a greater proportion of larger nodules on T2, followed by D4 and then D3 

(observations not shown). 
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Figure 4.3. Nodule growth measurements for plants with nodules present following inoculation 

with NGR234. (A) Log-transformed total nodule mass per plant. (B) Log-transformed nodule 

count per plant. Values represent means ± SE (N = 13, 29 and 7 for D3, T2, and D4, 

respectively). Letters above the bars indicate statistical significance; categories sharing a letter 

are not significantly different from each other (Tukey’s HSD, P > 0.05). 

 

Plant fresh biomass 

For assessment of biomass, we focused on the NGR234 treatment, since a greater proportion 

of nonzero values were obtained with this strain for the variables of interest. Fresh total plant 
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biomass was assessed for each plant species inoculated with NGR234 (Figure 4.4A). When 

considering all plants inoculated with rhizobial strain NGR234, species (F2, 10 = 29.62, P < 0.01), 

nitrogen treatment (F1, 179 = 64.04, P < 0.01) and inoculation treatment (i.e., inoculation with 

NGR234 or mock-inoculation) (F1, 179 = 9.19, P < 0.01) were significant predictors of plant total 

fresh biomass. There were also significant interactions between species and nitrogen treatment 

(F2, 179 = 5.08, P < 0.01) and between inoculation and nitrogen treatment (F1, 179 = 10.81, P < 

0.01). Results for aboveground and belowground tissue, analyzed separately, were slightly 

different from those obtained for total plant biomass (Figure 4.4B, 4.4C). For aboveground 

tissue, species was a significant factor (F2, 10 = 17.82, P < 0.01), nitrogen treatment was 

significant (F1, 180 = 83.83, P < 0.01), and the interactions between species and nitrogen (F2, 180 = 

10.97, P < 0.01) and between nitrogen and rhizobial inoculation (F1, 180 = 22.68, P < 0.01) were 

significant. For belowground tissue, species (F2, 10 = 31.63, P < 0.01), nitrogen treatment (F1, 179 

= 19.40, P < 0.01) and rhizobial inoculation (F1, 179 = 48.24, P < 0.01) were all significant 

factors, and the interactions between species and rhizobial inoculation was also significant (F2, 

179 = 10.18, P < 0.01). This significant interaction term indicates that the effect of inoculation on 

plant growth was dependent on the species. For belowground tissue, when a model was analyzed 

excluding inoculated plants that did not form nodules, the species, nitrogen, and inoculation 

terms remained significant, but the interaction between species and inoculation was no longer 

significant, suggesting that the differing growth response of species to inoculation was in large 

part due to the differing proportions of plants that nodulated for each species. 
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Figure 4.4. Fresh biomass as affected by plant species, nitrogen treatment, and inoculation with 

NGR234. (A) Total biomass. (B) Aboveground biomass. (C) Belowground biomass. Values 

represent means of all samples for each species ± SE (N = 15-19 per species per treatment 

group). Letters above the bars indicate statistical significance; categories sharing a letter are not 

significantly different from each other (Tukey’s HSD, P > 0.05). 
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Using Tukey’s HSD test for pairwise comparisons, T2 mock-inoculated, nitrogen-free plants 

were not significantly different from the D3 and D4 mock-inoculated, nitrogen-free plants 

(Tukey’s HSD, P > 0.05). However, for the remaining treatment groups (inoculated and 

nitrogen-free, mock-inoculated with added nitrogen, inoculated with added nitrogen), T2 showed 

a significantly greater total fresh biomass than in the corresponding D3 and D4 samples (Tukey’s 

HSD, P < 0.05). When compared with the low-nitrogen mock-inoculated controls, the biomass 

change (BC) for T2 was greater when exposed to NGR234 (BC = 0.140, 95% confidence 

interval [CI] = 0.082–0.198), while corresponding increases in D3 and D4 were not as large (D3 

BC = 0.042, 95% CI = 0.016–0.068; D4 BC = 0.072, 95% CI = 0.039–0.104). Similarly, again in 

comparison with the low-nitrogen mock-inoculated controls, T2 with added nitrogen (without 

NGR234 treatment) increased its biomass (BC = 0.232, 95% CI = 0.114–0.351), while the 

increase appeared to be reduced in the diploids (D3 BC = 0.104, 95% CI = 0.020–0.188; D4 BC 

= 0.109, 95% CI = 0.043–0.176). With respect to T2’s responses in comparison with the mock-

inoculated controls, it is also notable that the source of the nitrogen did not greatly affect 

biomass; both rhizobial treatment and nitrogen elicited similar increases. However, the results 

also indicate that much of the gain by T2 from exposure to NGR234 occurs in belowground 

tissue (Figure 4.4C); this result is a further illustration of the importance of the rhizobial 

treatment to belowground growth indicated by the significant interaction between species and 

rhizobial treatment noted above. Thus, from the fresh biomass responses, T2 appears to make 

greater gains, in comparison with its diploid progenitors, when exposed to any source of 

additional nitrogen. 
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DISCUSSION 

There are few precedents for predicting whether an allopolyploid, in permanently combining 

two differentiated genomes, should have a broader or a narrower range of symbionts, relative to 

its diploid progenitors, with which it can form effective rhizobial symbioses. Compelling 

arguments can be made for either prediction. 

If the range of symbiotic partners in diploid progenitors were determined by plant genes and 

alleles that limit bacterial infection and nodulation to specific bacterial strains, allopolyploids 

might be expected to have a reduced capability for symbiotic partnerships compared to either 

progenitor. Not surprisingly, given the likely recruitment of at least some nodulation functions 

from pre-existing defense responses (Oldroyd 2013), there are analogies with polyploid 

responses to pathogen resistance and defense. In modeling studies, Oswald and Nuismer (2007) 

found that autopolyploids had the potential for increased resistance when multiple alleles and 

multiple genes confer resistance. In empirical studies, the modulation of pathogen resistance 

responses is well recognized as an important key in determining nodulation outcomes in legumes 

(Gourion et al. 2015). In G. max, in particular, a set of host genes have been associated with 

restriction of interactions with specific rhizobial strains (Hayashi et al. 2012a; Hayashi et al. 

2014; Yang et al. 2010). For example, Yang et al. (2010) identified Rfg1 and Rj2 as allelic 

variants of a gene coding for a Toll-interleukin receptor/nucleotide-binding site/leucine-rich 

repeat (TIR-NBS-LRR) resistance (R) proteins, each leading to restricted nodulation with strains 

of B. japonicum and E. fredii. 

Our results, however, indicate that the allopolyploid T2 possesses an enhanced capability for 

rhizobial interaction, suggesting that factors other than those that could limit symbiotic capacity 

are likely operating to determine symbiotic ranges. A plausible expectation would be that the 

allopolyploid, by combining genes that facilitate symbiotic interaction from diploid progenitors, 
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would combine the capabilities for symbiotic interactions present in both progenitors, with the 

additional possibility of novel, transgressive interaction capabilities as well. T2 appears to be 

capable of root hair responses that are greater than those of either parent. This responsiveness of 

T2 may be due to variations in the types and quantities of signaling compounds in root exudates 

between T2, D3 and D4. In the most common type of legume rhizobial symbiosis, plants exude 

compounds, primarily flavonoids, that trigger Nod factor synthesis in the bacteria, whose 

subsequent reception by the plant leads to induction of root hair curling and deformation before 

bacterial infection and nodule organogenesis. The signaling between the rhizobial strains and 

legume species contributes to the specificity of the interactions (Oldroyd 2013; Oldroyd and 

Downie 2008). Hybridity and polyploidy, in general, can lead to the production and 

accumulation of compounds, including flavonoids, at greater or lower levels than in progenitors 

(Griesbach and Kamo 1996; Lavania et al. 2012). In addition, novel compounds synthesized in 

allopolyploids and not present in either progenitor have been historically well documented, with 

reconstruction and complementation of biosynthetic pathways of related genomes as a possible 

mechanism (e.g., Levy and Levin 1971, 1974; Dhawan and Lavania 1996). Our results suggest 

that T2 may exude greater quantities of Nod-factor-inducing compounds than D3 does and 

reduced levels of inhibiting compounds when compared with D4 (A. F. Powell and J. J. Doyle, 

unpublished manuscript). Different types or amounts of flavonoids in the exudates of T2 could 

elicit increased Nod factor production by rhizobia and result in a greater root hair response. Such 

phenomena have been observed, for example, in Medicago sativa and its symbiont E. meliloti, 

where the flavonoid, luteolin, binds with the NodD protein and induces Nod factor synthesis, 

whereas other noninducing flavonoids bind competitively to NodD (Peck et al. 2006). 

Quantitative differences are also important: varying the amount of Nod factor to which a plant 
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root is exposed subsequently causes differential early nodulation responses (Shaw and Long 

2003). Alternatively, when considering T2 and its diploid progenitors, differences between the 

potential plant hosts in the density and type of symbiotic signaling receptors, including the Nod 

factor receptors NFR1 and NFR5 in Glycine, may also modulate the plant response (e.g., 

Radutoiu et al. 2007). Available evidence indicates that T2 plants express both homoeologues of 

key receptors and thus have the capacity to respond to Nod factor signals recognizable by both 

progenitor species (A. F. Powell and J. J. Doyle, unpublished manuscript). The ability to 

perceive a greater diversity of signals may thus be contributing to the enhanced symbiotic 

capacity observed in the allopolyploid. 

Nodulation and colonization 

Research with members of the Glycine subgenus Glycine allopolyploid complex aims at 

understanding anatomical, biochemical, and genetic differences between allopolyploids and their 

diploid progenitors (e.g., Coate et al. 2012). We are interested in these differences both 

intrinsically and because we seek to understand how several of these recently evolved 

allopolyploids have been able to colonize new habitats and ranges beyond Australia and Papua 

New Guinea while no subgenus Glycine diploids have done so in their several million years of 

existence. Several studies have been dedicated to understanding traits that could contribute to 

this apparent increased ability for colonization. T2 has higher photosynthetic rates on a per cell 

basis than do D3 or D4 (Coate et al. 2012), potentially due to higher expression of Calvin cycle 

enzymes (Ilut et al. 2012). Coate et al. (2013) also showed that T2 is better able to manage light 

stress, when compared with its diploid progenitors. Whether the superiority of T2 in any of these 

traits is related to its colonizing ability is unknown. Harbert et al. (2014) conducted an ecological 

niche modeling study on the Australian ranges of four subgenus Glycine allopolyploids and their 
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diploid progenitors; one goal of their study was to determine whether climate niches of 

allopolyploids in their native Australian ranges predicted greater colonizing ability. Harbert et al. 

(2014) found that all four allopolyploid species, including T2, were ecologically intermediate 

relative to their diploid progenitors, but otherwise found no consistent patterns. Although some 

of the allopolyploid species had larger ecological and geographical potential ranges than their 

diploid progenitors, others, including T2, did not. Thus, the Australian climate niche of T2 did 

not predict a greater colonizing ability outside of that continent (Harbert et al. 2014), suggesting 

that other traits are likely responsible. 

Biotic interactions (e.g., pollination ecology, disease resistance, mutualisms such as 

mycorrhizal or nodulation symbioses) represent another class of relevant traits. The effects of 

polyploidy on biotic interactions are thought to play a role in the enhanced invasiveness of 

polyploid plants (Pandit et al. 2011; Pandit et al. 2014; te Beest et al. 2012). A focus on the 

potential impact of nodulation in this context is warranted, given that studies have shown that 

nodulation can affect the range expansion and occupation of novel habitats by legume species. 

For example, Stanton-Geddes and Anderson (2011) found that the range of Chamaecrista 

fasciculata was likely limited by the presence of compatible rhizobia. Subsequent experiments 

showed that reduced plant performance and nodulation was primarily due a reduced availability 

of compatible rhizobia at the limits of the range (Stanton-Geddes and Anderson 2011). Similarly, 

Parker et al. (2006) found that seedling growth, measured by plant mass, for an invasive legume 

species was greatest when transplanted seedlings were inoculated with compatible rhizobia when 

compared with uninoculated transplants, suggesting that a dearth of compatible symbionts 

affected plant performance. These examples demonstrate that availability of compatible rhizobial 

partners can affect the ability of a species to expand its range and to colonize new areas, 
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suggesting that the enhanced symbiotic capacity observed in T2 could contribute to the species’ 

apparent increased ability for colonization relative to its diploid progenitors, D3 and D4. 

To mimic colonization of a previously unoccupied region, we exposed T2, D3, and D4 to 

rhizobial strains that are novel partners for these species (i.e., these strains were not isolated from 

any of these species, nor were they collected from areas where accessions of Glycine subgenus 

Glycine are native). We studied symbiotic capacity, which is taken to encompass early signaling 

responses as well as nodule formation and growth, and found that T2 appears to show overall 

greater early signaling and nodulation responses with a broader range of rhizobial strains. 

Furthermore, with NGR234, T2 showed a greater percentage of nodulated plants relative to one 

diploid progenitor and greater nodule mass per nodulated plant compared with the second 

progenitor. It is also worth noting that inoculation results for the NGR234 strain represent a 

special case, where at least some plants from accessions of all species formed nodules, consistent 

with the unusually broad host range of this strain (Pueppke and Broughton 1999). NGR234’s 

ability to be a broad-range symbiont has been attributed to its ability to produce an exceptionally 

diverse array of Nod factors, with a variety of structures and substituents (Price et al. 1992; Price 

et al. 1996; D’Haeze and Holsters 2002) and in greater amounts, for example 40 times as much 

as USDA257 (Pueppke and Broughton 1999; Relić et al. 1994). Nod factor structure, in turn, is 

believed to be at least partly responsible for determining the specificity of interactions between 

rhizobia and legume hosts (Oldroyd and Downie 2008). Thus, the use of NGR234 enables an 

assessment of T2’s ability to form nodulating associations beyond its responses to a single more 

typical bacterial strain and emphasizes its increased symbiotic capacity relative to its diploid 

progenitors. 
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Glycine, nodulation, and polyploidy 

Although there have been a few studies of nodulation in subgenus Glycine, none are directly 

comparable with our results in testing an allopolyploid species with its diploid progenitors. 

Pueppke (1988) tested individuals from three perennial Glycine species (none of those studied 

here) with several rhizobial strains; although ploidy was not reported, we now know that one of 

these was an allopolyploid, and the remaining two were diploids, but were not progenitors of the 

allopolyploid (A. F. Powell, unpublished data). Interestingly, the allopolyploid was able to 

nodulate with a variety of non-native strains of rhizobia, including USDA138, USDA257, and 

USDA191, while the diploids were not. This difference is consistent with our findings, and 

suggests that the ability of allopolyploid Glycine to nodulate with a broader range of rhizobia 

than diploids may not be confined to T2. Interestingly, when tested against strains isolated from 

members of subgenus Glycine in Australia, Pueppke (1988) observed no such difference in 

nodulation capability between the diploid and allopolyploid accessions tested. It would be 

interesting to test whether this observation, with its implications for colonization, would be 

mirrored in comparisons of allopolyploids and their diploid progenitors, as we have done here. In 

another study, Pueppke and Broughton (1999) showed that plants from the same three species 

could form nodules with NGR234, but did not report frequencies of nodule formation. Other than 

these studies, there have only been a few descriptive studies of nodulation of subgenus Glycine 

species by Bradyrhizobium spp., where Glycine plants were used as “trap plants” to identify 

resident bacteria (Brockwell et al. 1998); ploidy levels were not examined or reported in this 

study. 

Outside of Glycine, the literature on nodulation ability of polyploids and their diploid 

progenitors is sparse and has generally involved synthetic autopolyploids. Among the few 
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studies of synthetic polyploids and nodulation published before the development of a molecular 

understanding of nodulation processes, one obtained results similar to those presented here. Leps 

et al. (1980) found that autotetraploid alfalfa (Medicago sativa) had higher rates of nitrogen 

fixation from rhizobia compared with the diploid in the first 10 d of growth, after which there 

was no difference (there was also no difference between the tetraploid and octoploid levels of 

nitrogen fixation). Thus, there was a greater early gain from nodulation in the tetraploid relative 

to the diploid, which was also reflected in a higher plant nitrogen content, similar to the 

polyploid advantage suggested in the current study. However, the Medicago study was not 

conducted on allopolyploids nor in a context relevant to colonization of novel habitats. In 

contrast to our findings, Weir (1961) observed that synthetic autopolyploids of Trifolium 

pratense tended to have fewer nodules than did corresponding diploids when tested against a 

variety of rhizobial strains. Working with autotetraploids of a peanut species (Arachis villosa), 

Stalker et al. (1994) found that there was no significant difference in nodule number per plant 

between autotetraploids and the progenitor diploid genotype, but did find that, in field and 

greenhouse experiments, two natural allopolyploid species, A. monticola and A. hypogaea 

(peanut, groundnut), tended to have more nodules per plant, nodule mass, and nitrogenase 

activity when compared with a broad variety of diploid species. Thus, while a number of earlier 

studies focused on synthetic autopolyploids, our results provide novel insights into the 

interactions between nodulation and allopolyploidy. 

Polyploidy, plant growth, and nutrient responses 

In studying nutrient responses and interactions with rhizobia, we have found differences 

between the allopolyploid T2 and its diploid progenitor that can plausibly contribute to T2’s 

success as a colonizer. The qualitative breadth of symbiotic interactions observed here, with T2 
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combining and going beyond (“transgressing”) the symbiotic capabilities of its diploid 

progenitors, along with its greater root hair responses to rhizobial exposure, suggest a greater 

capacity for interactions with a range of rhizobial partners. Yet rhizobia can vary substantially in 

the benefits that they confer on their hosts (Sachs et al. 2010; Barrett et al. 2015). For this reason, 

we also sought to examine parameters connected to plant fitness. Biomass is a component of 

plant fitness (Violle et al. 2007), and as such, biomass can serve as a measure of competitive 

ability (Weiher et al. 1999). 

Assessing plant growth when exposed to NGR234 and to added nitrogen is helpful in 

understanding T2’s colonization potential. The growth responses of T2 to the treatments were 

striking and set it apart from its diploid progenitors, while the growth response of the 

allopolyploid to added nitrogen was also informative. These growth responses indicate that T2 

could maximize the contribution of available soil nitrogen or exposure to the rhizobial symbiont 

to a greater degree than D3 or D4, potentially aiding its establishment in a new habitat. The 

statistically significant interaction effect of species and rhizobial inoculation on belowground 

biomass is also of interest in this context since T2 showed a strong response to inoculation while 

D3 and D4 did not. This response is undoubtedly related to the higher proportion of nodulated 

plants in the T2 sample, coupled with the greater total nodule mass per plant, leading to a 

stronger effect of nitrogen fixation. Furthermore, for a stable mutualism to persist, both partners 

must gain in fitness and, indeed, in inoculation experiments with single strains, the fitness gains 

of both partners are positively correlated (Friesen 2012). For the low-nitrogen samples, T2 was 

the only species to show a total biomass gain when exposed to NGR234, which, coupled with the 

fact that the total nodule mass was also greatest for this symbiosis, is consistent with a positive 

relationship between the partners and suggests that the mutualism would be capable of persisting. 
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Previous work with T2 had suggested that T2 individuals are more robust and grow more 

rapidly and to greater sizes than do D3 and D4 (A. F. Powell, personal observation); here, we 

provide quantitative evidence for these observations. Similarly, the general significant effect of 

additional nitrogen on biomass was also to be expected, since comparisons of nitrogen addition 

and deprivation normally show that greater biomass is produced with greater amounts of 

available nitrogen (e.g., in G. max: Gan et al. 2003). However, the interactions observed between 

nitrogen and species are of particular interest, since it appears that T2 is able to maximize use of 

additional nitrogen to a degree that neither of its diploid progenitors can. Previous studies of 

nutrient relations in polyploids have also found increased ability to manage uptake of nutrients. 

For example, in Arabidopsis thaliana, autotetraploids showed greater potassium uptake and 

content in leaves than diploids, as well as increased salinity tolerance and greater fitness under 

saline conditions (Chao et al. 2013). Similarly, as noted above, increased salinity tolerance was 

also found in autopolyploid Brassica rapa (Meng et al. 2011), and polyploid Solidago gigantea 

was also found to have greater tolerance to calcium treatments (Schlaepfer et al. 2010). 

The primary findings based on plant biomass under rhizobial and nitrogen treatments indicate 

that, while T2 is generally larger than its diploid progenitors irrespective of treatment, its growth 

also responds to rhizobial inoculation while D3 and D4 do not, when comparing plants with low 

added nitrogen. Furthermore, it responds to increased available nonsymbiotically fixed nitrogen 

to a greater degree than its D3 progenitor. The strong effect of inoculation on T2 belowground 

tissue growth was also notable. 

Nodulation in the context of polyploidy and biotic interactions 

Our study is consistent with a number of studies that have found that polyploidy can affect a 

variety of biotic interactions (e.g., Arvanitis et al. 2007; Arvanitis et al. 2010; Halverson et al. 
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2008). Additionally, Thompson et al. (2004) posed several questions for polyploidy researchers 

pertaining to plant and animal interactions, and our study also intersects with analogous 

questions. For example, Thompson et al. (2004) were interested in whether polyploidy could 

make pathogen host shifts more or less likely. Our work explores the possibility that rhizobial 

symbiont shifts to novel hosts may be more likely for an allopolyploid, relative to its diploid 

progenitors, thereby making a persistent symbiosis more likely in a context of colonization. 

Thompson et al. (2004) also noted that such shifts can often be explained by the distribution of 

chemical compounds; it has long been known that polyploidy may affect plant chemistry (e.g., 

Levin 1983). Our studies on interactions between members of Glycine subgenus Glycine and 

rhizobial symbionts have tested predictions of allopolyploids (Powell and Doyle 2015) and 

shown qualitative and quantitative changes in the synthesis and exudation of chemical 

constituents in polyploids relative to their diploid progenitors (A. F. Powell and J. J. Doyle, 

unpublished data). 

Our study suggests that allopolyploids and diploids have different likelihoods of interacting 

with particular strains of rhizobia and thus could have the potential to recruit diverse, distinct 

rhizobia, though direct evidence of such recruitment will require additional field studies. Similar 

observations were previously made by Thompson and Merg (2008) in the context of plant–

pollinator interactions, where diploids and autopolyploids showed differential visitation and 

pollination by various pollinators, and preferential visitation of some pollinator to diploids or 

tetraploids also varied by study site. Similar non-uniform effects have also been observed in 

relation to herbivory; autopolyploid Heuchera grossulariifolia had different responses to 

herbivores than did its diploid cytotype, being attacked less by one herbivore species but more by 

two others, when compared with the diploid (Nuismer and Thompson 2001). Such non-uniform 
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effects may be expected in nodulation interactions in Glycine subgenus Glycine, though our data, 

with several strains tested, tended to show a generally enhanced symbiotic capacity in the 

allopolyploid. 

As in the current study, within-species variability in the ability to nodulate with particular 

strains of rhizobia has been observed previously for G. max and G. soja, where certain cultivars 

and accessions formed nodules with NGR234 and USDA257, whereas others did not (Pueppke 

and Broughton 1999). This variability between accessions within species has particular relevance 

in the case of rhizobial interactions, confirming the general expectation of variable genotype-by-

genotype interactions and responses (e.g., Heath 2010; Heath et al. 2012). Our data show this 

type variability. For example, levels of nodulation with NGR234 varied among D4 accessions: 

for some accessions no plants produced nodules, whereas one, the genetically distinctive G2073 

(Bombarely et al. 2014; S. Sherman-Broyles [Cornell University] and J. J. Doyle, unpublished 

data) had a high proportion of nodulating plants (Appendix 2). In the context of allopolyploidy, 

such variation in nodulation ability within diploid progenitors is important since the 

allopolyploid, even if it originates multiple times, may only sample a portion the genetic 

variation within a given diploid progenitor. 

Additional questions remain to be addressed in terms of what other interacting factors exist 

that might alter the effects of polyploidy on nodulation symbioses. Studies of herbivory on 

polyploid plants have found that factors such as population size, habitat, and whether a herbivore 

is a generalist or specialist can alter the effect of polyploidy on the biotic interaction and 

determine the predictability of such effects (Hull-Sanders et al. 2009b; Münzbergová 2006). 

Analogously, in the context of nodulation and polyploidy, it is known that the outcomes of 

rhizobial symbioses can be changed by the level of nitrate or the activity of herbivores (Heath et 
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al. 2010; Heath and Lau 2011). Our studies here, involving addition of nitrogen, are a first step in 

understanding how biotic and abiotic factors can affect nodulation in the Glycine subgenus 

Glycine allopolyploid complex, and how this in turn might affect colonizing ability. 

Conclusions 

Taken together, the results of interactions with rhizobia demonstrated by T2, as compared 

with D3 and D4, support the hypothesis that T2 has a broader, enhanced capacity for engaging in 

rhizobial symbiosis. This more robust nodulation response could explain why T2, and not the 

diploid species that contributed their genomes to its formation, has populations outside of 

Australia and Papua New Guinea. Our current work is directed toward understanding the 

mechanisms by which these symbiotic capabilities occur, including assays of the types and 

quantities of flavonoid signaling compounds exuded by diploid and allopolyploid Glycine, 

variations in the Nod factor receptors that each species possesses, and the molecular and 

physiological bases of early responses to rhizobial signaling that lead to nodulation (A. F. 

Powell, unpublished data). The perennial Glycine complex provides several independent 

examples of colonization by allopolyploid species (Sherman-Broyles et al. 2014) and thus allows 

tests of the generality of our hypotheses. By elucidating the interactive effects between 

polyploidy, rhizobial symbiosis and nutrient relations, as well as the mechanisms underlying 

these interactions, we will gain a more complete understanding of how biotic interactions can 

contribute to enhanced colonization ability in polyploid species. 

  



122 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

 

NON-ADDITIVE TRANSCRIPTOMIC RESPONSES TO INOCULATION WITH RHIZOBIA 

IN ALLOPOLYPLOID GLYCINE DOLICHOCARPA 
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INTRODUCTION 

Nodule-forming interactions between soil bacteria and plant hosts, referred to as root 

nodule symbiosis, are a prominent feature of legume biology, with the capacity for such 

interactions being widespread across the family (Leguminosae). The nitrogen-fixing nodules 

formed in such symbioses are a key source of nitrogen for many legumes and can account for an 

important addition of nitrogen to specific biological systems (Herridge 2008). Nodulation 

symbioses are diverse among legumes, including various determinate and indeterminate growth 

types, ureide and amide exporting mechanisms, as well as alternative mechanisms such as the 

stem nodulation found in Sesbania rostrata (Sprent 2009). The bacteria (termed ‘rhizobia’) that 

interact with legumes in such symbioses are also diverse; while many are in the 

Alphaproteobacteria genera of Rhizobium, Sinorhizobium, Bradyrhizobium, Betaproteobacteria, 

in genera such as Burkholderia and Cupriavidus, are also known to form nodulation symbioses. 

Many of the signaling components and molecular mechanisms required for the establishment of 

rhizobial symbioses have been elucidated (e.g., Oldroyd 2013). The signaling between partners 

involves Nod factors, lipochitooligosaccharides synthesized by rhizobia in response to Nod 

factor-inducing compounds (often flavonoids) in a host plant’s root, which are then perceived via 

plant receptors; variation in these several signaling components is believed to contribute to the 

diversity and specificity of interactions (Radutoiu et al. 2007).  

With recent genomic studies, whole genome duplication (WGD, polyploidy) has been 

implicated as a phenomenon that may have had a role in the evolution and refinement of 

nodulation in legumes (Young et al. 2011; Li et al. 2013). With the publication of the Medicago 

truncatula genome, evidence of a WGD shared by many papilionoid legumes was coupled with 

evidence of duplicate gene retention and expression patterns to suggest that key genes involved 
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in nodulation signaling evolved from genes duplicated by this WGD. The authors stated that “the 

WGD early in papilionoid evolution allowed the emergence of critical components in Nod factor 

signaling and contributed to the complexity of rhizobial nodulation observed in this 

clade”(Young et al. 2011). Polyploidy can certainly have varied effects, including those at 

genetic, biochemical, organismal and ecological levels. In particular, changes at the level of gene 

expression can impact phenotypes and, ultimately, responses to abiotic and biotic factors. 

Patterns of nonadditive expression in allopolyploids have been observed in numerous cases, such 

as for example in Spartina anglica (Chelaifa et al. 2010) and Senecio cambrensis (Hegarty et al. 

2012), suggesting that substantial expression-level variability can occur. Expression of multiple 

parental homoeologues can also be a source of variation, as expression of differing copies of 

enzymes, receptors or transcription factors, for example, and the degree to which homoeologous 

copies are expressed can lead to alterations in biological function. Thus, parental legacies and 

homoeologue expression biases can lead to numerous potential expression-level outcomes that, 

in turn, alter plant traits (e.g., Yoo et al. 2013; Yoo et al. 2014; Buggs et al. 2014; Hegarty et al. 

2013). 

Next-generation sequencing approaches have also provided insights directly into the 

transcriptome-level responses of legumes to inoculation with rhizobia. Libault et al. (2010), for 

example, were able to isolate inoculated root hairs and compare responses over time, while 

Hayashi et al. (2012b) examined early responses to inoculation in the zone of nodulation and de 

Carvalho et al. (2013) examined whole soybean roots at later time points. Recently, laser capture 

microdissection has also been coupled with transcriptomic analysis to examine expression in 

specific tissue regions (e.g., Jardinaud et al. 2016; Roux et al. 2014). However, while 

transcriptomic studies have been used effectively to study nodulation and polyploidy as distinct 
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phenomena, there have been few studies examining both in the same system. In the present 

study, we examine the transcriptional responses of a recent allopolyploid to rhizobial inoculation 

and compare them to those of its diploid progenitors. Thus, we are inquiring into the effects of 

recent allopolyploidy on nodulation responses. We also examine the relevance of homoeologue 

usage and parental legacies to expression-level responses to nodulation. 

 The Glycine subgenus Glycine allopolyploid complex presents an opportunity to study 

the intersection of nodulation and the effects of recent allopolyploidy. The complex consists of 

approximately 20 species, including several diploid species that have formed allopolyploids in 

various combinations within the last several hundred thousand years (Bombarely et al. 2014; 

Sherman-Broyles et al. 2014). The capacity for nodulation in a number of the species in this 

complex has been documented (Pueppke 1988; Pueppke and Broughton 1999; Brockwell et al. 

1998), and recent work has examined rhizobial interaction in relation to allopolyploidy in the 

system (Powell and Doyle 2016). Transcriptomic approaches have been used in the complex to 

examine responses to light stress, as well as effects of polyploidy on photosynthesis and 

transcriptome size (Coate et al. 2013; Coate and Doyle 2010; Ilut et al. 2012).   

 Here, we used RNA-Seq to examine transcriptional responses to inoculation in the 

allopolyploid G. dolichocarpa (referred to throughout as T2), and its diploid progenitors G. 

tomentella (D3) and G. syndetika (D4). We are interested in determining the transcriptional 

patterns of the allopolyploid when compared to the progenitors, both transcriptome-wide and 

when considering specific sets of genes. Previous work found that T2 appears to be broadly more 

responsive in early symbiotic signaling when inoculated with rhizobia than D3 and D4, has a 

greater propensity to form more nodules than either diploid, and tends to form a greater nodule 

mass than the D3 progenitor when considering nodulated plants (Powell and Doyle 2016). Thus, 
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we expect that a transcriptomic analysis will provide insights into distinctive mechanisms that 

contribute to these responses to rhizobia in T2. Furthermore, in considering the regulation of 

expression levels in T2, we are interested in patterns of parental dominance, additivity and 

transgressive variation and how these relate to the response to rhizobial inoculation. Lastly, 

transcriptomic data can be used to assess relative homoeologue expression within the 

allopolyploid and, thus, examine how the D3 and D4 homoeologues of key nodulation-related 

genes are deployed in response to inoculation. Through such analyses, we are able to identify 

transcriptional responses and processes implicated in interactions with rhizobia that set the 

allopolyploid apart from one or both of its diploid progenitors. 

 

MATERIALS AND METHODS 

Plant material 

 Three accessions for each of the three species were used to generate transcriptomes: 

G1364, G1403, and G1820 for G. tomentella (D3); G1300, G2073, and G2321 for G. syndetika 

(D4); G1134, G1188, and G1393 for G. dolichocarpa (T2). Seeds were surface sterilized, nicked 

and placed in petri plates for germination under sterile conditions according to the protocol 

outlined in Powell and Doyle (2016). Seedlings were germinated for seven days before being 

transferred, in a laminar flow hood, to plates of Jensen’s nitrogen-free media (Somasegaran and 

Hoben 1994). Following the transfer to media, the seedlings were either mock-inoculated with 

sterilized water (also referred to as ‘control’ samples) or inoculated with a liquid culture of the 

rhizobial strain NGR234. Lyophilized NGR234 was obtained from the USDA-ARS Rhizobium 

Germplasm Resource Collection and revived according to provided protocols. The liquid culture 

was grown at 30°C for five days in AG media (Somasegaran and Hoben 1994). Prior to 
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inoculation, the bacterial culture was pelleted and washed three times, before being resuspended 

in sterilized water. The culture used to inoculate the seedlings had a concentration of 

approximately 107 bacterial cells per mL as determined with a Helber counting chamber 

(Somasegaran and Hoben 1994). Each seedling was inoculated with 1 ml of bacterial culture. 

Seedlings in media plates were then placed in a growth chamber with a day:night cycle of 16h:8h 

and temperatures of 22°C during the day and 18.5°C at night. Relative humidity was set at 60% 

and the light was 150 µmol/m2/s. After seven days, plant root tissue was harvested, frozen in 

liquid nitrogen and stored at -80°C. 

RNA sequencing 

 Total RNA was extracted from pooled root tissue from multiple individuals per accession 

and RNA-seq libraries were constructed for each accession using the pooled tissue. For each of 

the three accessions per species, two libraries were constructed: one from the control, mock-

inoculated tissue and another from the tissue inoculated with NGR234. In this design, three 

samples were obtained under each treatment, for each species. Total RNA was extracted using 

the AllPrep DNA/RNA/miRNA Universal Kit (QIAGEN, Hilden, Germany) with on-column 

DNase treatment (QIAGEN, Valencia, CA, USA). Single-end libraries were constructed and 

multiplexed using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, 

USA). 

 The 18 libraries in this experiment were 6-plex sequenced. Sequencing was conducted 

using the Illumina HiSeq 2500 platform at the Cornell University Biotechnology Resource 

Center’s sequencing facility (http://www.biotech.cornell.edu/brc/genomics-facility).  

 

 

http://www.biotech.cornell.edu/brc/genomics-facility
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RNA-seq data processing 

Fastq-mcf (Aronesty 2013) was used to process reads; sequence reads were trimmed 

(with a minimum quality cutoff of 30) and short reads were removed (with a minimum read 

length of 50). Cleaned reads were mapped to the G. max genome (2.75_Wm82.a2.v1) using 

TopHat2 (Kim et al. 2013a). Uniquely mapped reads were obtained using the command samtools 

view -h input.bam | grep -w "@SQ\|@PG\|NH:i:1" and the htseq-count command (Anders et al. 

2014) was used to count reads mapped to each exon.  

Homoeologue mapping 

 Homoeologues were identified and mapped using the approach developed in Bombarely 

et al. (2014). In order to separate reads in T2 samples based on diploid progenitor origin, we 

generated reference transcriptomes for the D3 and D4 progenitors using the RNA-Seq root 

samples described above, along with additional sequence data from paired-end DNA-Seq 

samples that were also generated from root tissue, using Samtools and Mpileup (Li et al. 2009), 

Gffread (Trapnell et al. 2012), and Bowtie2 (Langmead and Salzberg 2012) to generate a 

reference transcriptome. Reads from T2 samples were then mapped to a concatenated reference 

comprising both the D3 and D4 reference transcriptomes using HISAT2 (Kim et al. 2015). Reads 

were then separated based on preferential mapping to each of the diploid reference 

transcriptomes using the SeparateHomeolog2Sam 

(https://github.com/aubombarely/GenoToolBox/blob/master/ 

SeqTools/SeparateHomeolog2Sam). The separated homoeologue-specific reads were then 

mapped back to the reference soybean genome and reads were counted using htseq-count 

(Anders et al. 2014). For estimates of homoeologue usage percentages for the overall 

transcriptome, genes with zero counts for both homoeologous copies were excluded from the 
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calculation for each accession; of the 56044 genes in the transcriptome, following homoeologue 

separation and mapping, an average of 37599 were used for mock-inoculated samples and an 

average of 36313 were used for inoculated samples. 

Expression-level analyses 

The R package DESeq2 (Love et al. 2014) was used to identify differentially expressed 

genes (DEGs) between control and inoculated samples within species, using a false discovery 

rate (FDR) of 0.05 to control for multiple comparisons. The approach to analysis of expression-

level dominance was adapted from Yoo et al. (2013). Expression levels were analyzed separately 

in mock-inoculated samples and inoculated samples using the edgeR package (Robinson et al. 

2010), comparing across species. Accession samples for each species were first normalized, 

dispersions were estimated and differential expression was assessed between the allopolyploid 

T2 and each diploid progenitor using exactTest() (Anders et al. 2013; Yoo et al. 2013). Analysis 

was restricted to genes that had at least 1 read per million in at least three samples in each 

comparison (Anders et al. 2013). Differential expression between species was determined with a 

false discovery rate (FDR) < 0.05 using the BH adjustment (Benjamini and Hochberg 1995). 

Genes with differential expression in the allopolyploid were then placed into one of twelve 

possible categories of differential expression patterns as defined by Rapp et al. (2009) and Yoo et 

al. (2013). 

For the analysis of known nodulation-related genes, a list of such genes was obtained 

from the Schmutz et al. (2010) soybean genome paper. The corresponding gene IDs in the 

2.75_Wm82.a2.v1 soybean genome were obtained and this resulted in a set of 47 genes used for 

ordination and fold-change analysis, including genes encoding symbiotic signaling receptors, 

transcription factors and nodulins. For the expression-level analysis based on the approach of 
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Yoo et al. (2013) described above, several genes did not meet the cutoff for inclusion in the 

analysis; as such, 32 genes were used in comparisons between control samples and 33 genes 

were used in comparisons between inoculated samples. 

Weighted gene co-expression network analysis 

Expression networks were constructed, and coexpression modules were identified, using 

the R package WGCNA (Langfelder and Horvath 2008, 2012) and count data normalized using 

the rlog() function of the DESeq2 package (Love et al. 2014). Applying the approximate scale-

free topology criterion (Langfelder and Horvath 2008; Zhang and Horvath 2005), we selected a 

threshold power of   = 5. A maximum block size of 20000 was specified in the 

blockwisemodules() function. We conducted the signed network construction using all 

inoculated and mock-inoculated samples, and module assignment was achieved using the 

Dynamic Tree Cut function. We examined module eigengene expression in the inoculated 

samples in relation to trait data obtained from Powell and Doyle (2016), including root hair 

deformation ratio, total nodule mass per plant, total number of nodules per plant, and percent of 

plants with nodules per accession, and identified hub genes based on correlations between gene 

significance for the root hair trait and module membership. 

 

RESULTS AND DISCUSSION 

T2 exhibits overall expression-level intermediacy, while hydrogen peroxide and oxidative stress 

responses are differentially regulated in D3 

 Among the transcriptomes sampled in the present study, the T2 transcriptomes tend 

towards overall intermediacy in expression levels (Figure 5.1). Principal component analysis of 

the transcriptional profiles in DESeq2 shows the samples mainly grouping by species. The first 
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two principal components account for approximately 74% of the variation between samples. The 

T2 samples appear as intermediates, separated from the D3 and D4 samples along the second 

principal component. Similarly, the two dimensions of the multidimensional scaling plot 

generated in edgeR, based on MDS analysis of the 500 most heterogeneously expressed genes 

differentiating the samples, reveal similar intermediacy of T2 samples to D3 and D4 (Figure 5.2). 

This indicates that the greatest variability in expression between samples occurs between species. 

If a set of known nodulation-related genes, compiled by Schmutz et al. (2010), is considered, T2 

samples appear again to be intermediate to the diploids in an ordination plot using variance-

stabilized expression values (Figure 5.3). From this analysis of nodulation-related expression, it 

appears that T2 samples show a broadly similar, intermediate pattern as in the full transcriptome.  

 

Figure 5.1. PCA of all D3, D4, and T2 samples, conducted using rlog transformed expression 

values for the top 500 heterogeneously expressed genes across all samples. 
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Figure 5.2. Multidimensional scaling (MDS) plot showing distances between samples, based 

upon log2 fold changes using the top 500 heterogeneously expressed genes. T2 samples are 

shown in red, D3 samples are shown in blue, and D4 samples are shown in green. Samples with 

the suffix ‘.IN’ were inoculated, while samples with the suffix ‘.CT’ were controls. FC = fold 

change. 
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Figure 5.3. PCA of all D3, D4, and T2 samples, generated using variance-stabilized expression 

values for a set of pre-defined, known nodulation genes. Samples are designated by the 

appropriate species prefix (D3, T2, D4); samples C1-C3 are control samples in each species and 

samples R1-R3 are the corresponding samples inoculated with rhizobia. 

 

In addition to this broad expression-level intermediacy, T2 shows a lesser overall 

transcriptional response to inoculation compared to its diploid progenitors. This differential 

response to inoculation in the three species is observed in the number of genes that were 

significantly differentially regulated following exposure to rhizobia. In total (i.e., including both 

upregulated and downregulated genes), T2 had 81 significantly differentially expressed genes 

(DEGs), while D4 and D3 had 277 and 1248 significantly DEGs, respectively (Figure 5.4). 

Considering differentially upregulated and downregulated genes by species, T2 showed a greater 
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exclusive overlap with D3, as opposed to D4 (Figure 5.5). Of the upregulated transcripts in T2, 

56% overlapped exclusively with D3 upregulated transcripts, while 13% overlapped exclusively 

with D4 upregulated transcripts. None of the 11 downregulated transcripts in T2 were 

exclusively shared with D4, while two were shared exclusively with D3 and seven were shared 

with both diploids. The greater responses in D3 and D4 compared to T2 can also be illustrated in 

‘MA’ plots, which show additional information on the magnitude of fold-changes of gene 

expression for individual genes, by plotting log ratios (M) of expression against mean average 

(A) expression for each gene (Figure 5.6). 

 

 

Figure 5.4. Venn diagram showing overlap between D3, T2, and D4 for all genes differentially 

expressed in response to inoculation in each species. 
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Figure 5.5. Venn diagrams showing overlap between D3, T2, and D4 for upregulated and 

downregulated genes in response to inoculation in each species.  
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Figure 5.6. Pairwise comparisons of differential gene expression, showing average log fold 

change in expression between inoculated and control samples relative to mean expression, for 

species D3, D4 and T2. Red dots are genes that were significantly differentially expressed (FDR 

< 0.05), while gray dots indicate genes that were not significantly differentially expressed. 
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To further explore the nature of the enhanced transcriptional response in D3, we 

examined the GO categories of genes that were significantly overrepresented among upregulated 

and downregulated genes. Not surprisingly given the disparity in DEGs, in both classes, D3 had 

more GO categories with overrepresented genes than did either T2 or D4. In the sets of T2 

upregulated and downregulated DEGs, no categories of molecular function, biological process or 

cellular enrichment were significantly overrepresented. Of note, however, D3 had several 

significantly overrepresented categories related to oxidative stress among upregulated genes 

(Figure 5.7). These included the biological process category related to hydrogen peroxide 

catabolism. These GO categories are suggestive of an enhanced defense response in D3 at the 

level of the transcriptome; this was also explored in terms of fold changes for individual genes. 

Libault et al. (2010), in their study of the G. max root hair transcriptomes inoculated with 

rhizobia, identified a set of defense-related, nodulation-responsive genes. This set was used to 

query the list of genes regulated only by inoculation treatment, across all samples in D3, T2 and 

D4. Two genes encoding peroxidases were obtained, Glyma.02G259300 and Glyma.14G053600. 

The fold-change patterns observed for these peroxidase genes also indicate that D3 upregulated 

these genes to the greatest degree, D4 was the progenitor upregulating them the least, and T2 was 

regulating them in a manner similar to D4, rather than D3 (Figure 5.8). Among the genes 

identified by Libault et al. (2010), a third defense-related gene (Glyma.17G133400) was also 

found to be significantly upregulated in D3, while T2 appears to show intermediate regulation 

compared to the two diploids; this third gene is identified as a proprotein convertase 

subtilisin/kexin (https://phytozome.jgi.doe.gov). One factor contributing to T2’s lesser overall 

transcriptional response, then, is that it has an apparently reduced upregulation of defense 

https://phytozome.jgi.doe.gov/
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response transcripts when compared to D3, though it does not provide insight into T2’s 

decreased response compared to D4. 

 

Figure 5.7. The four most highly significant GO biological process parent categories resulting 

from a GO overrepresentation analysis of the D3 genes upregulated by inoculation treatment. 

The figure illustrates this overrepresentation by showing the genes in each category as a 

percentage of the genome and as a percentage of the set of D3 upregulated genes. 

 

 

Figure 5.8. D3 shows greater upregulation of two peroxidase genes in response to inoculation 

than T2 or D4. Single asterisks indicate expression differences between inoculated and control 
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samples with an unadjusted p-value < 0.05. Double asterisks indicate expression differences with 

FDR < 0.05 (Benjamini-Hochberg adjustment).   

 

The production of reactive oxygen species (ROS), including hydrogen peroxide, 

contributes to the hypersensitive response and is a well-characterized aspect of responses to 

bacterial pathogens in plants, including G. max (Levine et al. 1994; Petrov and Van Breusegem 

2012). The result obtained here is also consistent with 3,3′-diaminobenzidine (DAB) staining 

assays, where D3 shows greater hydrogen peroxide evolution when exposed to a strain of S. 

fredii rhizobia than do T2 or D4 (Powell, unpublished data). Indeed, legumes show a variety of 

defense responses following inoculation with rhizobia, though these tend to be rapidly 

suppressed in the case of effective symbionts.  At the transcriptional level, expression of defense-

related genes is upregulated in G. max, L. japonicus, and M. truncatula in the early stages of 

response to inoculation (Libault et al. 2010; Lohar et al. 2007; Kouchi et al. 2004). The evolution 

of ROS (hydrogen peroxide) has also been observed upon inoculation. The rate of production of 

ROS decreases following application of compatible Nod factors (Shaw and Long 2003), and 

inoculation with mutant rhizobia that are defective in Nod factor synthesis leads to increased 

production of ROS in M. sativa (Bueno et al. 2001). However, the initial burst of hydrogen 

peroxide is also potentially necessary for triggering certain nodulation-related processes and 

controlling gene expression that is conducive to nodulation (Jamet et al. 2007; Andrio et al. 

2013). This initial burst, however, appears to occur at an earlier time point than that which is 

sampled here; in the sampling conducted here, one would expect defense responses to have been 

attenuated. Further, there is some evidence that alterations to defense-related mechanisms and 

increased responses can also lead reductions in the size of individual nodules and total nodule 

mass per plant (e.g., Marie et al. 2003; Dai et al. 2008). The apparent transcriptional upregulation 
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of defense-related genes in D3 may therefore, in part, account for the reduced nodule mass per 

plant previously observed in D3 relative to T2 (Powell and Doyle 2016). D3, by maintaining a 

stronger defense response, could be inhibiting progression of infection and symbiosis with 

certain rhizobia. 

From the overall transcriptional responses, then, we can observe that while the 

allopolyploid T2 samples are generally transcriptionally intermediate in relation to diploids D3 

and D4, T2 has a reduced transcriptional response to inoculation with rhizobia when compared to 

either of its diploid progenitors. A similar reduced response was observed in T2 in the context of 

light stress (Coate et al. 2013), where the allopolyploid was not stressed to the same degree as 

the diploids when confronted with elevated light levels and had reduced transcriptional responses 

for stress-related genes (Coate et al. 2013). In the present study, the overrepresented GO 

categories and regulation of specific genes suggest that T2 has a reduced transcriptional defense 

response compared to the D3 diploid progenitor. 

Implications of expression-level dominance and homoeologue usage for nodulation 

In addition to overall transcriptome-level responses, we examined regulation of known 

nodulation-related genes in response to inoculation. Nine of the 47 nodulation genes from 

Schmutz et al. (2010) were among those regulated by inoculation treatment alone across all 

samples (FDR < 0.05). The within-species fold-changes in expression for these genes are shown 

in Figure 5.9. These genes revealed a variety of fold-change patterns in specific transcript 

accumulation between control and inoculated samples for each species. For a number of these 

genes, T2 showed intermediate fold-change patterns between D3 and D4, with D3 showing the 

greatest increase. It is particularly noteworthy that NIN showed this pattern of regulation, since it 

is a key transcriptional activator in downstream nodulation responses (Schauser et al. 1999). If 
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T2 is able to upregulate NIN to a greater degree than one of its progenitors, this suggests an 

increase in the degree of symbiotic response over that progenitor.  

 

 

Figure 5.9. Log fold change (logFC) in expression of inoculation-responsive, known nodulation 

genes in inoculated relative to control samples within each species. Single asterisks indicate 

differences in expression between inoculated and control samples with an unadjusted p-value < 

0.05. Double asterisks indicate differences in expression with a FDR < 0.05 (Benjamini–

Hochberg adjustment). 

 

 As noted in the introduction, allopolyploidy raises several major questions concerning 

transcriptional responses and regulation of gene expression. One question relates to expression 

levels in the allopolyploids compared to those of the diploid progenitors, asking whether the sum 

of the two homoeologous copies in the polyploid is similar to that of one diploid progenitor or 

the other (expression-level dominance; (Grover et al. 2012; Yoo et al. 2013), versus being 

expressed at mid-parent or transgressive levels. Furthermore, if there is novel expression of 

genes or silenced expression relative to the diploid progenitors, this could have the capacity of 
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altering biotic interactions. Here, the meaning of ‘silencing’ and ‘novel expression’ were adopted 

from Yoo et al. (2013) and were evaluated in a similar manner, where silencing meant an 

absence of expression in the allopolyploid of genes expressed in one or both diploids and novel 

expression meant expression of genes in the allopolyploid that were not expressed in either 

diploid. There are also distinct questions about the relative expression of homoeologues from 

each of the diploid progenitors in the allopolyploid (referred to here as homoeologue usage). We 

thus examined each of these areas in relation to nodulation responses. 

In the a priori set of nodulation genes, there was no evidence for cases of silencing or 

novel expression in the allopolyploid. Studies using synthetic and natural hybrids and 

allopolyploids have yielded evidence that there are effects on polyploids of both genome merger 

and genome doubling, as well as the passage of evolutionary time. While expression levels in an 

allopolyploid can be a result of the parental legacy of expression patterns in progenitors or can 

relate to truly novel changes due to allopolyploidization (Buggs et al. 2014), there is evidence 

that genome merger itself alters regulatory interactions and leads to substantial changes in 

expression levels, which are further enhanced over evolutionary time (Yoo et al. 2014). As the 

time since genome merger increases, expression-level dominance, as well as the number of 

transgressively expressed genes, also increases; this has been shown in the case of cotton (Yoo et 

al. 2013). Current estimates suggest that Glycine subgenus Glycine allopolyploids, including T2, 

were formed within the last several hundred thousand years (Bombarely et al. 2014; Sherman-

Broyles et al. 2014). The absence of silencing observed in the nodulation genes studied here is 

understandable given the relatively recent formation of T2, and a similar general absence of 

silencing has previously been observed in T2 related to expression of genes involved in 

photosynthesis and photoprotection (Coate et al. 2013; Ilut et al. 2012).  
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Many of the genes did not show a difference between the species, but for the genes that 

showed differential expression between species in mock-inoculated samples of T2, 10 genes 

were identified and classified by their expression patterns, and in the samples inoculated with 

rhizobia, eight genes were identified and classified (Table 5.1; Table 5.2). Under both treatment 

conditions, for genes showing patterns of expression-level dominance, the allopolyploid tended 

to have more genes expressed at the level of the diploid progenitor with higher levels of 

expression (i.e., comparing the sum of categories II and IV with the sum of XI and IX yields 4 

and 2, respectively, for control samples, and 2 and 1, respectively, for inoculated samples).  

 

Table 5.1. Expression patterns for nodulation-related genes from Schmutz et al., (2010). The 

twelve categories represent possible patterns of differential expression in the allopolyploid 

relative to its diploid progenitors, and have been adapted from (Rapp et al. 2009). For pairwise 

comparisons, control (‘CTRL’) and inoculated (‘INOC’) samples were analyzed separately. 
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Table 5.2. Identity and description of genes placed into the twelve categories of expression 

patterns shown in Table 5.1. 

Gene ID Treatment 

Expression 

Pattern Category Description 

Glyma.07G208900 Control Additivity I 

SAN1B - 2OG-Fe(II) 

oxygenase 

Glyma.13G114000 Control 

D3 expression- 

level dominance IV 

Nod100 - sucrose synthase; 

Glycosyl transferases 

Glyma.02G270800 Control 

D3 expression- 

level dominance IV NFR1 

Glyma.11G063100 Control 

D3 expression- 

level dominance IV NFR5 

Glyma.07G209100 Control 

D3 expression- 

level dominance IX 

SAN1A - 2OG-Fe(II) 

oxygenase 

Glyma.12G050100 Control 

D4 expression- 

level dominance II 

NIN2 - RWP-RK/PB1; 

putative TF 

Glyma.06G065600 Control 

D4 expression- 

level dominance XI 

Nodulin - SPFH/Band 7 

family; integral membrane 

protein  

Glyma.15G003900 Control 

Transgressive 

downregulation III 

Nod26 - Major intrinsic 

protein 

Glyma.10G248900 Control 

Transgressive 

upregulation VI 

Nodulin-33 -  haloacid 

dehalogenase-like hydrolase 

Glyma.12G040000 Control 

Transgressive 

upregulation VIII NARK 

Glyma.06G065600 Inoculated Additivity XII 

NIN2 - RWP-RK/PB1; 

putative TF 

Glyma.02G270800 Inoculated 

D3 expression- 

level dominance IV NFR1 

Glyma.15G003900 Inoculated 

D3 expression- 

level dominance IX 

Nod26 - Major intrinsic 

protein 

Glyma.07G208900 Inoculated 

D4 expression- 

level dominance II 

SAN1B - 2OG-Fe(II) 

oxygenase 

Glyma.07G209100 Inoculated 

Transgressive 

downregulation III 

SAN1A - 2OG-Fe(II) 

oxygenase 

Glyma.14G150100 Inoculated 

Transgressive 

upregulation V 

ENOD8 - GDSL-like 

Lipase/Acylhydrolase 

Glyma.04G251900 Inoculated 

Transgressive 

upregulation VI NSP2 - GRAS TF 

Glyma.10G248900 Inoculated 

Transgressive 

upregulation VIII 

Nodulin-33 -  haloacid 

dehalogenase-like hydrolase 
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 Despite the general intermediacy of T2 in overall transcriptional analyses, then, certain 

key nodulation genes examined here showed expression-level dominance, where the 

allopolyploid T2 had similar expression to that of the higher-expressing diploid progenitor, and 

transgressive upregulation in T2 when compared to D3 and D4. Transgressive upregulation was 

observed for nodulin (Nodulin-33 in both control and inoculated samples) and early nodulin 

genes (ENOD8 in inoculated samples), showing an enhanced capacity for expression-level 

responses to inoculation in T2. NSP2 was also transgressively upregulated in inoculated T2 

samples. NSP2 is a member of the GRAS family of transcription factors and is a key regulator 

forming a complex with NSP1 that binds to the promoters of several nodulation-induced genes 

essential for the symbiotic signaling response, including NIN and ERN1 (Hirsch et al. 2009; Kaló 

et al. 2005). In terms of expression-level dominance, it is notable that, in the control samples, 

both Nod factor receptor genes NFR1 and NFR5 fell into this category, with T2 expressing at the 

higher level of D3, thereby potentially enabling enhanced perception of rhizobial signaling in T2 

relative to D4. Thus, these cases of non-additive expression patterns indicate a broader capacity 

in T2 for increased expression of genes in these particular classes and in connection with 

nodulation interactions.  

Coupled with the enhanced defense response in D3, the examination of expression 

patterns for nodulation-related genes in the allopolyploid compared to its progenitors therefore 

provides a potential partial explanation for enhanced symbiotic responsiveness of T2 to 

NGR234. In conjunction with its reduced overall transcriptional response, T2 appears to have a 

reduced defense response relative to D3, while also expressing several key nodulation-related 

genes at or above the level in one or both diploid progenitor species. This result further 
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highlights the importance of a balance and interaction between nodulation and defense responses 

required for functional nodulation symbioses. 

We also explored homoeologue usage in relation to effects of inoculation; if a shift in 

homoeologue usage following inoculation were detected, this could signal mobilization and 

preferential involvement of one subgenome in the process of nodulation. However, little overall 

tendency toward D3 or D4 was observed in the T2 samples and no significant effect of 

inoculation was detected. Estimates for the overall transcriptome showed approximately equal 

D3 and D4 homoeologue usage in both control (average D3 homoeologue usage of 49.68%) and 

inoculated T2 samples (average D3 homoeologue usage of 49.70%) (Appendix 3). No effects of 

inoculation on homoeologue usage in T2 were observed on estimates of the percentage of D3 

homoeologue expression; average percentages under the two treatments were not significantly 

different (paired t-test: p-value = 0.66) (Appendix 3). Similarly, for the known nodulation gene 

subset, the mock-inoculated sample average D3 usage was 49.08% and the inoculated average 

D3 usage was 50.02%; the difference was not significant (paired t-test: p-value = 0.59) 

(Appendix 3). When comparing the percentage of D3 homoeologue usage in the nodulation gene 

subset by treatment type against the corresponding treatment estimates for the overall 

transcriptome, there were also no significant differences (control paired t-test: p-value = 0.45; 

inoculated paired t-test: p-value = 0.65).  

Thus, in relation to nodulation and responses to rhizobia, we detected no effects of 

inoculation on the percentage of D3 homoeologue usage either in the transcriptome, generally, or 

in the pre-defined nodulation-related gene set. However, allopolyploid T2 does in fact show 

evidence of expressing multiple homoeologous copies of key symbiotic receptors (Figure 5.10), 

and this holds implications for the perception of rhizobial signals and the establishment of nodule 
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symbioses (Powell and Doyle, 2015). We found that in inoculated and uninoculated samples, 

both the D3 and D4 homoeologues of NFR1 and NFR5 were expressed in T2. For NFR1, the 

percentages of counts from the D3 homoeologue were 59.3% and 42.1% in control and 

inoculated samples respectively, while for NFR5, the percentages of D3 counts were 59.9% and 

55.2% in control and inoculated samples; these percentages were not significantly different 

between treatments (NFR1 paired t-test: p-value = 0.33; NFR5 paired t-test: p-value = 0.48). 

NORK is another receptor that is believed to be important in nodulation; this receptor also 

showed expression of both D3 and D4 homoeologues in T2. The difference in D3 usage between 

45.5% in mock-inoculated and 49.5% in inoculated T2 samples was not significant (paired t-test: 

p-value = 0.13). 

 

 

 

Figure 5.10. Homoeologue usage with respect to three key nodulation-related signaling 

receptors, in control (mock-inoculated) and inoculated samples of allopolyploid T2. Error bars 

indicate standard deviation. 

 

 

In the examination of the percentages of D3 and D4 read mapping in T2 for these 

individual receptor genes, there were also no clear patterns of bias toward either progenitor 

(Table 5.3). Some individual samples showed significant deviations from 50% expression of 
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each homoeologue: NFR1 expression in the inoculated G1393 sample deviated significantly, 

with a bias toward the D4 homoeologue (Χ2=4.45, p < 0.05), NFR5 expression in the mock-

inoculated G1134 sample deviated significantly, with a bias toward the D3 homoeologue 

(Χ2=14.54, p < 0.05), and NORK expression in the mock-inoculated G1393 sample deviated 

significantly, with a bias toward the D4 homoeologue (Χ2=8.30, p < 0.05). Nevertheless, there 

was no clear bias across receptors; even among the examples with significant deviations, there 

was no consistency in the sample, accession or the direction of the bias involved.  

 

Table 5.3. Χ2 tests for deviations from 50:50 expression of homoeologues for genes encoding 

receptors involved in nodulation-related signal perception. 

 

Receptor T2 Accession Treatment  Χ2 Significance 

NFR1 

1134 
Control 0.48 n.s. 

Inoculated 0.11 n.s. 

1188 
Control 2.31 n.s. 

Inoculated 1.29 n.s. 

1393 
Control 1.19 n.s. 

Inoculated 4.45 < 0.05 

NFR5 

1134 
Control 14.55 < 0.05 

Inoculated 1.24 n.s. 

1188 
Control 0.11 n.s. 

Inoculated 0.71 n.s. 

1393 
Control 1.52 n.s. 

Inoculated 0.20 n.s. 

NORK 

1134 
Control 2.81 n.s. 

Inoculated 3.06 n.s. 

1188 
Control 0.0031 n.s. 

Inoculated 3.82 n.s. 

1393 
Control 8.30 < 0.05 

Inoculated 1.29 n.s. 

 

The expression of both homoeologues of these receptors and the absence of a clear 

pattern of usage bias has implications for the symbiotic capacity of the allopolyploid. The Nod 

factor receptors NFR1 and NFR5 are thought to form heterodimers and, together, are believed to 
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partly mediate specificity in interactions between legumes and rhizobia (Radutoiu et al. 2007); 

compatibility between the structure of the Nod factors and these Nod factor receptors can 

contribute to determining the symbiotic response. Thus, by expressing both homoeologous 

copies of these receptors, as we found in both mock-inoculated and inoculated samples, the 

allopolyploid T2 has the potential to increase its range of symbiotic partners. Similarly, NORK is 

an important receptor that constrains nodule formation; it appears to confer additional specificity 

between host and symbiont and may interact with NFR1 or NFR5 (Ried et al. 2014; Oldroyd 

2013). In allopolyploid T2, as with NFR1 and NFR5, both D3 and D4 homoeologous copies of 

GmNORK are expressed, thereby potentially enabling symbiotic interactions with a larger set of 

rhizobial genotypes. While expression of multiple copies of such symbiotic receptors is not a 

sufficient condition for an enhanced symbiotic range, it does constitute a necessary condition; 

without it, such an increase in potential symbiont diversity mediated by receptor diversity would 

not be possible (Powell and Doyle 2015).  

Nodulation-related modules and hub genes identified by network analysis have non-additive 

expression patterns 

To complement our examination of transcriptional responses of the allopolyploid and its 

two diploid progenitors using a set of known, pre-defined nodulation-related genes, we sought to 

examine expression patterns of modules and hub genes that were not defined a priori but, rather, 

were identified as relevant to nodulation through analysis of the transcriptome data from D3, D4, 

and T2. We used WGCNA to identify modules that were co-expressed across all species; the 

analysis identified 46 modules of co-expressed genes divided into three blocks, based on the 

blockwise construction of the network (Figure 5.11). However, it should be noted that the ‘grey’ 

module is reserved for genes that could not be placed into any coexpression module; here, the 
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grey module contained 2791 genes. Collectively, these modules contain 45697 of the 56044 

genes represented in the transcriptomes (10347 were excluded from the analysis for having too 

many missing values or zero variance). 

 

Figure 5.11. Gene dendrograms obtained by WGCNA using blockwise network construction and 

all inoculated and mock inoculated transcriptome samples. The colors below the dendrograms 

show module assignment determined by the Dynamic Tree Cut. 

 

 

We then assessed the correlation between module eigengene expression levels and 

several traits in inoculated samples (Figure 5.12). Several modules consistently showed either 

positive or negative correlations across all traits. For subsequent analyses, we focused primarily 

on the root hair deformation trait, due to the transcriptome sampling corresponding most closely 

in time to the measurements of this trait, and its proximal relevance to early signaling and 

transcriptional responses in the nodulation symbiosis. The eigengene expression of several 

modules was correlated with root hair deformation. Modules with significant positive 

correlations (p < 0.01) included those designated with the color labels ‘red’ (cor. = -0.60; p-value 

= 0.008) and ‘brown’ (cor. = 0.72; p-value = 0.0007), while modules with significant negative 

correlations were ‘green’ (cor. = -0.76; p-value < 0.05) and ‘black’ (cor. = -0.66; p-value = 
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0.003). The ‘grey60’ (cor. = -0.70; p-value = 0.001) and ‘plum1’ (cor. = -0.62; p-value = 0.006) 

modules also had significant negative correlations with this trait. These thus formed an initial set 

of modules implicated in nodulation-related processes. 

 

Figure 5.12. Correlation heatmap of module eigengenes with nodulation-related trait data from 

(Powell and Doyle 2016). Traits include the root hair deformation ratio (HAD Ratio), total 
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nodule mass per plant (Nodule Mass), total number of nodules per plant (Nodule Number), and 

percentage of plants nodulated per accession (Percent Nodulated). 

 

Modules can be characterized and expression can be compared between species through 

assessment of either module eigengene expression or hub gene expression. First, in the module 

eigengene comparison between species for the modules of interest, species was a significant 

factor for the ‘brown’ (p = 0.0376), ‘green’ (p = 0.006), ‘grey60’ (p = 0.00447) and ‘plum1’ (p = 

0.00681) modules. In the case of the ‘brown’ module, a module for which eigengene expression 

was positively correlated with root hair deformation, T2 eigengene expression was at the higher 

level of D4, while expression was lower in D3, indicating a pattern of expression in the 

allopolyploid similar to the higher expressing parent (Figure 5.13). With the ‘green’ and ‘grey60’ 

modules, the pattern was similar to the ‘brown’ module except that these modules were 

negatively correlated to the trait and D4 and T2 both expressed the eigengene at lower levels 

than D3 (Figure 5.13). For the ‘plum1’ module, a transgressive expression pattern was observed 

in T2; with the ‘plum1’ module, which was negatively correlated with the root hair trait, T2 

eigengene expression was reduced relative to D3 and D4 (Figure 5.13). 
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Figure 5.13. Expression of WGCNA module eigengenes, compared across species for each of the 

modules that were most highly correlated with the root hair deformation trait. Values shown are 

species means ± standard deviation. 

 

 

 To understand more about the composition of the modules for which species was a 

significant factor, GO overrepresentation tests with the ‘Molecular function complete’ and 

‘Biological process complete’ annotation data sets revealed which types of transcripts were 

associated with each of these modules to a greater degree than expected. The ‘green’ and 

‘plum1’ modules had no significantly overrepresented categories, while the ‘grey60’ module had 

the significantly overrepresented biological process and molecular function of oxygen transport 

(p-value: 1.08E-02) and oxygen transport activity (p-value: 8.59E-03), respectively. In contrast 

to the other three modules, the ‘brown’ module had a variety of significant categories; the top 

four most significantly overrepresented parent categories are shown in Figure 5.14. These 

included regulation of ARF (ADP-ribosylation factor) protein signal transduction (biological 

process; p-value: 1.76E-04), ARF guanyl-nucleotide exchange factor (ARF-GEF) activity 

(molecular function; p-value: 1.40E-04), Golgi vesicle transport (biological process; 2.61E-03), 
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and intracellular protein transport (biological process; 4.61E-02). The overrepresentation and 

implication of ARF-GEF proteins is relevant because auxin accumulation and auxin-related 

signaling are believed to be critical for stimulating cell division during nodule organogenesis; 

ARF-GEF proteins are key regulators of the localization of auxin PIN transporter proteins, and 

the localization of PIN proteins alters local auxin (Steinmann et al. 1999; Geldner et al. 2003; 

Mathesius 2008). The expression of the ‘brown’ module eigengene in T2 at the level of the high-

expression parent (D4) thus indicates a greater auxin-related signaling response to inoculation, 

which is implicated in the process of symbiotic development and nodule formation. 

 

Figure 5.14. The four most highly significant GO biological process and molecular function 

parent categories resulting from a GO overrepresentation analysis of ‘brown’ module member 

genes. The figure illustrates this overrepresentation by showing the genes in each category as a 

percentage of the genome and as a percentage of the set of ‘brown’ module genes. For each 

category (B) indicates a biological process; (M) indicates a molecular function. 

 

The second summary approach for assessing expression involves identifying hub genes 

for each module. For most of the modules identified as significantly related to the root hair trait, 

module membership of genes was highly correlated with gene significance for the trait (Figure 

5.15). Genes with both high module membership (high within-module connectivity) and high 

0 0.5 1 1.5 2 2.5

Intracellular protein transport (B)

Golgi vesicle transport (B)

ARF guanyl-nucleotide exchange factor
activity (M)

Regulation of ARF protein signal
transduction (B)
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gene significance for the root hair trait were identified as hub genes of interest for the trait. With 

a criterion of gene significance greater than 0.7 and module membership greater than 0.7 as the 

minimum threshold, the ‘plum1’ and ‘grey60’ modules did not have any genes that were 

identified as hub genes and were thus excluded from this analysis. Three to five hub genes met 

the minimum threshold of gene significance and module membership for the ‘green’, ‘black’, 

and ‘red’ modules. With a more stringent criterion of gene significance and module membership 

greater than 0.8, 24 hub genes were identified in the ‘brown’ module. 
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Figure 5.15. Scatterplots of module membership (x-axis) relative to gene significance (y-axis) for 

all genes in each of the ‘brown’, ‘red’, ‘black’, and ‘green’ modules, which were the four 

modules for which hub genes were obtained that met the threshold criteria for both metrics. 

 

 The hub genes identified for each module were then classified according to the relative 

expression categories used for the known, a priori set of nodulation genes (Table 5.3). In the 

‘red’ and ‘black’ modules, none of the hub genes showed significant differences in pairwise 

comparisons, as was the case for two of the hub genes from the ‘green’ module, while one hub 
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gene in this module had a pattern of additivity. In the ‘brown’ module, a majority of the hub 

genes had a pattern of D4 expression-level dominance. This complements the eigengene 

expression results for this module. While the hub genes in this category do not show any obvious 

relationship to each other or to nodulation in terms of their identity, some of the genes appear to 

be implicated in ethylene signaling: Glyma.03G251700 is annotated as a signal transduction 

histidine kinase ethylene sensor; Glyma.04G147000 is annotated as an F-box leucine rich repeat 

protein. The homolog of Glyma.04G147000 in Arabidopsis thaliana is EBF1, a negative 

regulator involved in the ethylene response pathway (Potuschak et al. 2003). Ethylene is 

typically considered an inhibitor of nodulation, with ethylene-insensitivity leading to 

supernodulation phenotypes (Penmetsa and Cook 1997; Ferguson and Mathesius 2014) and it is 

possible that ethylene signaling is involved in a Nod factor-triggered negative feedback 

mechanism (Miyata et al. 2013). The relationship between ethylene signaling and nodulation 

appears to be complex, however, and there is some evidence that ethylene-insensitive mutants of 

Lotus japonicus have reduced nodule numbers (e.g., Chan et al. 2013) and, in G. max, there was 

no consistent inhibition of nodulation by ethylene, and ethylene-insensitive mutants appeared to 

have fewer nodules than wild-type when exposed to increased levels of an ethylene precursor 

(Schmidt et al. 1999). In connection with the GO analysis results for the ‘brown’ module 

discussed above, ethylene has been implicated in alterations to auxin transport during nodulation, 

and is coupled with changes in gene expression of the auxin efflux transporters MtPIN1 and 

MtPIN2 in Medicago truncatula (Prayitno et al. 2006). 
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Table 5.3. Expression patterns for hub genes from selected WGCNA modules.  

 

  

Conclusions 

 In this study, we observed distinctive transcriptional responses of allopolyploid T2 in 

response to inoculation with rhizobia. However, these distinctive responses were not initially 

evident in transcriptome-wide analyses. Our results indicate that an allopolyploid may have a 

reduced overall transcriptional response to rhizobia compared with one or both diploid 

progenitors, while nevertheless having an enhanced symbiotic response. Reduction of 

transcriptional defense-related responses can play a role in modulating the response to rhizobia 

and the outcome of the interaction. 

 Furthermore, apparent expression-level intermediacy that is revealed, for example, by 

analyses of the most highly heterogeneously expressed genes, can also mask other expression 

patterns underlying biotic responses. Here, non-additive patterns were revealed in the analyses of 

pre-defined nodulation-related genes and modules identified through network analysis. When 

analyses were constrained to these sets of genes, patterns of expression-level dominance and 

transgressive patterns of expression (but not homoeologue usage biased consistently toward one 

progenitor) were observed in T2. These provide evidence of gene regulation on the part of the 

allopolyploid, in response to rhizobial inoculation, that is distinct from that of one or both diploid 
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progenitors and deviates from expectations of additivity. The transgressive upregulation of 

certain nodulation-related genes and modules or their expression at levels of the higher-

expressing diploid, coupled with a reduced defense response at the level of gene expression, 

provide evidence for enhanced symbiotic responses in allopolyploid T2 when inoculated with the 

NGR234 strain of rhizobia. 
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OVERVIEW 

Polyploidy and nodulation are both important phenomena in the evolutionary history of 

the legume family, and researchers have proposed that polyploidy may have had a role in the 

evolution and refinement of nodulation. The aim of this dissertation is to fill gaps in our 

knowledge of potential interactions between allopolyploidy and nodulation, taking advantage of 

recent allopolyploidy in Glycine subgenus Glycine, the perennial relatives of soybean. 

Specifically, we sought to examine symbiotic signaling and assess symbiotic interactions in 

allopolyploid and diploid progenitor species in the subgenus. In this chapter, we synthesize our 

findings and discuss their implications for nodulation and polyploidy research, and also outline 

further questions and directions for future study brought forward by our work. 

 

SUMMARY OF RESEARCH FINDINGS 

The primary objectives of the research were threefold: (1) to evaluate symbiotic signaling 

capacity in the T1, T2 and T5 allopolyploids, compared to their respective diploids, by assessing 

biosynthesis and exudation of root metabolites; (2) to determine whether allopolyploid T2 

exhibits differential symbiotic responses to inoculation with rhizobia, assessed in terms of the 

propensity to form nodulating associations, root hair deformation, nodule mass and nodule 

number; (3) to study differences in gene expression following inoculation in T2 relative to its 

diploid progenitors. The summary of our research findings is organized around these three 

primary objectives. 

Objective 1. Evaluate symbiotic signaling capacity in the T1, T2 and T5 allopolyploid triads 

We assessed the diversity of root metabolites across the T1, T2 and T5 triads, with a 

focus on isoflavones because these are primary signaling molecules in nodulation symbioses. We 
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tested the effects of species and inoculation treatment in each of the triads. No common 

transgressive patterns were found across allopolyploids relative to diploid progenitors. In terms 

of overall profiles, the allopolyploids appeared to be intermediate to the diploids, with species 

having greatest influence as an explanatory factor in the T2 triad. Isoflavone diversity was also 

affected by species; D3 and D4 were significantly different from each other, with T2 

intermediate between the two. Isoflavone diversity in T2, a widely colonizing species, was also 

greater than in T5, which was the allopolyploid in this study with the most restricted range. 

Treatment was not a significant explanatory factor, except in the case of total amounts of all 

metabolites and isoflavones in the T5 triad and total isoflavones in the T2 triad. Since the 

greatest differences between species occurred between members of the T2 triad, we focused on 

further aspects in these species. In terms of specific isoflavones, formononetin and daidzein 

showed higher levels in D4 relative to D3, with T2 also showing lower levels of daidzein and 

intermediate levels of formononetin. Formononetin was also found to be a key compound in 

distinguishing between the three species in the triad. Exudates were also assessed, with a focus 

on the T2 triad, since the most striking differences in root metabolites were found in that triad. 

We found that the difference in formononetin that was present in the root tissues was also present 

in the exudates, providing clear evidence that symbiotic interactions would be affected by the 

presence of this compound. Lastly, with T2, D3 and D4, we also examined expression of 

selected genes in the isoflavone biosynthetic pathway. The expression patterns of chalcone 

reductase genes support the proposition that the proportional increase in formononetin and 

daidzein in the roots of D4 is due to increased biosynthesis leading to the branch of the pathway 

that includes both formononetin and daidzein. The expression patterns of several other key 
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biosynthetic genes in the pathway also helped account for the increase in isoflavones observed in 

response to inoculation. 

Objective 2. Determine whether allopolyploid T2 exhibits differential symbiotic responses to 

inoculation with rhizobia relative to its diploid progenitors 

 We conducted inoculation trials on several accessions of the three species in the T2 triad. 

With a variety of rhizobial strains, T2 showed an overall greater tendency to form nodules than 

the diploids, D3 and D4. Across all rhizobial strains, root hair deformation was significantly 

affected by species, with T2 exhibiting greater responses relative to D3. With strain NGR234, 

statistical analysis demonstrated that T2 had a greater propensity for plants to form nodules 

relative to D4, but not D3. Finally, considering nodulated plants, while no difference was 

detected among the three species, T2 had a significantly greater total nodule mass per plant in a 

pairwise comparison with D3.  

Objective 3. Study differences in gene expression following inoculation in T2 relative to its 

diploid progenitors 

In examining overall transcriptomic effects in the T2 triad, we found that T2 

transcriptomes were intermediate between D3 and D4. Beneath this apparent overall 

intermediacy, however, substantial differences were observed, particularly in terms of the effects 

on gene expression of inoculation with rhizobia. First, D3 showed a greater overall 

transcriptomic response to inoculation compared to either T2 or D4 that appeared to be driven by 

an enhanced defense response. Furthermore, T2 showed non-additive patterns in expression of 

known nodulation-related genes. We also conducted a network analysis to identify modules of 

co-expressed genes and assessed modules that were significantly correlated with the root hair 

deformation trait. The result of this analysis highlighted the importance of auxin and ethylene 
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signaling, suggesting that T2 shows an upregulated auxin-related response corresponding to that 

of D4, which was greater than that in D3. Similarly, T2 appeared to follow D4 in having 

enhanced negative regulation of ethylene signaling. In general, auxin-related signaling is 

associated with nodule formation, while ethylene is believed to be a negative regulator of 

nodulation. 

 

SPECIFIC CONTRIBUTIONS TO THE LITERATURE AND BROADER 

IMPLICATIONS  

Here, we have added to the literature and the understanding of metabolites, particularly 

isoflavones, and their biosynthesis in the genus Glycine. We have expanded the number of 

species in which these topics have been examined, with most previous studies having focused on 

restricted sets of species, especially G. max. We are also the first to examine metabolites in 

relation to the interaction between inoculation, nodulation and allopolyploidy. We have also 

complemented studies of exudates in G. max and other legumes, by presenting the first report of 

exudate analysis in Glycine subgenus Glycine. 

We also added to the understanding of rhizobial interactions with species in this 

subgenus. Previous studies have either used limited numbers of species in this complex or did 

not use known, well-characterized bacterial strains (Pueppke 1988; Pueppke and Broughton 

1999; Brockwell et al. 1998). Furthermore, previous inoculation studies did not examine 

allopolyploids in relation to their relevant diploid progenitors, whereas in our study, our use of 

an allopolyploid triad enabled inferences relating allopolyploidy to symbiotic responses. 

Our transcriptome data provides a novel data set for species in Glycine subgenus Glycine; 

no prior studies exist examining transcriptome responses to nodulation in this system. Our study 
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complements transcriptomic studies of various tissues and stages in the nodulation process in G. 

max, conducted by Hayashi et al. (2012b), de Carvalho et al. (2013), and Libault et al. (2010), 

supporting the importance of downregulation in defense responses for symbiosis to proceed, and 

adds to evidence supporting the importance of hormonal regulation in the symbiotic response, 

particularly the involvement of auxin and ethylene. Furthermore, previous studies have not 

examined transcriptional responses to inoculation in relation to polyploidy; thus, our findings 

show newly characterized non-additive expression patterns in the allopolyploid response to 

rhizobia. 

 In terms of broader implications, our results suggest that enhanced symbiotic capacity in 

Glycine subgenus Glycine allopolyploids could contribute to greater ability to colonize beyond 

native ranges relative to diploid species. However, enhanced symbiotic responses do not appear 

to be a function of ploidy alone but are, rather, dependent on the particular progenitors of the 

given allopolyploid. Insofar as the enhanced signaling capabilities between allopolyploids have 

been examined here, results are consistent with the differing ranges and colonization abilities of 

some perennial Glycine allopolyploids such as T2. 

 With respect to symbiotic signaling, our results highlight the necessity of considering the 

full suite of signaling compounds present in diploids and allopolyploids, and their relevance in 

the context of interactions with rhizobia. While researchers had previously suggested that 

synthesis of a broader diversity of flavonoids in polyploids could give rise to enhanced biotic 

interactions, our results emphasize that, while synthesized compounds are relevant, it is also 

important to consider which compounds are exuded; it is also necessary to consider that not all 

compounds will enhance interactions. Indeed, enhanced symbiotic interactions in polyploids may 
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be achieved by not synthesizing or exuding certain compounds, as they may have inhibitory 

effects. 

 

DIRECTIONS FOR FUTURE RESEARCH 

 Our work explored various aspects related to symbiotic signaling and responses in 

particular allopolyploids and their diploid progenitors in Glycine subgenus Glycine. For each 

aspect of the study, we recommend expanding analyses to additional allopolyploids and diploids, 

to enable testing the generality of our findings and their applicability to other members of 

subgenus Glycine. This is especially true for the inoculation trials and the transcriptomic studies. 

In the case of inoculation trials, predictions for allopolyploids such as T1 and T5 can be made 

based on the metabolite analyses conducted here. Similarly, transcriptomic analyses of the T1 

and T5 triads are currently planned, to verify whether hormonal responses in inoculation may 

also be different in those species. 

 In addition to expanding the plant species tested, we are also interested in expanding the 

variety of rhizobia assessed. The broader the diversity of rhizobia with which tests are 

conducted, the more complete the assessment of realizable symbiotic capacity. In addition, field 

studies of rhizobial interactions with allopolyploid and diploids, both within the native 

Australian ranges and in colonized regions, along with reciprocal transplant experiments, would 

help to further elucidate the connections between symbiotic interactions with rhizobia and 

colonization ability. 

 In conjunction with this, at various levels of analysis, we wish to explore more concretely 

the potential role of formononetin in biotic interactions involving D4, and to compare the 

particular effects of the combinations of compounds found in the allopolyploids and their 
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diploids on bacterial strains isolated from their respective native ranges. This can be ultimately 

achieved by lacz β galactosidase experiments using mixtures of the compounds and examining 

their Nod factor inducing activity in the rhizobia. The importance of particular isoflavones could 

also be explored through knockdown of enzymes in the biosynthetic pathway leading to specific 

isoflavones via hairy root transformations. With further studies examining these phenomena at 

ecological levels of analysis, combined with additional mechanistic analyses, we will be able to 

build upon the results presented here and obtain a more complete understanding of the 

interactions between allopolyploidy and nodulation in Glycine subgenus Glycine. 
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Appendix 1. Root hair deformation ratios by accession for D3, T2, and D4 species when treated 

with rhizobial strains NGR234, USDA110, USDA138, USDA191 and USDA257. Values 

represent accession means ± standard error (N = 3 for each accession by treatment combination, 

except between G1188 and USDA110 with N = 2 and between G1393 and USDA257 with N = 

4). 
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Appendix 2. Percentage of plants with nodules by accession for D3, T2, and D4 species 

following inoculation with rhizobia NGR234, USDA110, USDA138, USDA191, and USDA257. 
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Appendix 3. Homoeologue usage estimates for the overall transcriptome and for sets of 

nodulation-related genes, in control (mock-inoculated) and inoculated samples of allopolyploid 

T2 (n = 3). Stacked bars show mean percentages for each homoeologue. Error bars indicate 

standard deviation. 
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