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ABSTRACT 

REGULATION OF LOCAL AUXIN METABOLISM DURING SOYBEAN NODULE 

DEVELOPMENT 

SURESH DAMODARAN 

2018 

Legume-rhizobia symbiosis leads to the development of secondary root organs 

called nodules. Rhizobia bacteria housed inside nodules assimilate atmospheric nitrogen 

and convert them into plant usable forms thereby reducing the need for fertilizer 

application in crop legumes like soybean. Nodule development is a coordinated process 

orchestrated by multiple plant hormones. In soybean, the auxin responsive gene 

expression was detected in nodule primordia and in the periphery of mature nodules, 

primarily in nodule vasculature. Auxin hypersensitivity reduces nodule formation in 

soybean and also polar auxin transport inhibition at the site of nodule development is not 

crucial for determinate nodule formation. Therefore, auxin distribution and sensitivity 

appear to be crucial for proper nodule development. However, the role of auxin 

metabolism in nodule development is unclear. Using global gene expression analysis, we 

have identified genes involved in the auxin metabolism that are specifically expressed in 

nodule tissues at early and mature stages. A cytochrome P450 oxidase gene, 

GmCYP83B1 was preferentially enriched in mature nodules and it was also identified to 

be a close ortholog of AtCYP83B1. Suppression of GmCYP83B1 expression through 

RNA interference (GmCYP83B1-RNAi) in soybean roots led to a significant reduction in 

nodule number and altered mature nodule morphology. Auxin accumulation was 
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significantly higher in GmCYP83B1-RNAi nodules compared to vector control which 

suggested that suppression of GmCYP83B1 led to auxin accumulation which might have 

led to reduced nodule organogenesis and altered nodule development. Using the global 

gene expression data, we also identified three nodule-enriched genes encoding 

GRETCHEN HAGEN 3 (GH3) enzymes. Biochemical assays showed that the three 

GmGH3 enzymes can conjugate IAA with Asp for inactivation of free auxin levels. 

GmGH3-15 showed a broad substrate preference, especially with different forms of 

auxin. We hypothesized that these GH3s might maintain auxin homeostasis in soybean 

nodules. Promoter:GUS expression analysis indicated that GmGH3-14 acts primarily in 

the root epidermis and the nodule primordium where as GmGH3-15 might act in the 

vasculature. Silencing the expression of these GH3 genes in soybean composite plants led 

to altered nodule numbers, maturity, and size. Our results indicate that these GH3s are 

needed for proper nodule maturation in soybean, but the precise mechanism by which 

they regulate nodule development remains to be explained. Overall the results suggest 

that GmCYP83B1 and GmGH3 might act to regulate local auxin levels to direct proper 

soybean nodule development.  
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Chapter 1 

1. INTRODUCTION 

1.1. Legumes and Biological Nitrogen Fixation 

Soybean (Glycine max L. Merr.) is an agriculturally important leguminous crop, 

which can convert atmospheric nitrogen in to plant usable form through symbiotic 

nitrogen fixing bacteria in specialized root structures called nodules. The high protein 

content of soybean seeds meets the dietary requirement of both ruminants and 

humans. The United States is the leading producer and exporter of soybean globally 

(www.ers.usda.gov/topics/crops/soybeans-oil-crops/). Current scientific research is 

aimed at developing biotic and abiotic stress-tolerant soybean plants in addition to 

devising best agricultural practices (www.sdsoybean.org/)(Mutava et al., 2015). One 

of the major research areas is how the plant satisfies its nutrient demand, with specific 

focus on nitrogen status. Legumes like soybean have the ability to form a symbiotic 

relationship with nitrogen-fixing bacteria named rhizobia. This symbiosis leads to the 

development of nodules, secondary organs in the roots. Rhizobia bacteria within these 

nodules convert atmospheric nitrogen into plant-usable forms that are available to 

meet at least part of the plant’s nitrogen requirement. This process, called biological 

nitrogen fixation, reduces the need for chemical fertilizers (Peoples et al., 2009). 

Although biological nitrogen fixation is more sustainable and economically 

beneficial, the efficiency of nitrogen fixation is not sufficient to meet the plant 

demands, requiring supplementary fertilizer application (Harper, 1974). This issue 

can be circumvented by enhancing the nitrogen fixation capacity of soybean plants. 

However, this requires a clear understanding of the plant mechanisms that contribute 

http://www.ers.usda.gov/topics/crops/soybeans-oil-crops/
https://www.sdsoybean.org/
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to the symbiosis and, specifically, to organogenesis of the nodules. Knowledge of 

these mechanisms will enable scientists to develop strategies to not only improve 

legume crops but to also engineer through synthetic biology other commercial crops 

with this symbiosis in an effort to contribute to a sustainable agriculture system (Mus 

et al., 2016). 

1.2.  Nodule development 

The root nodule is a secondary organ that arises through the symbiosis between 

leguminous plants and compatible rhizobia species. In this mutual relationship, the 

host plant supplies the bacteria with necessary carbon sources for bacterial growth 

and the bacteria repays the plant with ammonia synthesized from atmospheric 

nitrogen (Desbrosses and Stougaard, 2011). The symbiotic relationship between a 

diazotropic rhizobia bacteria and a legume begins with the exchange of specific 

chemical cues that initiate nodule development (Brewin, 1991, Hirsch, 1992). Under 

nitrogen starvation, the legume (e.g. soybean) secretes specific flavonoids (secondary 

metabolites which are biosynthesized via the phenylpropanoid pathway) into the soil 

that are recognized by compatible rhizobia bacteria (e.g. Bradyrhizobium japonicum). 

Signal perception by the bacteria leads to the release of nod factors 

(lipochitooligosaccharide molecules) that bind to lysine rich receptor kinase (LysM 

receptor like kinase) proteins in the plant root, triggering the signaling cascade 

referred to as the sym-pathway (Geurts and Bisseling, 2002). Activation of LysM 

receptor in the root epidermis and root hair causes a spike in the Ca2+ levels, which is 

perceived by the CALCIUM CALMODULIN KINASE protein (CCaMK). Activation 

of CCaMK leads to upregulation of multiple downstream genes, such as NODULE 
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INCEPTION 1 (NIN) and NODULATION SIGNALING PATHWAY 1 & 2 (NSP1 & 

NSP2). The rhizobium attaches itself to the root hair and leads to deformation of the 

root hair through rearrangement of the microtubules (Hirsch, 1992). The rhizobium is 

released into the plant cortical cells through invagination of the plant cell wall via 

formation of a tubular structure referred to as the infection thread. Subsequently, the 

invading bacteria are released in to actively dividing cortical cells through mitotic 

activation. These diving cortical cells undergo redifferentiation that eventually leads 

to the development of the nodule primordium (Ferguson et al., 2010).  

Through the action of plant hormones and nodule-specific gene expression, nodule 

development progresses until specialized and functionally active mature nodule 

tissues are formed (F Sanchez et al., 1991, Schultze and Kondorosi, 1998). As the 

infection progresses, cell division is reduced, and differentiation begins to form 

specialized nodule tissue for maturation. In the mature nodules, two major nodule 

zones are formed, namely the central infection zone and the peripheral parenchyma. 

 The central tissue consists of both uninfected and infected cells containing rhizobia 

bacteria and is referred to as the infection zone. The bacteria are enclosed in a plant-

derived membrane called the peribacteroid membrane, which supports nutrient 

exchange in the infection zone (Newcomb, 1976, Newcomb et al., 1979, Udvardi and 

Day, 1997). The membrane-encapsulated bacteria divide within the host cells and 

later differentiate into bacteriods that fix atmospheric nitrogen. The nodulin gene 

GmENOD40 has been shown to be expressed early in this development, initially in 

the nodule primordia and later in the infection zone of the mature soybean nodules in 

the uninfected cells (Yang et al., 1993). 
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In the peripheral zone, the parenchyma tissue is separated into two layers [formerly 

referred to as the nodule cortex (outer most layer) and inner cortex (or nodule 

parenchyma)] by the nodule endodermis or the sclerid layer made of highly lignified 

tissues (Brown and Walsh, 1994). The nodule parenchyma tissue external to the 

sclerid layer is highly vacuolated with intercellular spaces between the cells. These 

cells are developed through cell enlargement as well as division of root-derived 

cortical cells. The tissue at the base of the nodule is derived from the dividing root 

pericycle cells and its surrounding tissue (Bond, 1948). The nodule parenchyma 

tissue surrounds the infection zone, which is traversed by the nodule vascular strands. 

The nodule vascular strands are differentiated from small and cytoplasmically dense 

nodule primordia cells, yet the exact developmental pattern is still undiscovered 

(Newcomb et al., 1979, Calvert et al., 1984). The nodule vasculature transports 

nutrients between the root and nodule, necessary for bacteroid survival and transfer of 

nitrogen to the plant. 

Among the land plants that form symbiotic relationships with rhizobia, two 

morphologically distinct nodules have been identified, namely determinate and 

indeterminate nodules (Hirsch 1992, Ferguson et al., 2010). Determinate nodules are 

found in temperate legumes such as soybean and Lotus japonicus, and indeterminate 

nodules are found in clovers, peas and Medicago truncatula. The type of nodule that 

is formed is dependent of the host plant (Hirsch, 1992, Ferguson et al., 2010). The 

major morphological difference involves the continuous renewal of meristematic 

tissue in an indeterminate nodule, which is absent in a determinate nodule upon 

maturation.  
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During determinate nodule development, initial cell division occurs anticlinally in the 

outer root cortex cells and subsequently in the root pericycle and its adjacent inner 

cortex tissue (nodule parenchyma) (Hirsch, 1992, Ferguson et al., 2010). The cells 

dividing in the root outer cortex differentiate into the central tissue, while the dividing 

pericycle and inner cortex give rise to the parenchyma tissue that surrounds the 

central zone. The nodule vascular tissues traverse the parenchyma tissue in the 

periphery of the mature nodule. Since the nodule lacks a persistent meristem, 

maturation consists primarily of cell elongation rather than division, leading to a 

spherical shape for the mature nodule. Inside the infection zone/central tissue, the 

bacteria convert the atmospheric nitrogen and transfers the assimilated nutrient via 

the uninfected cells and through the nodule vasculature.  

In a indeterminate nodule, the primary cell division occurs in the inner cortex through 

anticlinal division and is followed by cell division in the pericycle (Bond, 1948, 

Ferguson et al., 2010). The cell division in the nodule primordia is continuous, 

although it is restricted to the meristematic zone upon nodule maturation. This 

continuous meristematic activity results in a nodule with an elongated oblong 

structure with multiple functional zones. The nodule meristem in Zone I consists of 

the continuously dividing cells. Zone II is referred to as the infection zone. Zone III is 

the nitrogen fixation zone. Finally, Zone IV is the senescence zone (Gage, 2004, 

Ferguson et al., 2010). All of these zones in the central tissue are covered at the 

periphery by the nodule parenchyma tissue, with vascular bundles traversing it.  

In addition to the morphological differences between the two types of nodules, there 

are variations in the effects that the phytohormone auxin has on the development of 
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determinate and indeterminate nodules (Mathesius, 2008, Ferguson et al., 2010, 

Ferguson and Mathesius, 2014a). Determinate and indeterminate nodules also 

regulate auxin expression and transport differently (discussed in detail in section 1.3). 

Understanding the influence of auxin in nodule development is crucial to 

understanding this process and developing ways to modify or enhance it. 

1.3.  Auxin in nodule development 

The importance of auxin in nodule development came to light when synthetic auxin 

transport inhibitors were able to induce nodule-like structures expressing early 

nodulin genes in alfalfa (Hirsch et al., 1989). Mathesius et al., 1998 showed 

inhibition of auxin transport at the sites of nodule initiation, prior to nodule primordia 

formation, using auxin-inducible marker expression (GH3). In the determinate nodule 

of Lotus japonicus, the auxin-inducible marker was expressed in the outer cortex cells 

at the site of nodule development (Pacios-Bras et al., 2003). This increased auxin 

output at the site of nodule development was hypothesized to induce the cell division 

necessary for nodule organogenesis and, this accumulation could have arisen from the 

inhibition of auxin transport.  

Flavonoids act as auxin transport inhibitors (Peer and Murphy, 2007). Flavonoids are 

produced in most higher plants. The inhibition of auxin transport, mediated by 

flavonoids, increases auxin accumulation, which is crucial during indeterminate 

nodule development (Wasson et al., 2006, Mathesius, 2008). On the contrary, 

flavonoid-mediated auxin inhibition is not crucial for determinate nodule 

development (Subramanian et al., 2006). These results indicated the likely difference 

in the role of auxin regulation in the development of determinate and indeterminate 
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nodules. Recently our lab has shown that the auxin-inducible marker DR5 is 

expressed in the early divisions of the cortical cells in soybean nodule primordia, 

indicating the importance of auxin in nodule initiation (Turner et al., 2013b). In 

mature determinate nodules, the auxin response is primarily limited to the nodule 

parenchyma in the periphery of the infection zone, specifically in the nodule 

vasculature (Suzaki et al., 2012a, Suzaki et al., 2013, Turner et al., 2013b, 

Nizampatnam et al., 2015). In indeterminate nodules such as in Medicago, a high 

auxin maxima is observed at an earlier phase of cortical cell division, but, similar to 

determinate nodules, the auxin response is observed only in the nodule parenchyma, 

specifically in the vasculature tissue (Mathesius, 2001b, Mathesius, 2008). Apart 

from this, an auxin response is also observed in the nodule meristem of the 

indeterminate nodule (Guan et al., 2013, Breakspear et al., 2014b). This spatio-

temporal auxin response pattern is crucial for proper nodule development.  

As mentioned, auxin transport inhibition by flavonoids is crucial for indeterminate 

nodule development, but not for determinate nodule. Experiments using small 

regulatory RNA molecules, like miRNA, have further demonstrated the importance of 

auxin signaling in nodule development. Recently our lab has shown that when 

overexpression of miR160 suppresses the expression of its targets, namely the 

repressor AUXIN RESPONSE FACTORs ARF10/16/17, there is reduced nodule 

formation, indicating the significance of maintaining spatio-temporal auxin regulation 

(Turner et al., 2013b, Nizampatnam et al., 2015). The importance of precise auxin 

localization during nodule development is shown by enhanced auxin sensitivity in the 

nodule primordium, resulting in reduced nodule formation. Additionally, when the 
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levels of miR160 were suppressed, there was increased formation of emerging 

nodules, but a delay in nodule maturation, indicating that high miR160 levels are 

required to regulate auxin output during nodule maturation. This was further validated 

by addition of exogenous auxin in the miR160-suppressed roots, which partially 

rescued the increased nodule phenotype. When miR160 was expressed ectopically 

using the ENOD40 promoter, which is known to be expressed in the nodule 

primordium/infection zone, there was an increase in emerging nodules but no change 

in the number of mature nodules. This further indicated that miR160 activity might be 

crucial in the nodule parenchyma region and may not be essential in the development 

of the infection zone during maturation. Collectively these data show that proper 

maintenance of the spatio-temporal activity of auxin is crucial for proper nodule 

development.  

Nodule vascular tissue forms in the nodule periphery, primarily in the parenchyma 

tissue. Auxin plays an important role in the development of vascular bundles in 

multiple organs of the plant, and likewise has been shown to be important in nodule 

vascular development. Auxin response markers are expressed in the nodule vascular 

tissues of both determinate and indeterminate nodules, indicating a possible role of 

auxin. The change in the auxin response during nodule development has been 

observed to alter vasculature development. In both determinate and indeterminate 

nodules, perturbation of auxin responses lead to aberrant vascular patterning (Guan et 

al., 2013, Nizampatnam et al., 2015). As mentioned, the source of auxin for such 

programmed development in the indeterminate nodule occurs through inhibition of 

auxin transport by flavonoids, creating increased auxin levels at the site of nodule 
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initiation (Mathesius et al., 1998, Wasson et al., 2006, Mathesius, 2008). But such 

inhibition is not crucial for determinate nodule development. Neither of these 

observances address the detection of high auxin accumulation at the site of 

determinate nodule initiation (Subramanian et al., 2006). One possible hypothesis is 

that local auxin production at the nodule initial cells or in the dividing outer cortex 

tissue might function in relation to coordinated auxin transport. Evidence to support 

this hypothesis is the increased expression of the auxin biosynthesis enzyme LjTAR1 

(TRYPTOPHAN AMINOTRANSFERASE RELATED 1) in young nodule primordia 

of L. japonicus 3 days post-inoculation with rhizobia (Suzaki et al., 2012a). Apart 

from local auxin biosynthesis, there is a possibility of active Indole 3-Acetic Acid 

(IAA) production at the site of nodule initiation through hydrolysis of auxin 

conjugates. In white clover it has been shown that flavonoids along with peroxidases 

could modulate local auxin metabolism during nodule primordia development 

(Mathesius, 2001b). There are multiple other auxin metabolism-related mechanisms 

which could contribute to the active IAA pool during nodule development, which 

need further investigation. It is also important to consider the auxin synthesized by 

rhizobia itself as a contributor to the local auxin pool. In Medicago, plants inoculated 

with the IAA-overproducing Sinorhizobium meliloti, an increased rate of nodule 

formation was observed (Pii et al., 2007). However, it is unlikely that this auxin 

contributes to the auxin maxima in the inner cortex tissue at the earliest time points of 

rhizobia infection.  

Autoregulation of nodule development (AON) is a negative regulatory mechanism 

present in legumes which controls nodule development (Ferguson et al., 2010, 
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Kouchi et al., 2010, Ferguson and Mathesius, 2014a). In the AON mechanism, nitrate 

levels in coordination with NOD factors determine the number of nodules developing 

in the roots. The CLAVATA3 (CLE) peptide acts as a systemic signal of nodule 

initiation from the root to the shoot, where it binds to leucine rich receptor kinases 

(LRR-RLKs) which then transfer a signal from the shoot, resulting in the inhibition of 

nodule development. Each CLE peptide, identified in legumes like Medicago  

(MtCLE12 and MtCLE13), soybean (GmNIC1) and L. japonicus (CLE-RS), binds to 

its respective receptor, such as MtSUNN1, GmNARK, and LjHAR1, to trigger AON 

(Nishimura et al., 2002, Schnabel et al., 2005, Ferguson et al., 2010, Reid et al., 

2011). The shoot-derived signal was identified to be the phytohormone cytokinin, 

which acts as the signal for AON in L. japonicus (Sasaki et al., 2014). A significant 

increase in the amount of auxin was observed in the MtSUNN1 loss-of-function 

mutant, Mtsunn  (van Noorden et al., 2016). Additionally, application of an auxin 

transport inhibitors at the root-shoot junction reduced the number of nodules in the 

super-nodulating Mtsunn mutant (van Noorden et al., 2016). In the determinate 

nodule of soybean, a spike in the auxin levels is not observed in the rhizobia-

inoculated super-nodulating mutant nts382 (Caba et al., 2000). In the Ljhar1 mutant, 

there was an increase in the auxin response zone, with a much dispersed auxin 

activity in the cortical region of the rhizobia-inoculated root region, similar to that of 

the Mtsunn mutant (Suzaki et al., 2012a, van Noorden et al., 2016). Overall these 

show that auxin plays a crucial role in AON and proper nodule organogenesis. But 

the mechanism(s) involved in this still needs to be elaborated. 
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Most of the information regarding auxin functions and their underlying mechanisms 

is based on knowledge from the model plant species Arabidopsis thaliana. Even 

though the importance of auxin as a growth regulator was known since the early days 

of plant science, the precise functions of auxin in these developmental pathways were 

only more recently demonstrated using genetic mutants in the biosynthesis, transport, 

and signaling pathways of auxin (Cheng et al., 2006, Abel and Theologis, 2010, 

Enders and Strader, 2015). The most common chemical form of auxin present in a 

plant is indole acetic acid, although other auxins like indole butyric acid (IBA) and 

phenyl acetic acid (PAA) have been detected in plants. Apart from the naturally 

synthesized auxin molecules, there are synthetically derived auxin molecules like 

naphthalene acetic acid (NAA), and 2,4-dichloro phenoxy acetic acid (2, 4-D). Auxin 

influences diverse plant development processes, including embryo development, post-

embryonic meristematic maintenance and cell proliferation, and vasculature, leaf and 

flower development (Cheng et al., 2006, Tao et al., 2008, Overvoorde et al., 2010a). 

Recently this hormone has been demonstrated to be crucial in the development of root 

nodules. To understand the role of auxin metabolism in these developmental 

processes it is necessary to understand auxin biosynthesis and catabolism in plants. 

1.4.  Auxin biosynthesis 

Indole-3-acetic acid (IAA), the most predominantly found form of auxin in a plant, is 

derived from two pathways, namely the tryptophan- (Trp) dependent and the 

tryptophan-independent pathways (Zhao, 2010, Zhao, 2014). Active IAA, or free 

IAA, can also be synthesized through conversion of conjugated IAA molecules, such 

as IAA-ester, IAA-sugar and a few amino acid conjugates (IAA-aa). IAA has been 
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shown to be converted from IBA through β-oxidation (reviewed by (Woodward and 

Bartel, 2005a)). 

Genetic analysis has shown that conversion of tryptophan to IAA through the two-

step IPA pathway is the primary source of auxin in Arabidopsis (Zhao, 2012b). The 

IPA pathway involves transamination of tryptophan by the TRYPTOPHAN 

AMINOTRANSFERASE OF ARABIDOPSIS (TAA1) to produce indole pyruvic acid 

(IPA) (Stepanova et al., 2008). YUCCA, a flavin monoxygenase, converts IPA into 

IAA (Zhao et al., 2001). Apart from the metabolites in the IPA pathway, there were 

multiple other metabolites, such as indole 3-acetonitrile and indole 3-acetamide, that 

were identified as intermediates in the auxin biosynthesis pathway, but they may not 

be major contributors to IAA biosynthesis. The tryptophan-mediated IPA pathway is 

the major auxin biosynthetic pathway (Figure 1.4-1). In a parallel pathway, 

tryptophan is also used as a substrate by CYP79B2, which converts Trp to indole 

acetaldoxime (IAOx) for indole glucosinolate production. Loss-of-function mutations 

in the SUR2 gene, which encodes a cytochrome P450 oxidase enzyme, CYP83B1 

lead to increased auxin accumulation, causing increased hypocotyl length. This 

CYP83B1 enzyme catalyzes the conversion of IAOx to indole thiohydroximate (Bak 

et al., 2001). The first investigation into auxin over production in plants was inititated 

through screening of genetic mutants, which led to identification of the sur1 and sur2 

mutants (Delarue et al., 1998). The reason for increased auxin accumulation in sur2 

was hypothesized to be due to the change in the metabolic flux in the conversion of 

IAOx (Bak and Feyereisen, 2001) and the strong preference of CYP83B1 to bind to 

aromatic oximes derived from aromatic amino acids (Naur et al., 2003). When the 
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loss-of-function mutants in Arabidopsis CYP83B1 led to reduced accumulation of 

indole glucosinolate, it also led to reduced phenylpropanoid content (Kim et al., 

2015). The dramatic effects caused by a mutation of a single gene were also 

highlighted by the identification of mutants such as ref5, rnt1-1, and gul1 (Bak et al. 

2001, Kim et al. 2015, (Maharjan et al., 2014). Light-grown sur2 mutant lines 

exhibited increased hypocotyl length 6 days after germination, but the mutant 

phenotype became variable and undistinguishable in some lines compared to 

wildtype. The variation in phenotypes of sur2 mutants could possibly be due to the 

influence of multiple signals, like hormones such as abscisic acid, ethylene and other 

stress responses such as drought (Morant et al., 2010).  
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Figure 1.4-1 : Schematic representation of auxin and Indole glucosinolate biosynthesis 

pathway.  

A schematic picture depicting the two step Arabidopsis auxin biosynthesis pathway. The 

substrates in the pathway are mentioned in the oval shapes and the catalyzing enzymes are 

mentioned along with the blue arrows. IPA-Indole pyruvic acid, IAA-Indole acetic acid, 

IAOx-Indole acetaldoxime, I3G-Indole 3 glucosinolate. The figure is modified from Zhao et 

al., 2012. 
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Auxin biosynthesis in Arabidopsis has been shown to primarily occur in the young 

leaf primordia tissue, from where it is transported to other tissues for proper organ 

development (Zhao, 2014). Apart from the auxin arriving through polar auxin 

transport (PAT), endogenous tissue-specific auxin biosynthesis has been recently 

demonstrated to be crucial for organ development (Chandler, 2009, Zhao, 2010, Guo 

et al., 2014). The roles in secondary organ formation of auxin biosynthetic genes 

were shown in Arabidopsis and petunia by overexpressing the flavin monooxygenase 

gene (YUC & FLZ, respectively), which causes overproduction of auxin (Tobena-

Santamaria et al., 2002, Zhao, 2012a). Such overproduction of auxin through over-

expression of YUCCA in certain tissues indicates the possibility of local auxin 

production (Cheng et al., 2006, Kim et al., 2007). A single loss-of-function YUCCA 

mutant failed to show any visible phenotype, but triple and quadruple mutants in 

Arabidopsis showed more prominent alterations, indicating the significance of the 

genes in altering the local auxin gradient necessary for flower and vascular 

development (Zhao et al. 2001). Genes involved in auxin biosynthesis were also 

found to be highly enriched in the root apical meristem, which, in combination with 

polar auxin transport, is necessary to establish the auxin gradient in the root apex 

(Ljung et al., 2005). The significance of local auxin biosynthesis in primary root 

development and lateral root organogenesis is reviewed in detail by (Overvoorde et 

al., 2010b), and its influence on cell division, differentiation, and elongation in organ 

development is reviewed by (Marhavy et al., 2013).   

Understanding any cell-specific expression of these auxin biosynthesis-related genes 

will help us in understanding the action of local auxin biosynthesis on auxin activity 
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during nodule development. In legumes, Trp-derived IAA production was identified 

through labeling assays that indicated a possibility of the IPA pathway in this plant 

family, even though it has not been clearly demonstrated (Bialek et al., 1992, 

Quittenden et al., 2009). In addition, transcriptomics data in multiple legumes at 

different developmental stages, including nodule development, provides an insight 

into the tissue-specific expression of auxin biosynthesis genes (Libault et al., 2010a, 

Larrainzar et al., 2015). This suggest that understanding the roles of auxin 

biosynthesis-related genes in soybean root nodule development could assist in 

revealing their role in overall auxin activity. 

1.5.  Auxin inactivation 

The significance of auxin biosynthesis has been discussed, but more important to 

plant development and specifically to nodule development is auxin inactivation, 

which includes both auxin conjugation and degradation, as reviewed by (Ljung, 

2013b, Kramer and Ackelsberg, 2015). With the aid of genetics, several genes 

involved in the maintenance of auxin and auxin-conjugate levels were identified in 

recent years, such as GH3, UGT, and DAO1 (Liu et al., 1994, Ludwig-Müller, 2011, 

Zhang et al., 2016a). Plants have the ability to control the levels of free IAA and 

active IAA through conjugation of excess IAA for either degradation or storage. GH3 

is an acyl amido transferase that has the ability to conjugate an acyl substrate like 

IAA with an amino acid. This conjugation with an amino acid assigns it for either 

degradation, such as IAA-Asp, or for storage, like IAA-Leu (Ludwig-Müller, 2011). 

The GH3 enzyme was first identified in soybean through a screen for auxin-induced 

cDNA expression. GH3 expression can be induced by free IAA or through exogenous 
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IAA treatment due to the presence of an auxin response element (AuxRE)(Liu et al. 

1994). Due to gene redundancy in Arabidopsis, the effect of a single GH3 enzyme 

could not be identified through loss-of-function mutants. Whereas overexpression of 

a GH3 enzyme, such as ydk1-D and dfl1-D in Arabidopsis, resulted in strong auxin 

deficiency-related phenotypes, such as reduced hypocotyl length (Nakazawa et al., 

2001, Takase et al., 2004). Enzymatic studies in both Arabidopsis and rice have 

shown the specificity of GH3 in conjugating IAA, as the acyl substrate, and Asp, as 

the amino acid conjugate (Westfall et al. 2012; Chen et al. 2010). Apart from amino 

acid conjugation, auxin can be conjugated to low molecular weight sugar molecules, 

such as through an ester bond to glucose (glc) by the enzyme UGT. DAO1 catalyzes 

the oxidation of auxin to form 2-oxindole-3-acetic acid (oxIAA) , which can be 

further conjugated by UDP glucosyltransferase UGT74D1 to glycosylate oxIAA to 

form oxIAA-glc (Pěnčík et al., 2013a, Tanaka et al., 2014, Zhang et al., 2016b). In 

Arabidopsis it has been clearly shown that oxIAA is the major catabolite that the 

plant produces to maintain auxin homeostasis. The conjugation of oxIAA to glc is 

irreversible. oxIAA-glc is the major product of this catabolic process, rather than 

IAA-Asp or IAA-Glu (Kowalczyk and Sandberg, 2001). All these catabolic 

mechanisms have been identified in Arabidopsis and seem to primarily contribute to 

auxin homeostasis. It remains unknown if these enzymes, specifically GH3, have 

roles in nodule development and what conjugates are catabolically generated over the 

course of nodule development to maintain proper auxin balance in the nodule tissue.  
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1.6. Functional analysis of soybean genes using hairy root composite plants 

 

The determination of gene function and expression pattern has been made simpler in 

model plant species like Arabidopsis through stable whole-plant transformation. This 

is primarily due to simple, but effective transformation methods e.g. the floral dip 

method (Clough and Bent, 1998). In what has become the most efficient 

transformation procedure, the disarmed plant pathogenic bacteria Agrobacterium 

tumifaciens is used. This approach has enabled identification of gene function 

through loss- or gain-of-function mutations, localization of signaling molecules, 

evaluation of markers like DR5, and several other genetic techniques. But this 

transformation procedure is compatible only with a selected set of species. 

Transformation of other plant species is lengthy and cumbersome and met with 

technical difficulties owing to the necessitation of tissue culture. The use of hairy 

root composite plants is another effective transformation procedure for gene 

functional analysis. In this approach, disarmed Agrobacterium rhizogenes, a close 

relative of A. tumefaciens, is used to generate roots carrying the transgene of interest 

without the need for an entirely transgenic whole plant, yielding a composite plant 

(Collier et al., 2005a). The foreign gene of interest is cloned into the T-DNA region 

of the binary vector system before integration into the plant genome, where the A. 

rhizogenes genes promote “hairy root” generation (Bevan and Chilton, 1982). This 

transformation system has proven ideal for studying plant-microbe interactions, 

primarily in nodule development. The major advantages with this approach are the 

fast generation of hairy roots and the easier maintenance compared to tissue culture. 

The use of the composite hairy root system has been exploited to determine gene 
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expression using promoter:marker fusions, such as for the key marker gene in 

nodulation, ENOD40 (Gronlund et al., 2005, Nizampatnam et al., 2015). 

Transformed hairy roots are being used to understand the function of genes and small 

RNAs involved in root nodulation, such as FWL1 (Libault et al., 2010b) and the 

miRNA gma-miR160 (Turner et al., 2013b, Nizampatnam et al., 2015). Hairy roots 

have also been used to investigate the activation of signaling pathways, changes in 

root metabolites, and microbial diversity. For example, this approach was used to 

generate flavonoid-deficient roots in legumes to study plant microbe interaction that 

generate either indeterminate nodule in Medicago truncatula (Wasson et al., 2006) or 

determinate nodules in soybean (Subramanian et al., 2006). Suppression of flavonoid 

biosynthesis genes using RNAi in hairy roots had shown that auxin accumulation at 

the site of nodule development is crucial for the formation of indeterminate nodules. 

Numerous studies have shown that hairy root transformation is ideal for studying 

gene function related to plant metabolites, including plant hormones. Hormone-

inducible marker constructs, like DR5, in the root tip of transgenic hairy roots show 

similar expression patterns to the stable transgenic roots in Arabidopsis (Mathesius, 

2008, Turner et al., 2013b). Such promoter:marker studies have enabled valid 

interpretation of the role of hormones in nodule development (Suzaki et al., 2012a, 

Turner et al., 2013a). Although the hairy root transformation system has multiple 

advantages, it is important to understand the caveats behind this approach. Since the 

root generated from this technique is transformed, it may not be appropriate for the 

study of systemic signaling, since the shoot will be non-transgenic. Hairy roots may 

also not be suitable for determining the function of genes involved in the 
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autoregulation of nodule (AON). Hairy root composite transformation is an effective 

approach for reverse genetics when there is expression data available for a specific 

gene of interest (Libault et al., 2010a, Libault et al., 2010b, Turner et al., 2013b).  

1.7. Objective of this study 

Auxin plays a major role in multiple plant developmental processes, including the 

development of nodules during the symbiotic interactions between nitrogen-fixing 

Rhizobia bacteria and leguminous plants. Unfortunately, the mechanisms regulating 

auxin levels and activity during the stages of nodule initiation and development 

remain unclear. The objectives in this research were to determine (i) if and what role 

does CYP83B1, a gene specifically expressed in nodules, and (ii) a set of three 

nodule-enriched GH3 enzymes, play in regulating auxin production levels and/or 

nodule development in soybean. The results were expected to help reveal novel 

mechanisms that dictate auxin homeostasis for proper nodule development.  
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Chapter 2 

2. REGULATION OF AUXIN HOMEOSTASIS BY CYP83B1 IN SOYBEAN 

NODULE 

2.1. Abstract 

Developmental stage-specific auxin output dictates proper symbiotic nodule 

development in legumes. While some signaling modules that regulate auxin 

sensitivity during nodule development are known, the role of auxin biosynthesis and 

metabolism in nodule development are unclear. We identified genes enriched in 

emerging nodules, mature nodules, emerging lateral roots, and young lateral roots in 

soybean by comparing global gene expression profiles between each of these organs 

and adjacent root segments. The use of adjacent root tissues as controls, and 

comparison to expression in lateral roots helped us identify an accurate set of nodule-

enriched genes in soybean. Genes associated with auxin biosynthesis appeared to be 

active in both nodules and lateral roots except for a CYP83B1 ortholog that had 

nodule-specific enrichment. Based on observations in Arabidopsis and the expression 

pattern of this gene, we hypothesized that GmCYP83B1 might regulate auxin 

homeostasis acting in parallel to the indole pyruvate pathway. Indeed, suppression of 

GmCYP83B1 led to high auxin levels in nodules, a reduction in nodule numbers and 

size, and defective nodule vascular development suggesting that regulation of auxin 

homeostasis by GmCYP83B1 is crucial for proper nodule numbers and maturity. 

Inhibition of auxin biosynthesis in GmCYP83B1 silenced roots using yucasin rescued 

nodule numbers, but not maturity. We have discovered a key role for GmCYP83B1 in 

regulating auxin homeostasis during soybean nodule development. 
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2.2. Introduction 

Many leguminous plants develop symbiotic root nodules through well-coordinated 

interactions with nitrogen-fixing soil bacteria collectively termed rhizobia. Nodule 

development can be broadly classified in to three major temporally overlapping 

stages: (i) host-symbiont signal exchange for compatibility which primarily occurs in 

the root hair and epidermal cells; (ii) nodule organogenesis and rhizobial colonization 

involving a number of intrinsic plant hormonal and developmental pathways which 

occurs in the root cortex; and (iii) biological nitrogen fixation involving bacterial 

differentiation, nitrogen metabolism pathways, and nutrient exchange which occurs in 

the differentiated nodule tissues. Genetic and functional genomic studies have 

revealed a number of genes associated with these different processes in particular root 

hair and cortical responses [reviewed by (Crespi and Frugier, 2008, Oldroyd et al., 

2011)]. 

There are two major types of nodules formed in legume roots: indeterminate and 

determinate (reviewed in (Hirsch, 1992, Mathesius, 2003)). Indeterminate nodules are 

oblong and are characterized by the presence of a persistent nodule meristem 

analogous to lateral roots (LRs). Examples of plants that form indeterminate nodules 

include temperate legumes viz. Pisum sativum (pea), M. truncatula (Barrel Medic) 

and Trifolium species (clover). In contrast, determinate nodules are spherical and lack 

a persistent nodule meristem. Examples of plants producing determinate nodules 

include tropical/subtropical legumes viz. Glycine max (soybean), Vicia faba (common 

bean), and Lotus japonicus. Additionally, indeterminate nodules arise from inner 

cortical cell layers whereas determinate nodules arise from outer cortical cell layers.  
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Nearly all plant hormones play a key role in the development of both these types of 

nodules (reviewed by (Ding and Oldroyd, 2009, Ferguson and Mathesius, 2014b). 

Auxin has been associated with the development of both these types of nodules and 

appears to play a role in both root hair and cortical responses. For example, auxin 

perception and signaling mechanisms regulate rhizobial infection and root hair 

responses in soybean and M. truncatula (Breakspear et al., 2014a, Cai et al., 2017). 

While auxin response gene expression is observed during nodule initiation, there is 

relatively low auxin output during nodule initiation vs. LR initiation. In fact, 

increased auxin output generally inhibits nodule formation in both determinate and 

indeterminate legume nodules (Suzaki et al., 2012b, Turner et al., 2013b, Champion 

et al., 2015, Wang et al., 2015, Hobecker et al., 2017). We and others have reported 

that precise spatio-temporal regulation of auxin output might be crucial for proper 

nodule development (Breakspear et al., 2014a, Li et al., 2014, Nizampatnam et al., 

2015, Wang et al., 2015, Cai et al., 2017, Hobecker et al., 2017). Therefore, a tight 

spatio-temporal control of auxin homeostasis, transport, and/or signaling is required 

to achieve properly balanced and precisely distributed auxin output during nodule 

development (Kohlen et al., 2017). However, deregulation of auxin transport does not 

affect nodule development in soybean (Subramanian et al., 2006, Subramanian et al., 

2007). Therefore, it is likely that precisely regulated auxin metabolism and signaling 

specify domains of auxin output especially during determinate nodule development. 

Different mechanisms primarily involving miRNA modules that regulate auxin 

signaling during the infection as well as organogenesis stages of both determinate and 
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indeterminate nodules have been discovered (Breakspear et al., 2014a, Li et al., 2014, 

Nizampatnam et al., 2015, Wang et al., 2015, Cai et al., 2017, Hobecker et al., 2017). 

However, the role of auxin homeostasis in dictating auxin output during nodule 

development is poorly understood. While some of genes associated with auxin 

metabolism are induced in response to rhizobium inoculation (Campanella et al., 

2008, Suzaki et al., 2012b), there is no functional evidence for the role of auxin 

metabolism genes during nodule development. 

Indole-3-acetic acid (IAA) is the major form of auxin in many plant species. In most 

dicots, the primary biosynthetic pathway for IAA appears to be the tryptophan-

dependent indole-3-pyruvic acid (IPA) pathway (Zhao, 2012c). In this simple two-

step pathway, tryptophan (Trp) is converted to IPA by TAA aminotransferase family 

of enzymes; Subsequently, IPA is converted to IAA by YUCCA family of flavin 

monooxygenase enzymes (Mashiguchi et al., 2011, Won et al., 2011, Dai et al., 

2013). Another parallel pathway with indole-3-acetaldoxime (IAOx) as the key 

intermediate was previously proposed as the major auxin biosynthesis pathway; but 

recent evidence suggests otherwise. For example, plants defective in IAOx 

biosynthesis have only subtle phenotypes compared to IPA deficient multi-order taa 

mutants (Sugawara et al., 2009). However, mutations in SUR2, a CYP83B1 enzyme 

that acts directly downstream of IAOx led to high auxin levels in Arabidopsis (Barlier 

et al., 2000). Similarly, over-expression of SUR2 led to auxin-deficient phenotypes. 

These observations suggested that SUR2 might regulate auxin homeostasis by 

competing with the primary auxin biosynthesis pathway for substrates(Bak et al., 

2001). Auxin catabolism also plays a key role in maintaining free auxin levels and 
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thus auxin output. GH3 enzymes conjugate auxin to amino acids (e.g. IAA-Asp) 

leading to inactivation and in most cases catabolism of auxin (Staswick et al., 2005a). 

Reversible inactivation mechanisms such as conjugation to Leu or Ala, methylation, 

glucosylation, and conversion to IBA are also known (Woodward and Bartel, 2005b). 

It was recently revealed that 2-oxoindole-3-acetic acid (oxIAA) is the major 

catabolite of auxin in Arabidopsis and rice (Peer et al., 2013, Pěnčík et al., 2013b).A 

dioxygenase enzyme that catabolizes IAA to oxIAA has also been identified(Pěnčík 

et al., 2013b, Zhao et al., 2013, Porco et al., 2016, Zhang et al., 2016b). Controlled 

biosynthesis, inactivation, and catabolism establish optimal auxin levels, and thus 

auxin output to regulate various plant development processes.  

To determine key nodule-specific hormonal pathways, in particular those related to 

auxin homeostasis, we compared transcriptomic profiles of nodules and lateral roots 

at two different stages of development in soybean. Further evaluation revealed organ-

specific expression patterns of key auxin homeostasis-associated genes, in particular a 

nodule-specific CYP83B1. Results from genetic, molecular, biochemical and 

microscopy experiments demonstrated a crucial role for this nodule-specific 

CYP83B1 in regulating auxin homeostasis to enable proper nodule development in 

soybean.  
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2.3. Results 

 

2.3.1. GmCYP83B1 expression is enriched in nodule parenchyma, but is 

absent in nodule vasculature. 

 

Comparative transcriptomics indicated enrichment of auxin biosynthesis related 

genes in nodules, yet the role of auxin homeostasis in regulating auxin output 

during nodule development is poorly understood. Among the different genes 

associated with auxin homeostasis, a CYP83B1 family member 

(Glyma01g17330.1 (a1.v1.1)/ Glyma.01G078300.1 (a2.v1.1)) with high sequence 

similarity to Arabidopsis SUR2 (Figure S2-1A;(Barlier et al., 2000, Bak et al., 

2001)) was specifically enriched in mature nodules (Figure 2.3-1A) while no 

other gene from that family was enriched in any of the tissues evaluated. We refer 

to this gene as GmCYP83B1 from this point onwards. The nodule-specific nature 

of GmCYP83B1 expression was further supported by the soybean transcriptomic 

atlas data (Libault et al., 2010a) (Figure S2-1B). 
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Figure 2.3-1: Nodule enriched expression pattern of GmCYP83B1. 

 (A) Expression levels of GmCYP83B1 in EN, MN, ELR, YLR tissues from 

the transcriptome dataset. Data shown are average expression values ± SD 

from three biological replicates. Statistically significant fold change vs. 

respective control root segments are indicated above each bar; (B-F) 

Expression of GmCYP83B1p:GUS (B) at 0 dpi in mock inoculated roots, 

(C) whole mount and (D) transverse section of an emerging nodule at 7 dpi, 

and (E) transverse section of a mature nodule at 14 dpi. (F) A magnified 

section showing nodule vasculature excluded expression of 

GmCYP83B1p:GUS in mature nodules. Arrow head in D indicates the 

nodule primordium. The number of independent transgenic roots showing 

the representative staining pattern out of the number of roots examined is 

indicated in each panel. Scale bars: B, F – 100μm; C,D – 50μm, E - 200μm. 
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To identify the potential role of this nodule enriched GmCYP83B1, its full-length 

peptide sequence was obtained and corresponding orthologs of Arabidopsis 

thaliana, Medicago truncatula, Populus trichocarpa, Brachypodium distachyon, 

Solanum lycopersicum, Vitis vinifera and Lotus japonicus were obtained. 

Phylogenetic analysis indicated that the soybean CYP83B1 gene is in the same 

clade as the Arabidopsis CYP83B1 (Figure S2-2A). High sequence similarity 

indicated the possibility of GmCYP83B1 to be functionally similar to 

AtCYP83B1 (Figure S2-2A). We also analyzed for the presence of any signal 

peptide using signalP tool and GmCYP83B1 peptide possesses a membrane 

binding domain which might enable ER localization common for P450 enzymatic 

function. The GmCYP83B1 peptide sequence was identified to possess a signal 

peptide sequence but the Arabidopsis sequence does not possess any (Figure 

S2-2B and C). Although they possess high sequence similarity such variation with 

signal peptide sequence suggests that mechanism or activity of both the P450 

oxidase enzyme could possibly have some variations. Based on the high 

expression and enrichment of GmCYP83B1 in nodules, and its high sequence 

similarity to Arabidopsis SUR2, we suspected that it might regulate nodule auxin 

levels during soybean nodule development.  

To evaluate the spatio-temporal patterns of GmCYP83B1 expression in roots and 

nodules, a transcriptional fusion of its promoter region (~1900bp upstream of start 

codon) to GUS (GmCYP83B1p:GUS) was constructed and transformed in to 

composite transgenic soybean plants. The expression of GmCYP83B1p:GUS was 

not detectable in uninoculated roots (Figure 2.3-1B),  but was prominently 
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detected in the nodule primordia and periphery of emerging nodules at 7dpi 

(Figure 2.3-1C and D). In mature nodules, GmCYP83B1p:GUS was localized 

specifically to the nodule parenchyma, particularly the inner nodule cortex 

(Figure 2.3-1E) in agreement with our nodule zone-specific expression data. Upon 

closer examination, GmCYP83B1p:GUS expression was not detectable in the 

vascular bundles of mature nodules (Figure 2.3-1F). Interestingly, the absence of 

GmCYP83B1 expression in nodule vasculature was in contrast to that of auxin 

reporter expression localized primarily in the nodule vasculature in the 

determinate nodules of soybean and Lotus japonicus (Suzaki et al., 2012a, Turner 

et al., 2013b). The apparent complementary expression pattern between 

GmCYP83B1 and auxin response markers further supported a hypothesized role 

for GmCYP83B1 in regulating auxin homeostasis in soybean nodules.  

2.3.2. GmCYP83B1 expression is crucial for proper nodule numbers and 

maturity. 

To determine the function of GmCYP83B1, we silenced its expression using 

RNAi in soybean composite plant roots. Since the gene was poorly expressed in 

uninoculated roots, silencing was evaluated in rhizobium-inoculated roots using 

RT-qPCR. In agreement with our transcriptome data, we observed induction of 

the gene in response to rhizobium inoculation in vector control roots when 

evaluated at 5 and 10 dpi (Figure 2.3-2A). However, the induction was 

significantly suppressed (~ 7 to 10 fold) in GmCYP83B1-RNAi roots at both time 

points (Figure 2.3-2A). The expression of two closely related homologs 

(Glyma18g11820 and Glyma03g03670) were slightly but significantly silenced 
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(Figure S2-3A & B). However, any impact of GmCYP83B1-RNAi in nodule 

development is most likely due to the suppression of GmCYP83B1 since the 

expression levels of these off targets were minimal, and neither were they 

enriched in nodule tissues (Figure S2-1B and Figure S2-3). In conclusion, our 

RNAi construct successfully silenced the expression of GmCYP83B1. 
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Figure 2.3-2: Suppression of GmCYP83B1 leads to impaired nodule 

development. 

 (A) Expression levels of GmCYP83B1 in vector control and 

GmCYP83B1-RNAi roots at 5 and 10 dpi assayed by RT-qPCR. Data 

shown are the average of three biological replicates and error bars indicate 

SD. *** - P<0.001 and **-P<0.01 – WilcoxonMann-Whitney test. (B) 

Numbers of emerging, mature, and total nodules in vector control and 

CYP83B1-RNAi roots at 17 dpi. Data shown are the average of at least 

105 roots from three independent experiments. Error bars indicate SE. *** 

- P<0.001 –Poisson distribution test. (C & D) Images of representative 

mature nodules from (C) vector control and (D) CYP83B1-RNAi roots. 

(E and F) Nodule area and normalized infection zone size of mature 

nodules from vector control and CYP83B1-RNAi roots. Data shown are 

average of at least 15 nodules each from three biological replicates. Error 

bars indicate SE. *** - P<0.001–Wilcoxon-Mann-Whitney test. (G) 

Number of vasculature branches detectable at the nodule-root junction and 

within the nodule of transverse sections of mature nodules from vector 

control and CYP83B1-RNAi roots. Data shown are average of at least 18 

nodules each from three biological replicates. Error bars indicate SE. *** 

- P<0.001– Student’s t-test. Scale bars in C, D - 100μm. 
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When nodule numbers were evaluated at 14-17 dpi, GmCYP83B1-RNAi roots 

had a significant reduction in the number of both emerging and mature nodules 

compared to the vector control leading to a ~66% reduction in total nodule 

numbers (Figure 2.3-2B). In addition, the mature nodules that formed on 

GmCYP83B1-RNAi roots were visibly smaller and had a striking “dome” shaped 

morphology compared to the typical mushroom shaped mature nodules on vector 

control roots (Figure 2.3-2C & D). We measured the nodule area using median 

transverse sections of nodules and observed that the majority of mature nodules 

that formed on GmCYP83B1-RNAi roots were indeed significantly smaller in 

size compared to those on control roots (1.74 vs 0.47 mm2; Figure 2.3-2E). We 

also observed a significant reduction in the relative size of the infection zone in 

GmCYP83B1-RNAi nodules compared to vector control (Figure 2.3-2F). While 

the infection zone occupied ~38% of the nodule in vector control roots, it 

occupied only 21% of the GmCYP83B1-RNAi nodules. 

Given the vasculature-excluded expression pattern of GmCYP83B1, we evaluated 

nodule vasculature organization by counting the number of vasculature branches 

near the root-nodule junction and within the nodule parenchyma in transverse 

sections of mature nodules (Figure 2.3-2G). There was a significant reduction in 

the number of vasculature traces/branches observable within the nodule 

parenchyma of GmCYP83B1-RNAi roots compared to vector control, but there 

was no difference in the number of branches at the root-nodule junction (Figure 

2.3-2F). Overall, impaired nodule development in GmCYP83B1-RNAi roots 
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indicated that GmCYP83B1 expression is crucial not only for proper nodule 

numbers, but also maturation and vasculature branching. 

2.3.3. Suppression of GmCYP83B1 leads to increased auxin levels in nodule 

In Arabidopsis, the CYP83B1 loss of function mutant rnt1-1 (allelic to sur2) had 

increased auxin levels (Bak et al., 2001); and in soybean, auxin hypersensitivity 

caused a reduction in nodule numbers (Turner et al., 2013b, Nizampatnam et al., 

2015). Therefore, we hypothesized that the reduced nodule numbers in 

GmCYP83B1-RNAi roots might potentially be due to increased auxin levels. As 

an initial evaluation of the hypothesis, we assayed the expression of auxin 

responsive marker genes in B. japonicum-inoculated GmCYP83B1-RNAi roots as 

a proxy for increased auxin output. At 10dpi when the GmCYP83B1 expression 

levels were significantly down-regulated in GmCYP83B1-RNAi roots (Figure 

2.3-3A & B), the expression levels of the auxin response markers GmGH3 and 

GmIAA1 (Nizampatnam et al., 2015) were respectively 8.6 fold and 1.8 fold 

higher vs. vector control roots (Figure 2.3-3A & B). This suggested that silencing 

of GmCYP83B1 might have indeed led to increased auxin levels as reported in 

Arabidopsis CYP83B1 loss of function mutants (Barlier et al., 2000).  

Encouraged by this observation, we measured the levels of tryptophan (Trp) and 

IAA using LC-MS/MS (Liquid Chromatography –Mass Spectrometry) in 

emerging and mature nodule tissues harvested from vector control and CYP83B1-

RNAi roots. Root segments adjacent to these nodule tissues devoid of any root 

lateral organs were used as age-appropriate control tissues to evaluate if any 

observed changes are specific to nodule tissues. In vector control roots, emerging 
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nodules (EN) had a significantly higher level of both Trp and IAA compared to 

the adjacent control root tissues (ABEN) strongly suggesting local auxin 

biosynthesis via IPA pathway might occur early during nodule development 

(Figure 2.3-3C & D; ABEN-VC vs. EN-VC). Interestingly, mature nodule (MN) 

tissues had much lower levels of Trp compared to EN tissues, but the levels of 

IAA were not different between the two tissues (Figure 2.3-3C & D; EN-VC vs 

MN-VC). This suggested that Trp and/or its shikimic acid precursors might be 

routed into the production of other indolic or phenolic metabolites during nodule 

maturation. Alternate possibilities include the utilization of Trp by the rhizobia or 

reduced Trp biosynthesis in MN. The levels of neither Trp nor IAA were different 

between control root segments of EN or MN tissues (ABEN and ABMN 

respectively) suggesting that changes in Trp metabolism and auxin biosynthesis 

are localized to nodule tissues during early nodule development and nodule 

maturation (Figure 2.3-3C & D). 

Mature nodules of CYP83B1-RNAi roots had significantly higher levels of both 

Trp and IAA compared to that of vector control mature nodules (Figure 2.3-3C & 

D; MN-CYPi vs. MN-VC). Therefore, suppression of GmCYP83B1 indeed led to 

increased auxin accumulation during nodule development likely due to increased 

accumulation of Trp. The increase in Trp and IAA in GmCYP83B1-RNAi roots 

was limited to MN tissues where CYP83B1 is highly expressed. There was no 

difference in either Trp or IAA levels in other tissue types between vector control 

and GmCYP83B1-RNAi roots. Unlike in vector control roots, there was no 

significant reduction in Trp levels in MN compared to EN in GmCYP83B1-RNAi 
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roots suggesting that there was reduced utilization of Trp when the expression of 

GmCYP83B1 is silenced. The increased Trp availability is likely to have resulted 

in over production of IAA in GmCYP83B1-RNAi mature nodules. Therefore, a 

change in metabolic flux from the IAOx (or other pathway involving 

GmCYP83B1) to the IPA pathway might have occurred when GmCYP83B1 was 

silenced resulting in IAA overproduction via the IPA pathway. 
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Figure 2.3-3: Suppression of GmCYP83B1 leads to increased nodule auxin levels.  

(A & B) Expression levels of auxin response marker genes, (A) GH3 and (B) IAA1 

in vector control and GmCYP83B1-RNAi roots at 0, 5 and 10 dpi assayed by RT-

qPCR. Data shown are the average of three biological replicates and error bars 

indicate SD. ***-P<0.001 – Wilcoxon-Mann-Whitney test. (C & D) Levels of (C) 

Tryptophan and (D) IAA in emerging (EN) and mature (MN) nodule tissues, and 

respective control root segments (ABEN and ABMN) harvested from vector control 

(VC) and CYP83B1-RNAi roots (CYPi) assayed using LC- MS/MS. Boxplots show 

data from 5 biological replicates for nodule tissues and 3 biological replicates for 

control root segments. Each replicate sample was harvested from approx. 5-20 

independent transgenic roots. Samples marked with different letters are significantly 

different from each other based on Wilcoxon-Mann-Whitney test. (P<0.05). 
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2.3.4. Chemical Inhibition of IAA biosynthesis restored nodule numbers, 

but not maturity in GmCYP83B1-RNAi roots  

To determine if the nodulation phenotypes and increased auxin output in 

CYP83B1-RNAi nodules were indeed due to IAA over production via the IPA 

pathway, we sought to inhibit YUCCA activity using the inhibitor yucasin (5-(4-

chlorophenyl)-4H-1,2,4-triazole-3-thiol) (Nishimura et al., 2014). If reduced 

nodule numbers and abnormal nodule development in CYP83B1-RNAi roots 

were due to increased auxin produced via the IPA pathway, one can expect 

yucasin to rescue nodulation phenotypes of CYP83B1-RNAi roots. Based on the 

data from Arabidopsis three different concentrations of yucasin were used to treat 

wild type soybean plants (10, 20 and 50µM) along with a mock solvent control (0 

µM). After treatment of plants with yucasin, their root length and lateral roots 

were measured as a proxy for potential reduction in endogenous auxin levels. 

Wild type seedlings treated with 10µM yucasin did not show any significant 

change in the root length or lateral root density; but, seedlings treated with 20µM 

or 50µM yucasin displayed a significant increase in root length and a significant 

reduction in lateral root density in a dose-dependent manner (Figure 2.3-4A & B). 

This suggested that 20 and 50 µM concentrations of yucasin likely reduced the 

levels of auxin. When the auxin output marker expression was analyzed in 

yucasin-treated wild type roots, seedlings treated with 20 µM yucasin had a 

consistent trend of reduced marker gene expression; in particular, there was a 

significant reduction in the expression of IAA1 and IAA9 in 20 µM yucasin 

treatment (Figure 2.3-4C). Seedlings treated with 10 and 50 µM yucasin treatment 
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showed varied responses (Figure 2.3-4C).  This suggested that 20 µM yucasin 

treatment might consistently reduce auxin levels in soybean roots. 
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Figure 2.3-4: Effect of yucasin on auxin response phenotype. 

(A & B) Root length (A) and lateral root density (B; number of lateral roots/ cm of root 

length) of wild type soybean plants treated with yucasin at 0µM, 10µM, 20µM, or 50µM 

concentration for 10 days. Data shown in A and B are average of 48 plants from three 

biological replicates expressed as percentage change vs. 0µM controls and error bars 

indicate SEM. *** -P<0.001, Wilcoxon-Mann-Whitney test, vs. 0µM. (C) Expression levels 

of auxin response marker genes, in wild type soybean plant roots treated with yucasin at 

0µM, 10µM, 20µM, or 50µM concentration for 10 days. Data shown are the average fold 

change in gene expression compared to 0µM control and error bars indicate SEM. * -

P<0.05, **-P<0.01, ***-P<0.001, Wilcoxon-MannWhitney test, vs 0µM. (D) Number of 

emerging nodules in wild type soybean seedlings plants treated with 0µM or 20µM yucasin, 

or 20µM yucasin + 0.2 µM 2,4-D. 50µM concentration for 10 days. Data shown are average 

of at least 45 plants from two independent experiments expressed as percentage change vs. 

0µM controls and error bars indicate SEM. *** -P<0.001, Wilcoxon-Mann-Whitney test, 

vs. 0µM. 
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We treated vector control and CYP83B1-RNAi plants with 20µM yucasin to 

determine if inhibition of IAA biosynthesis can rescue nodulation defects. As 

expected, roots of mock-treated CYP83B1-RNAi plants (0µM yucasin), 

developed fewer nodules compared to those of vector control (Figure 2.3-5A). In 

vector control roots treated with 20µM yucasin, there was a significant increase in 

the number of emerging nodules, but no change in the number of mature nodules. 

This indicated that suppression of auxin biosynthesis by yucasin led to increased 

nodule organogenesis. This was consistent with our previous report of increased 

number of emerging nodules in miR160 suppressed soybean roots with reduced 

auxin sensitivity (Nizampatnam et al., 2015). GmCYP83B1-RNAi roots treated 

with 20µM yucasin also had a significant increase in the number of emerging 

nodules. The number of emerging nodules and total nodules in yucasin-treated 

vector control and GmCYP83B1-RNAi roots were comparable indicating a rescue 

of nodule number (organogenesis) by suppression of auxin biosynthesis (Figure 

2.3-5A). However, neither the number of mature nodules, nor the defects in 

nodule vasculature branching, nodule area, and infection zone size of CYP83B1-

RNAi roots were rescued by yucasin treatment (Figure 2.3-5A, B, C and D). 

Therefore, yucasin treatment was able to rescue the nodule number 

(organogenesis), but not nodule maturation in GmCYP83B1-RNAi roots. Rescue 

of nodule numbers by yucasin strongly suggested that reduced nodule numbers in 

GmCYP83B1-RNAi roots were indeed due to IAA over production via the IPA 

pathway.  
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Our results demonstrate that GmCYP83B1 plays a crucial role in soybean nodule 

development by regulating auxin homeostasis. Combined with previous 

observations that developmental stage specific regulation of auxin signaling is 

crucial for proper nodule development in soybean (Breakspear et al., 2014a, Li et 

al., 2014, Nizampatnam et al., 2015, Wang et al., 2015, Cai et al., 2017, 

Hobecker et al., 2017), we conclude that auxin output might be regulated at both 

metabolic and signaling levels to achieve proper nodule development in soybean.  
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Figure 2.3-5: Effect of yucasin on GmCYP83B1-RNAi nodule development.  

(A) Numbers of emerging, mature, and total nodules in vector control and CYP83B1-

RNAi roots at 17 dpi. Plants were treated with yucasin at 0µM or 20µM. Data shown 

are average of count data from three biological replicates (N>70) and error bars 

indicate SEM.*- P<0.05, **-P<0.01 and *** -P<0.001, Poisson distribution test. (B) 

Number of vasculature branches detectable at the nodule-root junction and within the 

nodule of transverse sections of mature nodules from vector control and CYP83B1-

RNAi roots treated with yucasin. Data shown are average of at least 9 nodules each, 

error bars indicate SD. ***P<0.001, Student’s ttest. (C & D) Nodule area (C) and 

normalized infection zone size (D) of mature nodules from vector control and 

CYP83B1-RNAi roots. Data shown are average of at least 7 nodules each, error bars 

indicate SEM ***-P<0.001, Wilcoxon-Mann-Whitney test. 
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2.3.5. Over and mis-expression of GmCYP83B1  

Suppression of GmCYP83B1 led to increased auxin production. We evaluated if 

over expression of GmCYP83B1 leads to reduced auxin levels in the root tissues. 

If the CYP83B1 uses the tryptophan-derived substrate for production of indole 

thiohydroximate,  over expression of CYP83B1 should lead to reduced auxin 

production. The coding sequence of GmCYP83B1 was cloned under the 

constitutively expressing promoter CsVMV and along with the auxin reporter 

DR5:GUS construct. Gene expression of GmCYP83B1ox (over expression) roots 

showed a 100 fold increase in the CYP83B1 expression compared to the vector 

control (CsVMV:TdTomato-DR5:GUS) (Figure 2.3-6A).  The levels of IAA and 

IAA-Aspartate conjugates (for degradation to maintain auxin homeostasis) in the 

root tips of over expressing plants were measured (Figure 2.3-6B). There was no 

significant difference in the levels of IAA or IAA-Asp observed in the over 

expressing root tips compared to vector control. In parallel using the DR5:GUS 

reporter construct the change in auxin levels were monitored microscopically in 

the roots of GmCYP83B1 over expression plants. There was a slight reduction in 

the GUS expression pattern observed in the GmCYP83B1 overexpressing roots 

(Figure 2.3-6C). The auxin marker gene expression (Figure 2.3-6A) and auxin 

quantification (Figure 2.3-6B) could not clearly reveal the reduced auxin levels in 

the GmCYP83B1 over expression. 

Another objective with a similar question was to identify if ectopic mis-

expression of GmCYP83B1 in the nodule primodium/infection zone leads to 

altered nodule development. Two-different nodule specific promoters FWL1 and 
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ENOD40 were used to mis-express GmCYP83B1 (Figure 2.3-7A and B). 

GmFWL1 promoter is actively expressed in the nodule primordia of emerging 

nodule and up on maturation the expression if restricted to nodule parenchyma 

region (Libault M et al.,2010). GmENOD40 promoter on the other hand is 

expressed in the nodule primordia of the emerging nodules and later in the 

uninfected cells of the infection zone in mature nodules (Yang WC et al., 1993). 

The transgenic plants were treated with rhizobia and the nodule numbers were 

evaluated 14-17dpi. There was no significant change in nodule numbers in 

GmCYP83B1 mis-expressing roots (Figure 2.3-7A and B) compared to vector 

control. However, the effect of mis-expression on auxin production was not 

evaluated. 
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Figure 2.3-6: Over expression of GmCYP83B1. 

A) Gene expression data showing over expression of GmCYP83B1 in 

GmCYP83B1ox roots compared to vector control. The data represents average gene 

expression from three biological replicates and error bars represent SE.  B) 

Quantification of IAA and IAA-Asp levels in CYP83B1 over expressing root tips. 

Data represents average of three replicates and error bars indicate SEM C) 

DR5:GUS expression pattern in CYP83B1ox root tips (20/26) and control (15/18). 

Scale bar = 200µM. 
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Figure 2.3-7: Over and Mis-expression of GmCYP83B1. 

A) Nodule count data of mis-expression of GmCYP83B1 using GmFWL1 promoter. 

B) Nodule count data of mis-expression of GmCYP83B1 using GmENOD40 

promoter. The data is average of three biological replicate (n>70) and error bars 

indicate SEM. Statistical significance was determined using zero inflated poisson 

distribution. 
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2.4. Discussion 

While transport and signaling mechanisms that contribute to spatio-temporal auxin 

output during nodule development have been discovered, little was known about the 

role of auxin metabolism in this process. Flavonoids that inhibit peroxidases 

capable of degrading auxin accumulate at the sites of nodule initiation in white 

clover suggesting that this might be a mechanism for auxin accumulation in these 

tissues(Mathesius, 2001a). Auxin amidohydralases capable of hydrolyzing the ester 

bonds of IAA-glucose (and thus releasing free IAA) are induced upon rhizobium 

infection in M. truncatula (Campanella et al., 2008). In L. japonicus, 

TRYPTOPHAN AMINOTRANSFERASE RELATED1, a paralog of TAA was 

transiently induced at 3 dpi, coinciding with the earliest auxin response marker gene 

expression at the site of rhizobial colonization. Our results also showed enrichment 

of YUC, GH3, and IAA oxidase gene family members in EN tissues (Damodaran S 

et al., in preparation). While these observations suggested that local auxin 

metabolism might contribute to auxin output during nodule initiation and 

development, no functional evidence existed for this hypothesis. The expression 

landscape of genes associated with auxin homeostasis provided key target genes for 

functional analysis. Because of the strikingly nodule-specific expression of 

GmCYP83B1, we evaluated its role in regulating auxin levels and nodule 

development in soybean. The complementary expression pattern of GmCYP83B1 

and auxin-responsive marker gene expression in soybean nodules, and increased 

auxin levels in Arabidopsis CYP83B1 loss of function mutants prompted us to 
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hypothesize that GmCYP83B1 might regulate spatio-temporal auxin homeostasis in 

nodules. In agreement with results from Arabidopsis CYP83B1 loss of function 

mutants, we also observed increased auxin levels in soybean nodules when 

GmCYP83B1 expression was suppressed. This suggested that GmCYP83B1 might 

act in a parallel pathway to that of the primary auxin biosynthesis pathways. Since 

soybean root hair tissue accumulates indole glucosinolates (Brechenmacher et al., 

2010), it was tempting to speculate that GmCYP83B1 acts in a similar pathway to 

that in Arabidopsis (the IAOx pathway).  

In soybean nodules with reduced expression of GmCYP83B1, we observed 

increased levels of Trp suggesting that the increased auxin might have come from 

the IPA pathway during nodule development. Metabolite profiling and enzymatic 

assays in Arabidopsis ruled out tryptophan derived IAA production as the cause of 

increased auxin in Arabidopsis CYP83B1 loss of function sur2 mutants. IAOx was 

suggested to be the metabolic branching point for auxin and indole glucosinolate 

biosynthesis pathway in Arabidopsis, but this has yet to be experimentally 

demonstrated (Morant et al., 2010). Tryptophan labelling studies performed in 

Pisum sativum and Phaseolus vulgaris had shown that Trp is a major precursor for 

IAA biosynthesis in legumes (Bialek et al., 1992, Quittenden et al., 2009), 

suggesting that a tryptophan-dependent pathway such as the IPA pathway is a major 

source of IAA in legumes. Strong evidence for the role of IPA pathway in 

regulating nodule auxin homeostasis in soybean came from experiments in this 

study where YUCCA enzyme activity was inhibitied using yucasin (Nishimura et 

al., 2014). The rescue of nodule numbers by treatment with 20µM yucasin 
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suggested that increased auxin accumulation in  GmCYP83B1-RNAi roots almost 

certainly occurred via the IPA pathway. On the other hand, the Arabidopsis 

Arabidopsis CYP83B1 loss of function sur2 mutant phenotypes could not be 

rescued by yucasin treatment (Nishimura et al., 2014). Therefore, it is likely that 

GmCYP83B1 either directly competes for or acts in a pathway that directly 

competes for the tryptophan substrate with the IPA pathway unlike in Arabidopsis. 

Additional biochemical assays are necessary to determine specific substrates and 

products of GmCYP83B1. We concluded that a tryptophan-dependent auxin 

biosynthesis pathway (likely the IPA pathway) contributes to nodule auxin output; 

and that a nodule-specific CYP83B1 acting in a parallel pathway regulates auxin 

homeostasis in nodules and governs proper soybean nodule development. 

There were other phenotypic differences between soybean CYP83B1-RNAi roots 

and Arabidopsis CYP83B1 loss of function mutants. Arabidopsis sur2 mutants had 

reduced root length and increased number of LRs due to increased auxin 

accumulation (Bak et al., 2001). In contrast, the length and LR density of 

GmCYP83B1-RNAi roots were not different from those of vector control roots 

(Figure S2-4). Similarly, differences in Trp and IAA levels between control and 

CYP83B1-RNAi were limited only to nodules and not observed in adjacent root 

tissues. The observation that phenotypes were restricted to nodule tissues in 

CYP83B1-RNAi roots are best explained as resulting from nodule-specific 

expression of GmCPY83B1 vs. the expression of AtCYP83B1 (SUR2) across a 

number of organs and tissues resulting in pleiotropic phenotypes. The failure to 

observe a phenotype in mis-expression of GmCYP83B1 could be due to availability 
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of substrate since this is an enzymatic reaction. Mis-expression of GmCYP83B1 

might have caused some unknown changes in the metabolite profile but not 

sufficient enough to observe a phenotype in nodule development.  

Yucasin treatment was able to restore normal nodule numbers, but not proper 

vasculature branching or nodule size in CYP83B1-RNAi roots. This is likely due to 

the patterns of IAA distribution manifested by CYP83B1 activity during nodule 

development. While an initial auxin maximum is observed during nodule initiation 

and early primordium development, auxin output is diminished in the central tissues 

of the nodule at later stages(Suzaki et al., 2012b, Turner et al., 2013b). 

Sustained/increased auxin output throughout the root and particularly in the nodule 

primordium inhibits nodule development(Turner et al., 2013b, Wang et al., 2015, 

Hobecker et al., 2017). In agreement, CYP83B1-RNAi roots with increased nodule 

auxin levels produced fewer nodules. Together with the observation that CYP83B1 

is expressed throughout the nodule primordium, this gene might play a role in 

reducing auxin levels after nodule initiation and early primordium development. 

Yucasin, being a molecule able to diffuse throughout root tissues, can cause an 

overall reduction in auxin levels throughout the entire root, complementing 

CYP83B1 activity to promote nodule primordium development. Indeed, vector 

control roots treated with yucasin also produced more emerging nodules suggesting 

that an overall reduction in auxin levels can promote nodule organogenesis. This is 

in agreement with the observation that reduced sensitivity to auxin increased the 

number of nodules in soybean and M. truncatula (Turner et al., 2013b, Wang et al., 

2015, Hobecker et al., 2017). In mature nodules, CYP83B1 is present in the 
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parenchyma, but specifically absent in vascular bundles. We speculate that such an 

expression pattern early during vascular development might result in the formation 

of an auxin differential (e.g. high auxin in low CYP83B1 expressing cells and vice 

versa) between specific cell types leading to vascular identity during nodule 

maturation. Auxin is one of the key molecular signals involved in conferring 

provascular identity through its action on a set of CLASS III HOMEODOMAIN 

LEUCINE ZIPPER (HD-ZIPIII) transcription factors (reviewed by (Ramachandran 

et al., 2017)). Co-expression of key auxin signaling components and HD-ZIPIII 

genes occurs during vascular cell specification e.g. (Muller et al., 2016). While 

polar auxin transport mechanisms that dictate auxin gradients crucial for vascular 

cell specification are known (Ilegems et al., 2010), tryptophan-dependent local 

auxin biosynthesis is also crucial for HD-ZIPIII expression and vascular 

development (Ursache et al., 2014). L. japonicus plants treated with auxin transport 

inhibitors produced nodules with defective vasculatures that had attenuated auxin-

response marker gene expression suggesting that auxin transport machinery is 

crucial for proper nodule vascular development (Takanashi et al., 2011). Therefore, 

absence of / reduced expression of CYP83B1 in vascular bundles during nodule 

maturation, is likely to result in increased auxin accumulation in these cell types. 

We speculate that this pattern of CYP83B1 expression might act in concert with the 

auxin transport machinery to generate the auxin maxima required for vascular cell 

specification. While both yucasin and GmCYP83B1 can reduce auxin levels, it is 

unlikely that an exogenously supplied chemical such as yucasin can achieve a 

specific spatial distribution of auxin similar to the distinct spatio-temporal 
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expression patterns of CYP83B1. Therefore, the partial rescue of nodule 

development in yucasin treated GmCYP83B1-RNAi roots might be due to the 

relatively tight spatio-temporal GmCYP83B1 activity patterns required for nodule 

maturity compared to nodule initiation. However, we cannot rule out the possibility 

that another metabolite produced directly or downstream of GmCYP83B1 activity 

being crucial for nodule maturity; i.e. GmCYP83B1 might regulate auxin 

homeostasis for proper nodule numbers and might produce another yet unknown 

compound to regulate proper nodule maturity. In conclusion, we have discovered a 

key role for GmCYP83B1-regulated auxin metabolism in determining spatio-

temporal auxin output during soybean nodule development. 

2.5. Conclusion 

The complementary spatio-temporal expression patterns of GmCYP83B1 and auxin-

response markers indicated a potential role for this gene in regulating auxin levels in 

nodules. The elevated levels of auxin and Trp in GmCYP83B1-RNAi roots suggested 

such a role for GmCYP83B1. CYP83B1-RNAi roots produced fewer nodules that 

were smaller and had impaired nodule vascular branching. Some of these defects 

were rescued when auxin biosynthesis was chemically inhibited suggesting that the 

defects were indeed due to increased auxin levels. Overall this suggested that active 

local auxin biosynthesis regulation occurs during nodule development, and that 

GmCYP83B1 plays a key role in regulating the levels and likely the distribution of 

auxin during soybean nodule development.  
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2.6. Materials and Methods: 

2.6.1. RNA Sequencing 

To develop a global transcriptome atlas for soybean in Subramanian lab two 

different root lateral organs at two development stages were harvested from wild 

type soybean plants: a) emerging lateral root (ELR) b) young lateral root (YLR) 

c) emerging nodule (EN), and d) mature nodule (MN). As a control to determine 

organ-enriched gene expression, root segments of about 1 cm above and below 

(AB) the root lateral organs were harvested as age- and inoculation- appropriate 

controls. The nodule tissues were harvested from B. japonicum inoculated plants 

at 7 and 14 dpi (days post inoculation) for EN and MN respectively. RNA was 

isolated from the tissues; and sequencing library construction and high throughput 

sequencing were performed at University of Missouri, Columbia. A ScriptSeq v2 

RNA-Seq Library preparation kit (Epicenter Biotechnologies) was used for strand 

specific cDNA synthesis and library construction. The synthesized libraries were 

used for sequencing using a Highseq2000 instrument (1x50nt). Data analysis was 

performed by a colleague Dr. Sajag Adhikari and Dr. Senthil Subramanian using a 

set of tools to quality check and trim the sequences; and map reads to the genome 

sequence of soybean. Fragments Per Kilobase of transcript per Million mapped 

reads (FPKM) and the log2 fold change of gene expression in the respective tissue 

to their corresponding control root segments were determined using the tuxedo 

pipeline (Trapnell et al., 2012). The absolute expression levels (FPKM) and tissue 

enrichment (log2 fold change) values of GmCYP83B1 was obtained from this 

data. 
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2.6.2. Phylogenetic and peptide domain identification 

Full length Peptide sequences coding for CYP83B1 gene were obtained from 

Arabidopsis thaliana, Medicago truncatula, Populus trichocarpa, Brachypodium 

distachyon, Solanum lycopersicum, Vitis vinifera and Lotus japonicus using the 

peptide sequence of GmCYP83B1 as follows. The peptide sequence of 

GmCYP83B1 was used in the BLAST P search tool in www.phytozome.net and 

using the BLOSUM62 matrix the peptide orthologs of GmCYP83B1 was 

obtained with an extension value of -1. A phylogenetic tree was built using the 

neighbor joining method using the MEGA V tool after performing a multiple 

sequence alignment.  The signal peptides in the CYP83B1 sequences were 

determined using signalP tool (http://www.cbs.dtu.dk/services/SignalP/) with D-

Cutoff value of 0.50. 

2.6.3. Plant material  

Soybean cultivar Williams 82, was used for the experiments since the genome 

sequence is available. Seeds were surface sterilized using 8% bleach and 70% 

ethanol for 4min each and thoroughly rinsed with water to remove any residual 

ethanol before sowing in a soil mixture made of vermiculite and perlite (3:1). The 

plants were grown in a 4” pot and watered regularly using Hoagland nutrient 

solution (Appendix A. Table A1). The plants were grown in a vertical growth 

chamber with a cycle of 16hr light/day and 25˚C followed by a night cycle of 8hr 

at 20 ˚C (Conviron, Manitoba, CA). Two weeks old germinated plants with first 

set of trifoliate leaves were used for composite hairy root plant transformation as 

described in (Collier et al., 2005a).  

http://www.phytozome.net/
http://www.cbs.dtu.dk/services/SignalP/
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2.6.4. Composite hairy root transformation 

The vectors used in the study were transformed in to Agrobacterium rhizogenes 

AK599. Composite hairy root plant transformation was performed using 14 days 

old soybean plant with the first trifoliate leaves. To prepare the A. rhizogenes 

culture harboring desired vector, the bacterial culture was inoculated in LB 

(supplemented with the appropriate antibiotic) and incubated overnight at 28°C 

on a rotary shaker at 200rpm. To prepare the culture for transformation it was 

centrifuged at 3500xg for 8 min and re-suspended in N- PNS to a final 

concentration of OD600= 0.3.  Sterile rock wool plug cubes (Hummert 

International, MO) were placed on petridishes and it was flooded with the 

respective culture (about 5-7 ml). Soybean plants were cut below the trifoliate 

leaves in a slanting manner to increase the surface area of infection with bacteria 

and it is placed in to the rock wool plug. The transformed plants in petridishes 

were placed in a plant growth tray and covered with a transparent lid. The plants 

were placed in a growth shelf with 16h light and 8h dark for 2-3 weeks until the 

appearance of adventious root. 

2.6.5. Nodulation assays 

For nodulation assays the plants were inoculated with Bradyrhizobium japonicum, 

USDA110 culture, grown in Vincents rich media supplemented with 

chloramphenicol (0.02mg/ml) and incubated in a shaker set at 28˚C and 200 rpm. 

At the time of inoculation, the culture was centrifuged at 3500xG for 8min and 

the pellet was resuspended to a final concentration of OD600nm=0.08 in nitrogen 

free plant nutrient solution (N- PNS) (Appendix A. Table A2). For nodulation 
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assay the nodules were counted at 14-17dpi and the emerging nodules were 

classified to be a bump on the root surface and mature nodules are classified as 

protruded structure on root surface. The nodule count data was collected from 

three biological replicates and the count data was compared to respective control 

and data was analyzed using zero inflated poisson distribution package available 

in R. 

2.6.6. Yucasin treatment 

 

The plants were treated with different concentrations of yucasin 0, 10, 20, 50µM 

prepared as described in (Nishimura et al. 2014). The plants were watered 

alternatively between yucasin mixed with N- PNS and with N- PNS. For root 

length, lateral root density and gene expression assays, wild type soybean plants 

were treated with the corresponding concentration of yucasin at 3 and 7 days post 

germination (Figure S2-5).  Assays were performed at 10days post germination. 

The normality of the data was determined using Shapiro wilk test and the 

statistical significance was determined using Wilcoxon-mann-Whitney test in R 

version 3.3.0. For studying the effect of nodulation with yucasin treatment the 

plants were inoculated 3days post germination or three days after transfer of 

composite plants in vermiculite:perlite and inoculated with B. japonicum and the 

next day (1dpi) they were treated with the corresponding yucasin solution and 

again at 5 and 10dpi (for detailed plan, Fig S5). For the co-treatment of yucasin 

and 2,4-D a similar treatment approach was used by mixing 20 µM yucasin with 

0.2 µM 2,4-D. The concentration of 2,4-D was chosen based on (Nizampatnam et 
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al., 2015) of the Nodulation assays were performed at 14dpi and nodules 

harvested at this timepoint were used for morphological analysis. 

2.6.7. Vector Construction 

A ~1900bp upstream region of GmCYP83B1 was amplified from soybean 

genomic DNA using Platinum PCR supermix High fidelity (Thermofisher 

Scientific, Waltham, MA). The PCR product was cloned in to pCR8/GW/TOPO-

TA vector (Thermofisher Scientific, Waltham, MA) and its sequence was 

verified. The promoter fragment was cloned in to destination vector, pCAMGFP-

GW:GUS using Gateway LR clonase II enzyme mix following the manufacturer’s 

protocol (Thermofisher Scientific, Waltham, MA) to obtain pCAMGFP-

GmCYP83B1p:GUS.  

To generate the GmCYP83B1-RNAi construct, a 130bp region of the 

GmCYP83B1 coding sequence was amplified and cloned in to pCR8/GW/TOPO-

TA (Thermofisher Scientific, Waltham, MA). The sequence verified RNAi region 

was cloned in to pCAMGFPCsVMV:GWi using Gateway LR clonase II enzyme 

mix (Thermofisher Scientific, Waltham, MA) to obtain pCAMGFP-

GmCYP83B1-RNAi binary vector. To generate pCAMGFP-CsVMV:GWi vector 

the FMV-driven RNAi vector (Govindarajulu et al., 2009) was used and the FMV 

promoter was replaced with the CsVMV promoter (Govindarajulu et al., 2008). 

To generate the pCAMGFP-CsVMV:CYP83B1-DR5:GUS construct, the coding 

sequence (1506bp) was amplified and cloned in to the destination vector 

following the same procedure as GmCYP83B1promoter:GUS construct. The 

same CDS sequence cloned in to the pCR8GWTOPOTA construct was used in 
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generating the mis-expression vectors pCAMGFP-ENOD40:CYP83B1 and 

pCAMGFP-FWL1:CYP83B1.  

2.6.8. Staining, Microscopy and Image Analysis 

The transgenic roots were screened for the expression of GFP fluorescent protein 

marker using the FITC filter in an epi-fluoresence microscope (Olympus SZX16 

Epi-Fluorescent Stereo Microscope) and used for different microscopy staining 

procedures. 

2.6.9. GUS staining assay 

The transgenic root of mock (N- PNS) or B. japonicum inoculated plants were 

incubated in GUS staining buffer (Appendix B, TABLE B1) to which X-GLUC 

(substrate) was added at a concentration of 0.5mg/ml. The roots were stained 

overnight (16hrs) or until the appearance of blue coloration of substrate indicating 

end product of GUS activity at 22˚C. The stained roots were dehydrated by a 

series of ethanol dilution from (10% to 70%) to arrest the enzyme activity and 

stain diffusion. Before microscopy the roots were rehydrated by a series of 

ethanol dilution (70% to 10%) and roots were mounted directly or after hand 

sectioning with 10% glycerol (v/v) on a glass slide. The staining in the transgenic 

roots or nodule sections were imaged using an Olympus SZX16 Epi –fluorescent 

microscope under white light trans-illumination or with BX-53 upright 

microscope. 

2.6.10. Pholoroglucinol staining   

The transgenic roots inoculated with B. japonicum was collected at 14-17dpi and 

the mature nodules were hand sectioned horizontally with the root for transverse 
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section and used for staining. To visualize the nodule area, infection zone and 

vasculature, the phloroglucinol dye was used. A saturated solution of 

phloroglucinol was prepared freshly before staining by dissolving the dye in 20% 

HCl and added to the mature nodule cross section.  The images were obtained 

under white light trans-illumination in BX-53 upright microscope. ImageJ tool 

was used in measuring the nodule area by drawing a border around the nodule 

area using free hand tool and the area was measured (Figure S2-6). Normality of 

the data distribution was determined using shapiro-wilk test and the statistical 

significance was determined using Wilcoxon mann whitney test package available 

on R version 3.3.0.  The vasculature branches are identified by inspection of 

lignified nodule vascular endodermis and xylem vessels in the transverse sections. 

The statistical significance was evaluated by student t-test in Microsoft Excel. 

2.6.11. Gene expression Analysis 

The transgenic roots expressing GFP were screened using epifluorescence 

stereomicroscope and harvested in dry ice or Liquid nitrogen. In case of nodule 

tissues, a segment of the tissue is dissected under microscope and collected in 

cold TRI reagent. The tissue is stored in -70˚C until it is used for further 

processing. 

2.6.12. RNA Extraction 

The harvested plant tissues were weighed and about 500mg of tissue was used for 

RNA extraction using the TRI reagent. The whole root tissues were grounded 

using liquid nitrogen in a pre-cold pestle and mortar until a fine powder is 

obtained. About 10ml of TRI reagent was added to the mixture and mixed 
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completely. The mixture was centrifuged at 7000xg for 15min at 4˚C and the 

supernatant was collected in a fresh tube and 1/5vol of Chloroform was added and 

thoroughly mixed. The mixture is centrifuged and the clear supernatant was 

collected and the step was repeated until a clear aqueous layer is obtained. To 

precipitate the RNA, isopropanol (0.7x volume of supernatant) was added and 

incubated in -20˚C for overnight. The mixture is centrifuged and the supernatant 

was discarded. To the pellet added 3ml of 70% ethanol and centrifuged to remove 

residual salt and contaminants. The supernatant was removed after centrifugation 

and pellet was dissolved in DEPC (Diethyl pyrocarbonate) treated water. The 

samples were quantified using NanoDrop ND-1000 spectrophotometer and 

integrity of RNA was verified using agarose gel electrophoresis. 

2.6.13. DNA contamination Test 

To check the purity of RNA from any detectable DNA contamination before 

proceeding with quantitiative RT-PCR, the RNA is subjected to DNA 

contamination test. A qRT-PCR was performed as explained in the section below 

with the respective RNA itself as template and using a constitutively expressed 

marker/housekeeping gene such as ACTIN. Absence or very minimal 

amplification would indicate the absence of any contaminating DNA. 

2.6.14. cDNA Synthesis 

The complementary strand for the mRNA was synthesized using M-MuLV 

reverse transcriptase. Total RNA of about 2µg was used as a template and added a 

combination of 1µL of 10mM dNTP mix and 1µL of 10µM oligodT primer in a 

200µL PCR tube. The final volume was made up to 17.5µL with DEPC treated 
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water and the sample was incubated at 75˚C in a thermocycler. After incubation 

the samples were snap cooled in ice for 5min. For synthesizing cDNA 2µL of 10x 

Reverse transcriptase was added along with 0.5µL of 200,000U/ml reverse 

transcriptase. The sample was incubated in the thermocycler at 42˚C for 60min 

and deactivated for 5min at 90˚C. 

2.6.15. Reverse Transcription – quantitative Polymerase Chain Reaction 

(RT-qPCR) 

To determine the expression levels of mRNA in the cDNA synthesized from the 

above-mentioned protocol using the ABI, quantstudio 3 qPCR system. The 

reaction is set up in a 20µL final reaction volume with 10µL of 2X SYBR premix 

(Catalogue# 639676, Clontech, CA), 1.6µL of cDNA as template, 0.4µL of each 

10µM forward and reverse primers, 0.4µL of 50X ROX reference dye and made 

up the rest of the volume with DEPC water. The reactions were setup in a 96 well 

plate and using the thermal cycle of 95°C for 10sec, then 40 Cycles of 

amplification at 95°C for 5 secs, 58°C - 64°C for 20sec during which the 

fluorescence emission from each well was collected through FAM/SYBR 

GREEN 1 filter. The dissociation curve was determined using the thermal cycle at 

55°C for 30sec followed by heating at 0.1°C/sec to 95°C for 1min; while 

collecting fluorescence emission continuously. The data was collected from the 

quant studio 3 software and the gene expression levels were calculated using the 

dCt method. The gene expression was normalized to the house keeping gene 

GmACTIN and to ensure reproducibility it was also normalized to GmCONS6, 

GmCONS7 or GmCONS15. The statistical significance of gene expression was 
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determined using Wilcoxon Mann Whitney test with ***-P<0.001, **- P<0.01, *-

P<0.05 using R version 3.3.0. Primers used in this study is listed in Appendix C.  

2.6.16. Metabolite quantification 

To determine the quantity of IAA and Trp in root tissues like EN, MN and its 

corresponding control root segments were harvested from CYPi and vector 

control roots and stored in -80˚C. The levels of IAA and Trp were quantified 

following the method outlined in (Blakeslee and Murphy, 2016). To extract the 

metabolites, the samples were weighed and grounded to fine powder using liquid 

nitrogen. To the grounded sample, 1ml of 50mM sodium-phosphate buffer (pH7.0 

and containing 1%DETC) was added immediately. 12.5ng of [2H5] Indole 3-acetic 

acid (d5-IAA, OlChemlm, ltd, Olomouc, Czech Republic, Part# 0311532), 25ng 

[2H3] tryptophan (d3- Trp, CDN isotopes, Qubec, Canada, part#D-7419) were 

added to each sample as internal standard. The samples were vortexed, extracted 

at 4˚C on a lab nutator and then centrifuged at 12000xG for 15min at 4 ˚C. The 

supernatant was collected and the pH was adjusted to 3 using 1N HCl. Further 

concentration and purification of samples were performed by passing the 

supernatant over an HLB column (conditioned using 1ml methanol) followed by 

1ml of water and 0.5ml of 50mM sodium-phosphate buffer (pH 2.7). After 

loading the sample, HLB columns were washed with 2ml of 5% methanol and 

final extraction with 2ml of 80% methanol. The eluates were dried under nitrogen 

gas and reconstituted in 200µL methanol. This was filtered through 4mm 0.2µM 

PTFE filters (Phenomenex Inc, Torrance, CA, Part# AF0-3202-52). To analyze 

the metabolite levels the eluates were injected for LC-MS/MS analyses. The 
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quantity of IAA and Trp levels were measured from five technical replicates and 

the change in metabolite concentration between CYPi and vector control were 

determined statistically using Wilcoxon Mann whitney test using R version 3.3.0 

with ***-P<0.001, **- P<0.01, *-P<0.05. 
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2.8. Supplementary information 

 

  

 

 

 

Figure S2-1 . Nodule enriched GmCYP83B1 is a close ortholog of AtCYP83B1. 

 A) Part of the phylogenetic tree of cytochrome P450 oxidase peptide sequence from 

multiple species showing the close homology of GmCYP83B1/Glyma01g17330 and 

AtCYP83B1/AtSUR2 highlighted in red and green box respectively. 

B) Gene expression data of GmCYP83B1 and its close homologs. Nodule enriched 

expression of GmCYP83B1(Glyma 01g17330) and its two close homologs in soybean 

genome atlas (Libault et al., 2010).  
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Figure S2-2: GmCYP83B1 peptides sequence analysis.  

A) BLAST search of soybean CYP83B1 peptide sequence in Arabidopsis sequence database 

showing AtSUR2 as top hit. B) Membrane localization signal of GmCYP83B1 peptide 

sequence detected using signalP. C) Absence of membrane localization signal in arabidopsis 

CYP83B1 peptide sequence analyzed using signalP tool. 
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Figure S2-3: Non-target expression levels in GmCYP83B1-RNAi.  

Fig A & B shows the expression of close homologs of GmCYP83B1, namely 

Glyma18g11820 & Glyma03g03670 in GmCYP83B1-RNAi roots time course of 0, 5 and 

10dpi. The data shown in A and B are average of expression levels in three biological 

replicates and error bars indicate the range of possible expression values based on SD. * -  

P<0.05, ** -P<0.01, *** -P<0.001 Statistical significance based on Wilcoxon Mann 

whitney test. Fig C & D Expression levels of non-targets of GmCYP83B1 in EN, MN, 

ELR, YLR presented as average FPKM across three biological replicates. Statistically 

significant fold change vs. respective control root segments are indicated above the bars 

and error bars indicate SD. 
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Figure S2-4: Root length and lateral root density measurement in CYPi compared 

to vector control. 

 The data represents average and error bars indicate SEM, n=30 independent 

transgenic root each. 
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Figure S2-5: A flow Chart depicting the treatment plan for yucasin on WT and 

composite hairy root system.  

The left panel shows treatment plan for root length and LR density measurement and 

right panel shows treatment plan for rhizobia inoculation and nodulation assay. 
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Figure S2-6: Mature nodule transverse section stained with phloroglucinol.  

The vasculature branches at root- nodule junction (red arrow head) and within nodule 

(VwN) is shown. The area of infection zone and area of nodule are highlighted by 

green and yellow borders respectively. RT- root, IZ- infection zone and VwN – 

vasculature within nodule. 
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Chapter 3 

3. NODULE-ENRICHED GRETCHEN HAGEN 3 ENZYMES HAVE DISTINCT 

SUBSTRATE SPECIFICITIES AND ARE IMPORTANT FOR PROPER 

SOYBEAN NODULE DEVELOPMENT 

3.1. Abstract 

Legume root nodules develop as a result of symbiotic relationship between the plant 

and nitrogen-fixing rhizobia bacteria in soil. Auxin activity is detected in different 

cell types at different stages of nodule development; and enhanced sensitivity to auxin 

inhibits nodule development. While some transport and signaling mechanisms that 

achieve precise spatiotemporal auxin output are known, the role of auxin metabolism 

during nodule development is unclear. Using a soybean root lateral organ 

transcriptome data set, we identified distinct nodule enrichment of three auxin-

deactivating Gretchen Hagen 3 (GH3) indole-3-acetic acid (IAA) amido transferase 

genes: GmGH3-11/12, GmGH3-14 and GmGH3-15. In vitro enzymatic assays 

showed that each of these GH3 proteins preferred IAA and aspartate as acyl and 

amino acid substrates, respectively. GmGH3-15 showed a broad substrate preference, 

especially with different forms of auxin. Promoter:GUS expression analysis indicated 

that GmGH3-14 acts primarily in the root epidermis and the nodule primordium 

where as GmGH3-15 might act in the vasculature. Silencing the expression of these 

GH3 genes in soybean composite plants led to altered nodule numbers, maturity, and 

size. Our results indicate that these GH3s are needed for proper nodule maturation in 

soybean, but the precise mechanism by which they regulate nodule development 

remains to be explained. 
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3.2. Introduction 

Spatiotemporal auxin output is a combination of tightly regulated biosynthesis, 

catabolism, inactivation, activation, transport, and signaling (Westfall et al., 2010, 

Ljung, 2013a). The major form of auxin in plants, indole-3-acetic acid (IAA), is 

primarily synthesized via the two-step Indole pyruvic acid (IPA) pathway (Zhao, 

2012b). In this pathway, tryptophan is converted to IPA by TRYPTOPHAN AMINO 

TRANSFERASE OF ARABIDOPSIS (TAA) and IPA is metabolized to IAA by 

YUCCA flavin monoxygenases (Zhao et al., 2001, Stepanova et al., 2008). It was 

recently revealed that 2-oxoindole-3-acetic acid (oxIAA) is the major catabolite of 

IAA in Arabidopsis and rice (Peer et al., 2013, Pencik et al., 2013). A dioxygenase 

enzyme that catabolizes IAA to oxIAA has also been identified (Pencik et al., 2013, 

Zhao et al., 2013, Porco et al., 2016, Zhang et al., 2016b). Different biologically 

inactive forms of IAA including amide-linked peptide conjugates, amide-linked 

amino acid conjugates, and ester-linked sugar (carbohydrate) conjugates have been 

identified in plant tissues (Woodward and Bartel, 2005a, Ludwig-Muller, 2011, 

Korasick et al., 2013). Conjugation of different amino acids leads to different 

downstream fates for IAA. For example, IAA-alanine and IAA-leucine conjugates 

can be hydrolyzed to release free IAA in specific cell types for proper embryo 

development in Arabidopsis (LeClere et al., 2002, Rampey et al., 2004). IAA 

conjugates of aspartate (IAA-Asp) and glutamate appear to be catabolic forms that 

typically cannot be hydrolyzed back to IAA (Westfall et al., 2010). The fate of 

conjugated forms of IAA varies from species to species (Westfall et al., 2010). 
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Therefore, conjugation of IAA is a key regulatory step that dictates the levels of free 

(active) IAA pools and thus spatiotemporal auxin output during plant development. 

Members of the GRETCHEN HAGEN3 (GH3) family of acyl amido transferase 

enzymes can conjugate IAA to amino acids (Westfall et al., 2010). The first GH3 

gene was identified in soybean through a screen for auxin responsive gene expression 

(Hagen and Guilfoyle, 1985). Subsequently, GH3 family members were identified in 

other plant species including Arabidopsis, and found to play critical roles in plant 

development through the conjugation of various plant hormones [2]. For example, a 

change in local auxin pool is achieved at the site of organ development or in response 

to biotic/abiotic interaction through conjugation of IAA by GH3 proteins (Park et al., 

2007b, Zhang et al., 2009, Böttcher et al., 2010, Zheng et al., 2016). A gain of 

function mutation in an Arabidopsis GH3 gene, wes1-D conferred resistance against 

multiple factors and a loss of function mutation in the same gene led to reduced 

resistance (Park et al., 2007a). A gain-of-function mutation in another Arabidopsis 

GH3 gene, ydk1-D led to reduced root length and lateral root density because of 

altered auxin activity (Takase et al., 2004). An activation-tagged Arabidopsis line 

with increased expression of GH3.9 exhibited increased sensitivity to IAA, resulting 

in reduced root growth (Khan and Stone, 2007). Recently, the X-ray crystal structures 

of IAA- and jasmonate-conjugating GH3 proteins were determined. This has revealed 

key features of substrate recognition and to the re-classification of the GH3 enzyme 

family into different groups based on the preference of the acyl acid substrate (Peat et 

al., 2012, Westfall et al., 2012). Group II GH3 proteins catalyze IAA-amino acid 
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conjugation and alter the free IAA pool to regulate various plant developmental 

programs in Arabidopsis and other plant species (Staswick et al., 2005b).  

Symbiotic nodule development in legumes such as soybean is also influenced by 

auxin. Nodule development results from a symbiotic relationship between the plant 

and nitrogen-fixing rhizobia bacteria. Rhizobia colonize plant root hairs, and after 

initial signal exchange to ensure host-symbiont compatibility, plant developmental 

pathways are activated to enable nodule organogenesis in the root cortex. Auxin 

signaling has been implicated in both root hair as well as cortical responses during 

nodule development (Turner et al., 2013b, Breakspear et al., 2014a, Nizampatnam et 

al., 2015, Wang et al., 2015, Cai et al., 2017, Hobecker et al., 2017); however, 

distinct mechanisms might contribute to overall auxin output in these cell types. The 

distribution and levels of auxin in the root cortex may be distinct in different legumes 

(reviewed by (Kohlen et al., 2017)). There are two major classes of legume nodules 

(reviewed by (Hirsch, 1992, Sprent and James, 2007)). Indeterminate nodules 

characterized by the presence of a persistent meristem with an oblong mature nodule 

are produced by Medicago truncatula (barrelclover), Pisum sativum (peas), and 

Trifolium repens (white clover). Determinate nodules that lack a persistent meristem 

with a spherical mature nodule are produced by Lotus japonicus, Glycine max 

(soybean), and Phaseolus vulgaris (common bean). Altered auxin signaling is 

reported to affect root hair responses to rhizobium inoculation in soybean and M. 

truncatula (Breakspear et al., 2014a, Cai et al., 2017). A local auxin maximum occurs 

in the root cortex at the site of initiation of both determinate and indeterminate 

nodules. Evidence for this comes primarily from auxin-responsive marker gene 
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expression, and at least one study where auxin levels were measured at the site of 

nodule initiation (Mathesius et al., 1998, Pacios-Bras et al., 2003, Takanashi et al., 

2011, Suzaki et al., 2012a). The type of mechanism involved and the degree of auxin 

accumulation or output required appear to differ between these two types of nodules 

(Kohlen et al., 2017). Inhibition of rootward auxin transport at the site of nodule 

initiation by flavonoids is crucial for indeterminate nodule formation (Wasson et al., 

2006, Zhang et al., 2009). Expression patterns of genes encoding PIN auxin efflux 

transporters, and phenotypes of PIN-RNAi plants in M. truncatula also indicate a key 

role for the auxin transport machinery during indeterminate nodule development (Huo 

et al., 2006, Sanko-Sawczenko et al., 2016). On the other hand, inhibition of auxin 

transport does not appear to be crucial for determinate nodule formation (Pacios-Bras 

et al., 2003, Subramanian et al., 2006). While an auxin maximum appears to be 

crucial for nodule initiation, enhanced sensitivity to auxin inhibits both determinate 

and indeterminate nodule formation (Turner et al., 2013b, Breakspear et al., 2014a, 

Nizampatnam et al., 2015, Wang et al., 2015, Hobecker et al., 2017). 

Determinate and indeterminate nodules also display similarities and differences in the 

overall distribution of auxin activity during nodule development. As mentioned 

above, local auxin activity indicated by marker gene expression occurs in the nodule 

initials and nodule primordia of determinate nodules (soybean and L. japonicus), as 

well as indeterminate nodules (white clover and M. truncatula) (Mathesius et al., 

1998, Wasson et al., 2006, Takanashi et al., 2011, Turner et al., 2013b). Auxin 

responsive gene expression is significantly diminished/absent in the infection zone of 

determinate nodules; however, the nodule meristem and invasion zone of 
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indeterminate nodules continue to display auxin response gene expression. In mature 

nodules, auxin activity is detectable in the vasculatures of both determinate and 

indeterminate nodules (e.g., (Mathesius et al., 1998, Turner et al., 2013b)). Therefore, 

precise regulation of auxin activity appears to occur during nodule development. 

While auxin transport appears to dictate auxin distribution during initiation of 

indeterminate nodules, it is unclear what mechanisms contribute to it during 

determinate nodule initiation. Multiple microRNA-regulated AUXIN RESPONSE 

FACTORs (ARFs) that might act in concert to dictate precise spatiotemporal auxin 

sensitivity during nodule development are also known (Turner et al., 2013b, 

Breakspear et al., 2014a, Nizampatnam et al., 2015, Wang et al., 2015, Hobecker et 

al., 2017). However, the role of auxin metabolism in regulating auxin homeostasis 

during nodule development remains unclear. Flavonoids that accumulate at the sites 

of nodule initiation can inhibit peroxidases capable of degrading auxin and this has 

been suggested as a possible mechanism for auxin accumulation in these tissues 

(Mathesius, 2001a). Transient induction of TRYPTOPHAN AMINOTRANSFERASE 

RELATED1, a paralog of TAA, occurs in response to rhizobium inoculation in L. 

japonicus (Suzaki et al., 2012a). In soybean, we have shown enrichment of YUCCA, 

GH3, and IAA oxidase gene expression in emerging nodules (Damodaran et al. 

unpublished data (Damodaran et al., In review)). In M. truncatula, the expression of 

several GH3 genes is induced in Sinorhizobium meliloti treated roots (Yang et al., 

2015). Similarly, rhizobium-responsive expression of auxin conjugate hydrolases 

capable of hydrolyzing the ester bonds of IAA-glucose and thus releasing free IAA 

have also been reported (Campanella et al., 2008). Rhizobia are also capable of 
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synthesizing auxin (Fukuhara et al., 1994, Perrine et al., 2004). Therefore, expression 

of auxin-modifying enzymes during nodule development is likely to enable the plant 

to efficiently regulate rhizobia-derived auxin as well. While these observations 

suggested that local auxin metabolism might contribute to auxin output during nodule 

initiation and development, no functional evidence existed for this hypothesis. We 

sought to identify the roles of auxin-conjugating GH3 proteins in soybean nodule 

development. 

Here, we identified three GH3s with preferential expression during nodule 

development and characterized their enzymatic activity through in vitro assays. We 

also evaluated their expression patterns in roots and nodules of soybean, and their 

functional significance during nodule development by knocking down their 

expression using artificial microRNAs. We show that these GH3 proteins have 

distinct expression patterns in soybean, and show highest activity towards IAA-Asp 

conjugation, but have distinct specificities especially for other acyl substrates. 

Suppression of GH3 protein activity led to alterations in nodule number and nodule 

size indicating that these enzymes play important roles in soybean nodule 

development likely via their effect on auxin homeostasis. 

 

3.3. Results  

3.3.1. Identification of nodule-enriched GmGH3 genes 

Nodule-enriched GH3 genes in soybean were identified from our RNA-seq dataset on 

emerging nodules (EN), mature nodules (MN), emerging lateral roots (ELR), and 

young lateral roots (YLR)  (Damodaran et al., In review); Table 3.3-A. Adjacent root 
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segments above and below these organs were used as age- and rhizobium inoculation-

appropriate controls to determine GH3 genes specifically enriched in nodules versus 

lateral roots at two different stages of development (Table 3.3-A). We identified three 

nodule-enriched GH3 proteins with high expression and enrichment in either 

emerging or mature nodule tissues (highlighted in Table 3.3-A; Figure 3.3-1A). 

Among a total of five GH3 genes that showed enrichment in nodule tissues, these 

three showed the highest expression values with two of the three GH3s showing 

nodule-specific enrichment. The three genes were named as GmGH3-11/12 

(Glyma11g05510 (a1. v1.1), Glyma.11g051600 (a2. v1.1)), GmGH3-14 

(Glyma01g39780 (a1. v1.1), Glyma.01g190600 (a2. v1.1)), and GmGH3-15 

(Glyma12g17510 (a1. v1.1), Glyma.12g141000 (a2. v1.1)) based on the 

nomenclature/classification of the 25 soybean GH3 genes previously (Westfall et al., 

2012). Gene IDs in parenthesis correspond to those of soybean genome assembly 

release a1.v1.1 and a2.v1.1 (www.phytozome.net). The three GmGH3 genes used in 

this study were classified under group II GH3s that catalyze IAA conjugation.  

http://www.phytozome.net/
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GmGH3-11/12 was expressed in all four lateral organ tissues examined with highest 

expression in mature nodule tissues (Figure 3.3-1A). It showed enrichment only in 

nodule tissues with a 3.1-fold log2 fold change in MN followed by 1.5 in EN (Figure 

3.3-1B). Expression of GmGH3-14 and GmGH3-15 was detected in all four lateral 

organ tissues. Despite near equal expression in EN and MN tissues, GH3-14 

expression was enriched only in EN tissues (Figure 3.3-1A and B). GmGH3-15 was 

expressed at relatively higher levels than GmGH3-14 in general, and was enriched in 

both EN and ELR with log2 fold change values of 2.6 and 1.7, respectively (Figure 

3.3-1A and B). 

 

 

 

 

Figure 3.3-1: Expression of GmGH3s in soybean root lateral organs.  

(A) Expression levels of GmGH3s in emerging nodule (EN), mature nodule (MN), 

emerging lateral root (ELR), and young lateral root (YLR) tissues. Data shown are 

average expression values from three biological replicates obtained using RNA-seq. 

Normalized gene expression levels based on RNA-seq read counts are shown in 

FPKM (fragments per kilobase of transcript per million mapped reads). Error bars 

indicate SD; (B) Enrichment of GmGH3s in the same four tissue types relative to 

adjacent root tissues. Data shown are statistically significant log2 fold change values 

vs. the respective control root segments from three biological replicates. See Table S1 

for additional details. 
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Table 3.3-A: GmGH3 expression data from RNA-seq data. 
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3.3.2. Nodule –Enriched GmGH3s show Distinct Acyl Substrate specificities 

Enzymatic activities of the nodule enriched GH3 proteins were evaluated using in 

vitro enzyme kinetics assays. Full-length proteins were expressed in bacterial cells, 

and purified for biochemical assays in which the conjugation of the 20 amino acids to 

IAA were evaluated. GmGH3-11/12, GmGH3-14, and GmGH3-15 all displayed a 

clear preference for conjugation of IAA to aspartate (Figure 3.3-2). GmGH3-11/12 

had a specific activity of 296.2 nmol min−1 mg protein−1 with aspartate and much 

lower specific activities with tryptophan (51.12 nmol min−1 mg protein−1) and 

methionine (26.05 nmol min−1 mg protein−1) (Figure 3.3-2A). GmGH3-14 had a 

specific activity of 305.9 nmol min−1 mg protein−1 with aspartate, and much lower 

rates with methionine (51.8 nmol min−1 mg protein−1) and tryptophan (44.4 nmol 

min−1 mg protein−1) (Figure 3.3-2B). The specific activity profile of GmGH3-15 was 

similar with conjugation of IAA to aspartate (377.8 nmol min−1 mg protein−1) as the 

primary function, although methionine (26.1 nmol min−1 mg protein−1), cysteine (24.4 

nmol min−1 mg protein−1), and tryptophan (24.9 nmol min−1 mg protein−1) were 

accepted as amino acid substrates (Figure 3.3-2C). 
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GH3 proteins are capable of generating conjugates of different plant hormones 

including jasmonic acid, IAA and other auxins, and benzoate-derived compounds 

(Westfall et al., 2012). Therefore, steady-state kinetic assays were performed using 

IAA, the ethylene precursor 1-aminocyclopropane carboxylic acid (ACC), abscisic 

acid (ABA), jasmonic acid (JA), and salicylic acid (SA) to further examine substrate 

preference (Figure 3.3-3A). GmGH3-11/12, GmGH3-14, and GmGH3-15 exhibited 

little to no activity with ACC, ABA, JA, and SA (Figure 3.3-3A). 

 

 

 

Figure 3.3-2: Amino acid substrate preference of nodule enriched GmGH3s.  

Specific activities of (A) GmGH3-11/12; (B) GmGH3-14, and (C) GmGH3-15 (C) with 

IAA as acyl substrate with each of the 20 different amino acids denoted by single letter 

IUPAC codes. Data shown are the average specific activities from three replicate assays 

and error bars indicate SD. 
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Although IAA is the primary auxin in many plants, several different forms of auxin 

are present in plant tissues and the levels of auxin analogs vary between species and 

between different tissues (Simon and Petrasek, 2011, Korasick et al., 2013). To 

determine the substrate preference of the three GmGH3 proteins with different 

auxins, kinetic assays were performed using most abundant natural forms of auxin, 

IAA, phenyl acetic acid (PAA), and indole butyric acid (IBA), and the synthetic 

auxin, naphthalene acetic acid (NAA). As mentioned above, all three GmGH3s 

showed high catalytic efficiency towards IAA (Figure 3.3-3B; Table S1). The 

catalytic efficiencies (kcat/Km) of GmGH3-11/12, GmGH3-14, and GmGH3-15 with 

IAA were 2950 M−1 s−1, 2640 M−1 s−1, and 2840 M−1 s−1, respectively. Each of the 

 

Figure 3.3-3: Acyl substrate preference of nodule-enriched GmGH3s.  

(A) Specific activity of GmGH3-11/12, GmGH3-14, and GmGH3-15 with aspartate as 

aminoacid substrate, and the plant hormones indole-3-acetic acid (IAA), aminocyclopropane 

carboxylic acid (ACC), jasmonic acid (JA), salicylic acid (SA), and abscisic acid (ABA) as 

acyl substrate. Data shown are averages of three replicate assays and error bars indicate SD; 

(B) Catalytic efficiency of GmGH3-11/12, GmGH3-14, and GmGH3-15 with aspartate as 

amino acid substrate, and different forms of auxin: IAA, phenyl acetic acid (PAA), indole 

butyric acid (IBA), and naphthalene acetic acid (NAA) as acyl substrate. See Table S1 for 

additional details. 
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soybean GH3 proteins were also capable of using PAA as substrate, although not as 

efficiently as IAA. Of the three proteins, GmGH3-15 displayed a 3-fold higher 

kcat/Km for PAA compared to the other two enzymes (Figure 3.3-3B; Table S1). 

GmGH3-15 also used IBA (kcat/Km = 592 M−1 s−1) and NAA (kcat/Km = 207 M−1 s−1) 

as substrates, whereas the other two GH3s did not show any activity with these auxins 

(Figure 3.3-3B; Table S1). These results suggest that all these GH3 proteins likely 

conjugate IAA with aspartate to mark IAA for degradation in soybean. While 

GmGH3-11/12 and GmGH3-14 had comparable substrate preferences, GmGH3-15 

showed a broader auxin substrate preference.  

3.3.3. Distinct Spatio-temporal expression pattern of GmGH3-14 and 

GmGH3-15 in Soybean roots and nodules 

We characterized in detail the expression patterns and functional roles of GmGH3-14 

and GmGH3-15 genes in soybean roots and nodules. Technical difficulties in cloning 

the promoter region precluded the characterization of GmGH3-11/12 expression 

patterns. The promoter region upstream (~1900 bp) of the coding sequences of both 

GmGH3-14 and GmGH3-15 were fused to bacterial uidA gene encoding a beta-

glucuronidase (GUS) and the transcriptional fusions were expressed in soybean hairy 

root composite plants. The expression patterns of GmGH3-14p:GUS and GmGH3-

15p:GUS were monitored at 0, 10, and 14 days post rhizobium inoculation (dpi) 

through histochemical staining for GUS activity. 

At 0 dpi, GmGH3-14p:GUS was expressed primarily in the root epidermis above the 

meristematic region (Figure 3.3-4A). There was no detectable gene expression in the 

root tip, including the root cap, quiescent center, and the root meristem, until the 

differentiation zone. In mature regions of the root, the expression of the construct was 
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primarily in the root epidermis and was more prominent in the lateral root primordia 

(Figure 3.3-4B). As the lateral root emerges, the expression of GmGH3-14p:GUS is 

not detectable in the ELR at the root tip similar to that of the primary root tips (Figure 

3.3-4C). The epidermal expression of GmGH3-14p:GUS made it difficult to clearly 

image the early cortical cell division during nodule development, but in emerging 

nodules, GUS expression was observed in the nodule primordia (Figure 3.3-4D). As 

the nodule matures the expression of GmGH3-14p:GUS was localized to the nodule 

parenchyma including the nodule vasculature (Figure 3.3-4E). 

 

 

Figure 3.3-4: Expression patterns of GmGH3-14p:GUS in soybean roots and 

nodules.  

(A–C) Expression of GmGH3-14p:GUS in (A) root tips, (B) mature root region 

with a lateral root primordium, and (C) mature root region with a young lateral root; 

(D,E) Expression of GmGH3-14p:GUS in (D) emerging nodule (transverse section 

at 10 dpi), and (E) mature nodule (transverse section at 17 dpi). NPR-nodule 

primordium; IZ–infection zone; Arrowheads indicate nodule vascular bundles. The 

number of independent transgenic roots/nodules showing the representative staining 

pattern out of the number of roots/nodules examined is indicated in each panel. 

Scale bars: (A,B,E) −100 μm; (C) −200 μm; (D) −50 μm. 
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GmGH3-15 was expressed in the root meristematic region, specifically above the 

quiescent center cells and in the elongating cells of the root vasculature (Figure 

3.3-5A). GUS staining was absent in the root cap, as well as young epidermal and 

cortex cells of the root meristem. In the mature regions of the root, GmGH3-15p:GUS 

expression was detectable in the root epidermis and was prominent in the vasculature 

(Figure 3.3-5B). Similar to GmGH3-14, the promoter of GmGH3-15 was also active 

in the lateral root primordia (Figure 3.3-5B). In emerging nodules, GmGH3-15p:GUS 

expression was observed at the junction of root and nodule where initiation of nodule 

vasculature development occurs (Figure 3.3-5C). There was no detectable expression 

in the nodule primordium or other nodule tissues. As the nodule matured, the 

expression was primarily localized in the parenchyma region and tissues surrounding 

the sclerid layer (Figure 3.3-5D). Expression was largely absent in parenchyma cells 

 

Figure 3.3-5: Expression patterns of GmGH3-15p:GUS in soybean roots and nodules.  

(A,B) Expression of GmGH3-14p:GUS in (A) root tips, and (B) mature root region with an 

emerging lateral root; (C,D) Expression of GmGH3-15p:GUS in (C) emerging nodule at 10 

dpi and (E) mature nodule (transverse section at 17 dpi). IZ–infection zone; Arrowheads 

indicate nodule vascular bundles. The number of independent transgenic roots/nodules 

showing the representative staining pattern out of the number of roots/nodules examined is 

indicated in each panel. Scale bars: 100 μm. 
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closest to the infection zone, unlike that of GmGH3-14p:GUS, which was expressed 

throughout the parenchyma. Overall, GmGH3-14 and GmGH3-15 have distinct 

spatiotemporal expression patterns in root tips and emerging nodules. Both genes 

were generally expressed in the nodule parenchyma of mature nodules with subtle 

differences. 

3.3.4. GmGH3-14 and GmGH3-15 are important for proper nodule 

numbers in soybean 

To evaluate the role of GmGH3 proteins in soybean nodule development, we sought to 

knock down their expression in soybean composite plants. High sequence similarity 

among family members precluded the use of RNAi; therefore, artificial miRNAs to 

independently silence GmGH3-14 and GmGH3-15 were designed ((Schwab et al., 

2006); Figure S3-1). The high sequence similarity between GmGH3-14 and GmGH3-

11/12 made it difficult to design a specific artificial miRNA construct against GmGH3-

14. Therefore, the amiRNA against GmGH3-14 was expected to silence both GmGH3-

11/12 and GmGH3-14 and was named GH3-amiR12n14. The amiRNA targeting GH3-

15 was named GH3-amiR15. The amiRNA sequences were synthesized using gma-

miR164 pri-miRNA as backbone (Figure S3-1) and expressed using the constitutive 

CsVMV promoter (Govindarajulu et al., 2008) in soybean hairy root composite plants. 

The “empty vector”, pCAMGFP-CsVMV:GW was used to generate vector control 

hairy root composite plants. To evalute amiRNA-mediated gene silencing, the 

expression of GmGH3 genes were quantified using RT-qPCR (Figure 3.3-6). The 

expression levels of the corresponding targets were significantly reduced in roots 

expressing GH3-amiR12n14 and GH3-amiR15 compared to the vector control roots 

(Figure 3.3-6A,B). However, the amiRNAs also led to the reduction in expression 
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levels of non-target GH3s (Figure 3.3-6A,B). GH3-amiR12n14 led to reduction in the 

levels of GmGH3-15; and GH3-amiR15 led to a significant reduction in the expression 

levels of GmGH3-11/12 and GmGH3-14 (Figure 3.3-6A,B). GH3-amiR15 led to >95% 

reduction in GmGH3-12 and GmGH3-14 expression where as GH3-amiR12n14 led to 

~60–70% reduction of these genes. Despite the silencing of non-target GH3s, we 

expected that suppression of GH3 expression in these roots might lead to a reduction 

in IAA-Asp formation, resulting in an increased active auxin pool. As a proxy for 

increased active auxin levels, we measured root length and lateral root density (number 

of lateral roots/cm of primary root) in these roots. There was no significant differences 

in these phenotypes in either of the GH3-amiR expressing roots relative to the vector 

control roots (Figure 3.3-6C,D). We also assayed the expression of auxin response 

marker GH3 (not targeted by the amiRNA) and INDOLE ACETIC ACID1 (IAA1) as 

a proxy for increased auxin levels. We observed 2.4-fold and 72-fold increases in 

expression of auxin-responsive GH3 in GH3-amiR12n14 roots and GH3-amiR15 roots, 

respectively. However, The differences were not statistically significant due to high 

variation between biological replicates (Figure 3.3-6E,F). IAA1 showed a statistically 

significant 2-fold higher expression in GH3-amiR12n14 roots, but no change in GH3-

amiR15 roots compared to vector control roots. While physiological assays such as root 

length and lateral root density are likely to indicate cumulative effects of potential 

changes in auxin levels, gene expression markers are typically indicative of responses 

at the time of tissue harvest. This is likely the reason for inconsistency between 

markers, and large variation among replicates. 
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To determine the role of the amiRNA in nodule development, composite plants over-

expressing GH3-amiRNAs were inoculated with B. japonicum and the numbers of 

emerging and mature nodules were counted at 14–17 dpi (Figure 3.3-7A). In roots 

over-expressing GH3-amiR12n14, there was a significant increase in the number of 

emerging nodules and a significant reduction in the number of mature nodules 

compared to the vector control. Roots expressing GH3-amiR15 also displayed a 

significant increase in the number of emerging nodules and a reduction in the number 

of mature nodules. The effects on the two amiRNAs on total nodule numbers were 

 

Figure 3.3-6: Suppression of GmGH3 expression by artificial microRNAs. 

(A,B) Expression of target GmGH3 genes in roots expressing (A) GH3-amiR12n14 and 

(B) GH3-amiR15 relative to vector control roots; (C) Root length and (D) lateral root 

density of vector control roots and roots expressing GH3-amiRs. Data shown are averages 

(n = 21) and error bars indicate SEM. No significant difference observed using Student’s 

t-test; (E,F) Expression of auxin response marker genes GH3 and IAA1 in roots 

expressing (E) GH3-amiR12n14, and (F) GH3-amiR15, relative to vector control roots. 

Expression levels shown in (A,B,E,F) were assayed by RT-qPCR and normalized to that 

of Actin in each sample. Data shown are average relative expression values (fold change 

vs. vector control) from three biological replicates and error bars indicate the range of 

possible value based on SD between replicates. ** —p < 0.01, *** —p < 0.001, 

Wilcoxon-Mann-Whitney test. 



114 
 

distinct from each other. While GH3-12n14amiRNA caused a reduction in total 

nodule numbers, GH3-15amiRNA caused an increase in total nodule number (Figure 

3.3-7A). This was due to the difference in magnitude of increase in emerging nodules 

and decrease in mature nodules between the two amiRNAs. GH3-amiR12n14 caused 

a relatively lower magnitude of increase in emerging nodule numbers, but a much 

higher reduction in mature nodule numbers versus GH3-amiR15. This data suggested 

that the expression of GmGH3 genes during nodule development is crucial for proper 

nodule organogenesis and maturation. 
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Figure 3.3-7: Nodule numbers and morphology in GH3-amiR expressing soybean 

roots.  

(A) Numbers of emerging, mature, and total nodules in vector control, GH3-

amiR12n14, and GH3-amiR15 expressing roots at 17 dpi. Data shown are the 

averages of at least 68 roots for each construct from three independent experiments. 

Error bars indicate SE. * —p < 0.05, *** —p < 0.001, Poisson distribution test; (B) 

Nodule area, and (C) normalized infection zone size of mature nodules from vector 

control, GH3-amiR12n14, and GH3-amiR15 expressing roots. Data shown are 

averages of at least 15 nodules each from three biological replicates. Error bars 

indicate SE. ** —p < 0.01, *** —p < 0.001, Wilcoxon-Mann-Whitney test; (D) 

Number of vasculature branches detectable at the root-nodule junction and within the 

nodule in transverse sections of mature nodules from vector control, GH3-

amiR12n14, and GH3-amiR15 expressing roots. Data shown in C are averages of at 

least 15 nodules each from three biological replicates. Error bars indicate SE. 

Student’s t-test. 
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3.3.5. GmGH3s influence nodule size in soybean 

To evaluate the effect of suppressing GmGH3 genes on nodule morphology, median 

cross sections of mature nodules perpendicular to the root were imaged, and nodule 

and infection zone area were measured using ImageJ (Figure 3.3-7B–D). In roots 

over-expressing GH3-amiR12n14, there was no significant change in either the 

nodule area or the infection zone area compared to the nodules from vector control 

roots (Figure 3.3-7B). In roots overexpressing GH3-amiR15, there was a significant 

reduction in both the nodule and infection zone area (Figure 3.3-7C). The nodule 

sections were also stained with phloroglucinol and evaluated for nodule vasculature 

development by counting the number of visible vasculature branches at the nodule-

root junction and in the nodule parenchyma (Figure 3.3-7D). Typically, 1–2 vascular 

strands are visible at the nodule-root junction, and 3–5 strands are visible in the 

parenchyma indicating branching of the vasculature in nodule tissues. There was no 

significant difference in the number of vasculature branches at either position in 

GH3-amiR12n14 or GH3-amiR15 over-expressing roots. Overall, our results suggest 

that GmGH3 proteins regulate nodule number, infection zone size, and nodule size. 
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3.4. Discussion 

Auxin appears to play both positive and negative roles during nodule development 

depending on the level of auxin output, developmental stage, and type of legume 

nodule. Auxin perception by TIR/AFB family of F-box proteins appears to be crucial 

for root hair curling during determinate nodule development in soybean (Cai et al., 

2017). On the other hand, in M. truncatula (that produced indeterminate nodules) 

arf16-1 mutants and lines over-expressing miR390, both of which had enhanced 

sensitivity to auxin had impaired root hair responses (Breakspear et al., 2014a, 

Hobecker et al., 2017). Enhanced response to auxin due to suppression of repressor 

auxin response factor transcription factors (ARF10/16/17) inhibits nodule 

development in soybean, although root hair responses and nodule initial cell division 

were unaffected (Turner et al., 2013b). Similar conclusions on the relationship 

between auxin sensitivity and nodule formation were suggested by other studies in 

soybean (ARF8, (Wang et al., 2015)) and M. truncatula (ARF3/4, (Hobecker et al., 

2017)). In particular, suppression of repressor ARF transcription factors in the nodule 

primordium tissues using an ENOD40:miR160 construct inhibited nodule formation 

suggesting that enhanced auxin response in the primordium might inhibit formation 

of additional nodules in soybean (Turner et al., 2013b). We observed increased 

numbers of emerging nodules and reduced numbers of mature nodules in soybean 

composite plants over-expressing GH3amiR constructs. This was unexpected, as one 

would have expected reduced nodulation resulting from an increase in free auxin 

levels due to reduced IAA-Asp conjugation in these roots. While we did observe an 
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overall reduction in nodulation in GH3-amiR12n14 plants, we observed an increased 

number of total nodules in GH3-amiR15 plants. 

Two issues made it difficult for us to clearly interpret these results: non-specific 

silencing of GH3s by the amiRNAs, and broad-substrate specificity of GmGH3-15. 

Despite bioinformatics predictions and careful design, both amiRNAs significantly 

reduced the expression of all three GH3 proteins. GH3-amiR15 plants had a >95% 

reduction in expression levels of GmGH3-11/12 and GmGH3-14 where as it was 

~60–70% in GH3-amiR12n14 plants; however, the level of suppression of GmGH3-

15 was comparable between GH3-amiR12n14 and GH3-amiR15 plants. Therefore, 

the phenotypic difference between GH3-amiR12n14 and GH3-amiR15 plants is likely 

to have resulted from difference in suppression of GmGH3-11/12 and GmGH3-14. 

Promoter:GUS assays showed that GmGH3-14 is highly expressed in the root 

epidermis, and soybean gene expression atlas showed that the expression of both 

GmGH3-11/12 and GmGH13-14 are induced in root hairs upon rhizobium 

inoculation (Figure S10). Reduced expression of these genes is likely to have resulted 

in an increase in free auxin levels in root hairs upon rhizobium inoculation. We 

speculate that this would have resulted in increased infection and nodule formation 

because increased auxin response appears to promote rhizobial infection at least in 

soybean (Cai et al., 2017). GmGH3-14 is also expressed in the nodule primordium, 

and its suppression in these cells should have led to more free auxin and suppression 

of nodule development. The apparent contradiction might have resulted from 

suppression of more than one GH3 with distinct expression patterns by the amiRNA 

constructs. For example, the construct also silenced GmGH3-12 which is highly 
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expressed and enriched in mature nodules. Nevertheless, we observed a reduction in 

number of mature nodules in both GH3-amiR expressing roots. In GH3-amiR15 roots 

where the expression levels of all three GH3s were strongly reduced, we also 

observed reduction in nodule size. Together these data indicate that the GmGH3s 

evaluated in this study play a key role in nodule maturation and contribute to nodule 

size. It was also interesting to note that these GH3-14 and GH3-15 were expressed in 

vascular tissues where typically high auxin activity is observed. It is possible that 

these genes act to establish threshold auxin levels for vascular differentiation. 

Generation of specific knock-outs in each GH3 through CRISPR/Cas-mediated gene 

editing might offer a more clear answer to the role of each of these GH3s in nodule 

development.  

Secondly, GmGH3-15 displayed a broad substrate specificity and much higher 

catalytic efficiency than other characterized GH3s. Since GmGH3-15 showed 

substantial activity towards PAA, and IBA, it is possible that the activity of more than 

one auxin and even other hormones might have been affected in the GH3-amiR roots 

(see below). The ability of GmGH3-15 to utilize different forms of auxin such as 

IAA, PAA, IBA, and NAA was reminiscent of the broad substrate specificity of the 

Arabidopsis GH3.5 (AtGH3.5) protein (Westfall et al., 2016). Indeed, phylogenetic 

analyses indicate that both GmGH3-15 and AtGH3.5 belong to the same orthoclade 

(Li et al., 2012). GmGH3-15 had a much higher catalytic efficiency on IAA (Figure 

3B) compared to AtGH3.5 (Westfall et al., 2016). Similarly, while AtGH3.5 had near 

equal catalytic efficiencies between IAA and PAA, GmGH3-15 was about 3-fold 

more efficient with IAA over PAA. The abundance of PAA in plants is near equal or 
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even higher than that of IAA, although the former is relatively less active than IAA 

(Sugawara et al., 2015). In Arabidopsis, over-expression of AtGH3.5 or gain of 

function mutations resulted in reduced free IAA and PAA levels and increased IAA-

Asp and PAA-Asp levels (Park et al., 2007a, Zhang et al., 2007, Westfall et al., 

2016), but the relative ratio of PAA-Asp vs. PAA was much higher than that of IAA-

Asp vs. IAA. It was suggested that PAA-Asp might be more stable or a storage form 

(Westfall et al., 2016). Therefore, we speculate that silencing of GmGH3-15 might 

have resulted in altered PAA accumulation as well in GH3-amiR roots. It is possible 

that PAA in addition to IAA might play a role in soybean nodule development.  

GmGH3-15 also displayed high catalytic efficiency towards benzoic acid (BA), and 

4-hydroxy benzoic acid (4-HBA), and low, but detectable activity towards SA (Table 

S3). Arabidopsis GH3.5 gain of functions mutants (wes1-D and gh3.5-1D) 

accumulate higher levels of SA during pathogen challenge, and over-expression of 

AtGH3.5 also led to increase in SA and SA-Asp (Park et al., 2007a, Zhang et al., 

2007, Westfall et al., 2016). It has been suggested that at least part of this SA might 

have been derived through conversion of BA or BA-Asp to SA (Westfall et al., 

2016). Therefore, we speculate that GmGH3-15 might regulate SA levels in soybean. 

SA inhibits nodule development, but its site of action is unclear. Exogenous SA 

clearly inhibited both rhizobial association with root hairs and nodule primordium 

formation in indeterminate nodule forming legumes, but not in determinate nodule 

forming legumes (van Spronsen et al., 2003). However, reduction in endogenous SA 

levels by expressing nahG (a bacterial SA hydroxylase gene) increased rhizobial 

infection as well as nodule formation in both determinate and indeterminate nodule 
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forming legumes. When plants were co-treated with nod factors and SA, root hair 

deformation responses were unaffected, but primordium initiation was significantly 

reduced (van Spronsen et al., 2003, Stacey et al., 2006) suggesting that SA might 

primarily inhibit cortical cell responses during nodule development. Given that gain 

of GH3.5 function in Arabidopsis led to increased SA accumulation in Arabidopsis, 

one might expect reduced SA and BA accumulation in GH3-15-silenced soybean 

roots. This is also plausible explanation for increased emerging nodule formation in 

these roots. While PAA has not been directly implicated in legume nodule 

development, a balance between positive effect of PAA and negative effect of SA has 

been suggested during actinorhizal nodule development (Hammad et al., 2003). It is 

possible that GmGH3-15 influences nodule development through its action on more 

than one plant hormone. Precise tissue-specific assays of the target hormones and 

conjugates are expected to clarify the specific role of GmGH3-15 in soybean nodule 

development. In conclusion, our results clearly show that these GH3 proteins are 

important for proper nodulation in soybean while the precise mechanism by which 

they regulate nodule development remains to be explained. 
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3.5. Conclusion 

In this study we identified a regulator of auxin metabolism essential for root nodule 

development in soybean. Through global gene expression analysis, we were able to 

identify three GH3 enzymes to be expressed in a nodule enriched pattern and were 

referred to as GmGH3-11, GmGH3-14 and GmGH3-15. Functional analysis of the 

GmGH3 revealed the possible role of GH3 in maintaining proper auxin homeostasis 

and its influence on nodule development. Gene specific knock outs of the each GH3 

could help in understanding clearly their function and tissue specific metabolic 

analysis could provide more insight in the auxin metabolism during nodule 

organogenesis and maturation. 

 

3.6. Materials and Methods 

3.6.1. Plant Material  

Glycine max cv. Williams -82, was the genotype used in this study since this has been 

used for genome sequencing project. Before sowing the seeds were surface sterilized 

by rinsing with 8% Clorox for 4min and 70% ethanol for 4min. Later the seeds are 

thoroughly rinsed with distilled water for 8-12 times to remove any residual bleach or 

ethanol. Seeds were germinated in 4” pots filled with vermiculite and perlite in the 

ratio 3:1 (Hummert International, MO). It was watered with Hoagland plant nutrient 

solution (refer Appendix A, Table A1). The plants were grown in a vertical growth 

chamber with controlled environmental condition (Conviron Growth Chamber, 

Manitoba, Canada) with settings as follows: 16h light and 8h dark with a day and 

night temperature of 25˚C and 20˚C respectively. 
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3.6.2. Protein expression, purification and enzyme assays 

The coding sequences of GmGH3-12, GmGH3-14, and GmGH3-15 were amplified 

by PCR using high fidelity polymerase enzymes from soybean (Glycine max cv. 

Williams82) root cDNA as template. Amplicons were cloned into a pET-28a bacterial 

expression vector and verified by sequencing. The coding sequence of GmGH3-15 

had a silent mutation (T101T caused by ACT > ACC) and GmGH3-11 had a S492P 

mutation (TCT > CCT) compared to the reference sequence in multiple independent 

clones suggesting that these were not PCR artifacts. The N-terminally His-tagged 

fusion proteins of the GH3s were expressed in Escherichia coli BL21-CodonPlus-RP 

cells (Stratagene/Agilent, Santa Clara, CA, USA). The fusion protein was purified 

following cell lysis by sonication using nickel-based affinity purification, and size-

exclusion chromatography, as described for other GH3 proteins (Chen et al., 2010, 

Westfall et al., 2016). The enzymatic activity of the three purified GH3 enzymes were 

assayed spectrophotometrically as previously described (Chen et al., 2010, Westfall 

et al., 2016). 

3.6.3. Cloning for Promoter:GUS and Artificial miRNA 

The promoter region upstream (~1900 bp) of the coding sequences of GmGH3-14 and 

GmGH3-15 were amplified by PCR using high fidelity polymerase enzymes, cloned 

into the pCR8-GWTOPOTA vector (Thermofisher Scientific, Waltham, MA, USA), 

and verified by sequencing. The promoter fragments were cloned in to the destination 

vector, pCAMGFP-GW:GUS using Gateway LR clonase II enzyme mix following 

the manufacturer’s protocol (Thermofisher Scientific, Waltham, MA, USA) to obtain 

pCAMGFP-GmGH3-14p:GUS and pCAMGFP-GmGH3-15p:GUS. 
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Artificial miRNAs (amiRNAs) were designed by submitting the sequences of target 

and non-target GH3 genes to the artificial miRNA designer web tool available at 

(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) (Schwab et al., 2006). The top 

most amiRNA from the resulting output was selected for silencing GmGH3-15. Only 

a common artificial miRNA was available for both GmGH3-11/12 and GmGH3-14. 

The mature artificial miRNA sequences were inserted in to the pri-miRNA sequence 

of gma-miR164a using gene synthesis (Figure S1; Table S4). The resulting artificial 

miRNA precursors were amplified by PCR using high fidelity polymerase enzymes, 

cloned into pCR8GWTOPOTA vector (Thermofisher Scientific, Waltham, MA, 

USA), and verified by sequencing. The amiRNA precursors were cloned in to the 

destination vector, pCAMGFP-CsvMV:GW using Gateway LR clonase II enzyme 

mix following the manufacturer’s protocol (Thermofisher Scientific, Waltham, MA, 

USA) to obtain pCAMGFP-CsVMV:GH3-amiRNA vectors. The artificial miRNAs 

were driven by the constitutively active Cassava vein mosaic virus CVP2 promoter 

(CsVMV) in these constructs. 

The vectors were transformed in to Agrobacterium rhizogenes (K599) through 

electroporation using a Bio-Rad Gene pulser (Bio-Rad Laboratories, Hercules, CA, 

USA) with settings 25 µF, 400 Ω and 1.8 kV in a 0.1 cm gap cuvette.. 

3.6.4. Plant transformation and nodulation assay 

Hairy root composite plant transformation was performed following the protocol 

described previously (Collier et al., 2005b) using 12–14 days old soybean seedlings 

as explants and infecting them with A. rhizogenes cells transformed with constructs of 

interest. Twenty-one days after transformation, the plants produced adventitious roots 

http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
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and A. rhizogenes-induced transgenic roots. GFP positive roots carrying the transgene 

of interest were selected by screening for epifluorescence using the FITC filter in an 

Olympus SZX16 microscope (Olympus Corporation, Shinjuku, Tokyo, Japan). 

For nodulation assays, the screened plants were transferred to 4” pots filled with 

sterilized 3:1 vermiculite: perlite mix. Five days post transfer, the plants were 

inoculated with B. japonicum USDA110 cells re-suspended in nitrogen free plant 

nutrient solution (N− PNS) to OD600 nm of 0.08 (Bhuvaneswari et al., 1980, Turner et 

al., 2013b). About 25 mL of this suspension was added uniformly to each pot. For 

mock-inoculated plants, the same quantity of N− PNS was applied. Transgenic roots 

were harvested under an epifluorescence microscope at 14–17 dpi and the nodules 

were counted. Nodules were classified as “emerging” if they appeared as a bump on 

root surface and “mature” if they were completely protruded out of the root surface. 

The statistical significance of difference in nodule numbers if any between amiRNA 

and vector control roots was determined using zero inflated Poisson distribution 

package available in R statistical software. 

3.6.5. Staining and Microscopy 

3.6.5.1. GUS staining 

For evaluation of spatiotemporal promoter:GUS expression, GFP-positive transgenic 

roots were subjected to GUS histochemical staining at 0, 7, 10 and 14 dpi. Roots were 

incubated in GUS staining buffer (Jefferson et al., 1987) containing the chromogenic 

substrate X-Gluc (concentration of 0.5 mg/mL) overnight or until blue staining was 

visible on the roots, at room temperature. To avoid diffusion of GUS signal, and to 

arrest the enzymatic reaction the roots were subjected to dehydration with a series of 

ethanol dilutions from 10% to 70%. Before imaging the GUS-stained roots, they were 
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rehydrated through a series of ethanol in the reverse from 70% to 10% and finally 

collected in water. For evaluation of GUS expression in nodules, free hand transverse 

sections of nodules were made using a fresh, sharp razor blade where needed. Whole 

mounts or sections were mounted on a glass slide in sterile water and covered with a 

thin cover slip for imaging. The samples were imaged using an Olympus SZX16 

microscope under white light trans-illumination or with an Olympus BX-53 upright 

microscope (Olympus Corporation, Shinjuku, Tokyo, Japan). 

3.6.5.2. Pholoroglucinol staining   

To determine nodule morphology, mature nodules from transgenic roots harvested at 

14–17 dpi were used. Free hand transverse sections of mature nodules along with the 

root were stained with a saturated solution of phloroglucinol (Sigma-Aldrich, St. 

Louis, MO, USA) prepared freshly before staining by dissolving the dye in 20% HCl. 

The dyes enable visualization of lignified tissues such as vascular bundles which stain 

bright red in color. The nodule vasculature within the nodule and at the junction of 

root and nodule was manually counted from these images and the statistical 

significance of any differences was evaluated using Student’s t-test in Microsoft 

Excel. Measurement of nodule area was performed in Image J (Schneider et al., 

2012) by manually drawing a border around the nodule area and infection zone using 

the free hand tool (Figure S2). Statistical significance of any differences was 

determined using Mann-Whitney-Wilcox test package in R. 

3.6.6. Gene expression Analysis 

 

To determine the of target GH3s by artificial miRNAs and to measure the expression 

of auxin response genes, GH3 and IAA1, root tips were collected from un-inoculated 
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roots of vector control and artificial miRNA-expressing roots in triplicate, and frozen 

in liquid nitrogen. Total RNA was isolated from these tissues, and gene expression 

was assayed using RT-qPCR as previously described (Turner et al., 2013b, 

Nizampatnam et al., 2015). Gene expression levels were normalized to that of house-

keeping genes CONS7, CONS15, Actin, or CONS6 independently (Libault et al., 

2008). Data shown are relative to that of Actin. Results obtained using other house-

keeping genes yielded similar conclusions. The statistical significance of any 

difference in gene expression was determined using Mann-Whitney-Wilcox test. The 

primers used in this study are mentioned in Appendix C. 
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3.8. Supplementary Information 

 

 

 

Figure S3-1: Secondary structure of hairpin loop formed by artificial miRNA (GH3-

12n14amiRNA and GH3-15amiRNA) inserted in to the backbone of gma-miR164a 

backbone.  

Data generated in 

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html 
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Figure S3-2: Gene expression data from soybean transcriptomics atlas.  

Data collected from Libault et al., 2010. http://bar.utoronto.ca/efpsoybean/cgi-bin/efpWeb.cgi. 

The same data is represented as bar graph (above) and data sheet (below). 

 

http://bar.utoronto.ca/efpsoybean/cgi-bin/efpWeb.cgi
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Table S1: Catalytic efficiency of GmGH3 enzymes with Asp as substrate and with different 

plant hormones. 

A) Enzyme Kinetics of nodule enriched GmGH3s using different auxins as acyl substrate and 

Asp as amino acid. B) Enzyme Kinetics of nodule enriched GmGH3s using different benzoic 

acids as acyl substrate and Asp as amino acid conjugate. 
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4. APPENDIX 

 

4.1. Appendix A 

 

Table A1. Composition of Hoagland nutrient solution 
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Table A2. Composition of Nitrogen free plant nutrient solution (N-PNS) 
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4.2. Appendix B 

 

Table B1. GUS buffer composition 
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4.3. Appendix C 

 

Table C1. Cloning Primers used in the Study 

 

 

Table C2. qPCR primers used in this study 
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