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Abstract

Auxins can induce the formation of nodule-like structures (NLS) in plant roots even in the absence 

of rhizobia and nitrogen-fixing bacteria can colonize these structures. Interestingly, NLS can be 

induced in roots of both legumes and non-legumes. However, our understanding of NLS formation 

in non-legumes at a molecular level is limited. This study aims to investigate NLS formation at a 

developmental and molecular level in Brachypodium distachyon. We treated Brachypodium roots 

with the synthetic auxin, 2,4-D, to induce NLS at a high frequency (> 80%) under controlled 

conditions. A broad base and a diffuse meristem characterized these structures. Next, we 

performed a comprehensive RNA-sequencing experiment to identify differentially expressed genes 

(DEGs) in Brachypodium roots during NLS formation. We identified 618 DEGs; several of which 

are promising candidates for control of NLS based on their biological and molecular functions. We 

validated the expression pattern of several genes via RT-PCR. Next, we compared the expression 

profile of Brachypodium roots with rice roots during NLS formation. We identified 76 single-copy 

ortholog pairs in rice and Brachypodium that are both differentially expressed during this process. 

Some of these genes are involved in auxin signaling, root development, and legume-rhizobia 

symbiosis. We established an experimental system to study NLS formation in Brachypodium at a 

developmental and genetic level, and used RNA-sequencing analysis to understand the molecular 

mechanisms controlling this root organogenesis program. Furthermore, our comparative 

transcriptome analysis in Brachypodium and rice identified a key set of genes for further 

investigating this genetic pathway in grasses.
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Introduction

The Poaceae family, also known as grasses, includes important tropical and temperate crops 

such as rice, maize, and wheat. Global population increases and extreme weather conditions 

are driving the need for higher productivity of these agronomically important crops. One of 

the major challenges facing productivity is the uptake of nutrients, nitrogen in particular. 

This has led to an excessive dependence on nitrogen-based fertilizers. However, excess 

fertilizer usage has caused several adverse consequences at the economic, health, and 

environmental levels. Taking better advantage of nitrogen-fixing associations between plants 

and microbes seems an obvious solution to these problems. The primary source of 

biologically fixed nitrogen is facilitated by nitrogen-fixing bacteria that reduce dinitrogen to 

ammonium via nitrogenase activity. The most evolved plant-microbe nitrogen-fixing 

association is the root nodule symbiosis (RNS). In this symbiosis, the host plant forms a 

mutualistic symbiotic relationship with soil bacteria called rhizobia that result in the 

formation of specialized structures called nodules on the roots of the host plant. The nodules 

provide an ideal environment for nitrogen fixation to occur. However, this highly efficient 

nitrogen-fixing association is mostly limited to plants from the legume family. Therefore, 

non-legume crops still depend on fertilizers for their nitrogen needs. Our current knowledge 

of RNS places us in a position to extend it to non-nodulating crops such as cereals. 

Engineering nitrogen-fixing cereals are required for sustainable food production to feed the 

anticipated 9 billion people (Charpentier and Oldroyd 2010; Mus et al. 2016; Rogers and 

Oldroyd 2014).

Plant hormones such as auxins and cytokinins play key roles during different stages of 

nodule organogenesis in legume roots (Bensmihen 2015; Ding and Oldroyd 2009; 

Mukherjee and Ané 2011; Ryu et al. 2012). Genetic studies have improved our 

understanding of how hormones regulate this symbiosis. For instance, identification of gain-

of-function mutants in the cytokinin receptors (LjLHK1/MtCRE1) has shown that bacterial 

infection is not required to form spontaneous nodules or nodule-like structures (NLS) 

(Murray et al. 2007; Tirichine et al. 2007). In other words, triggering of cortical cell 

divisions is sufficient to induce these structures in the absence of bacteria. A broad base, a 

diffuse meristem, and vascular tissue differentiation characterize NLS. Exogenous 

application of auxins can also induce NLS on plant roots (Hiltenbrand et al. 2016; Hirsch et 

al. 1989; Rightmyer and Long 2011; Wu et al. 1996). These findings show that bacterial 

infection is not required for organogenesis. Also, NLS can be induced on roots of legumes 

as well as nonlegumes (Christiansen-Weniger 1998; Hiltenbrand et al. 2016; Narula et al. 

2006; Ridge et al. 1993; Senthilkumar et al. 2009). Furthermore, nitrogen-fixing bacteria 

such as Azorhizobium caulinodans and Azospirillum brasilense can colonize these structures 

(Christiansen-Weniger 1998; Hiltenbrand et al. 2016; Sriskandarajah et al. 1993). Therefore, 

identifying the genes controlling this root organogenesis program in cereals will have 

tremendous agricultural potential. While several studies have investigated hormone-induced 
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changes in plant root transcriptomes, very few studies have specifically looked into gene 

expression changes occurring during NLS formation in plant roots. At this point, not much 

is known about the molecular mechanisms underlying NLS formation in non-legumes. So 

far, only one study has investigated gene expression changes in roots of the tropical grass, 

rice during NLS organogenesis (Hiltenbrand et al. 2016). Further studies will provide more 

insights into the molecular mechanisms controlling NLS formation in grasses.

The wild grass Brachypodium distachyon (subsequently Brachypodium) with its high-

quality genome sequence, small size, rapid life cycle, and available genetic resources has 

evolved into an important model system for new energy and food crops (Brkljacic et al. 

2011; Budak et al. 2014; Initiative 2010; Ozdemir et al. 2008). While rice is an important 

model plant for tropical species, Brachypodium is an ideal model for temperate species that 

includes grain crops such as wheat, barley, and oats and forage grasses. Increasingly, 

Brachypodium is used with other grasses in comparative genomics studies to accelerate the 

process of gene discovery in grasses (Davidson et al. 2012; Huan et al. 2013; Sharma et al. 

2017; Sibout et al. 2017). Comparative genomics facilitates identification of conserved and 

species-specific gene expression patterns between closely and distantly related species. 

These comparative approaches can also facilitate the extrapolation of knowledge obtained in 

model plants such as Brachypodium and rice to other crop species (Davidson et al. 2012; 

Jansen et al. 2013). Due to these reasons, Brachypodium has the potential to be an excellent 

model system for studying NLS organogenesis in grasses. In the current study, we 

investigated the formation of NLS in Brachypodium at a developmental level and also 

determined transcriptional responses in Brachypodium during NLS formation by RNA-seq. 

Next, we compared the transcriptomic profile of Brachypodium roots with rice roots during 

NLS formation and identified similarities of key gene expression signatures in these plants. 

This information provides valuable insights into the regulation of gene expression in two 

different kinds of grass during NLS development and can serve as a valuable resource for the 

understanding of detailed molecular mechanisms underlying this process.

Results

Upon auxin treatment, Brachypodium roots form nodule-like structures at a high 
frequency, and their numbers increase over time

We studied NLS formation in Brachypodium distachyon (Bd21) roots upon treatment with 

synthetic auxin, 2,4-Dichlorophenoxyacetic acid (2,4-D) under controlled experimental 

conditions. NLS were visible as early as 7 days post treatment (dpt) with auxin and appeared 

along the primary roots both independently and in clusters. The NLS had a broad base, were 

spherical at the distal end with a smooth epidermis, and a diffused meristem (Fig. 1a, b). 

Compared to NLS, lateral roots had narrow base and well-defined apical meristem (Fig. 1c). 

We measured the efficiency of the hormone treatment by determining the frequency of NLS 

formation over time. The NLS frequency was 84.4% at 7 dpt and 88.9% at 14 dpt (Fig. 1d). 

The average number of NLS per plant was significantly higher at 14 than 7 dpt (Student’s t 
test, P < 0.001) (Fig. 1e). We used 2,4-D at a concentration of 50 μM for all the experiments 

in this study. So, we evaluated other root phenotypes induced by this treatment. Lateral root 

formation was reduced at 7 dpt (Student’s t test, P < 0.001) and 14 dpt (Student’s t test, P < 
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0.01) (Supplementary Fig. 1). Besides that, we did not observe any other significant changes 

in root phenotypes. We also wanted to investigate if nitrogen-fixing bacteria could colonize 

the NLS induced under these conditions. We used Azorhizobium caulinodans ORS571 

(pXLGD4) containing the lacZ reporter gene for these studies (Gopalaswamy et al. 2000). 

Using histochemical staining with X-gal, we observed a blue coloration throughout NLS 

indicating lacZ expression (Fig. 1f). We performed the histochemical staining on surface-

sterilized roots and observed this pattern for all the NLS indicating that nitrogen-fixing 

bacteria can colonize these structures under our experimental conditions.

Transcriptome analysis of gene expression in Brachypodium roots during NLS formation

We performed a comprehensive transcriptome analysis of gene expression in Brachypodium 
(Bd21) roots during auxin-induced NLS formation. Specifically, we studied the transcript 

profile of Brachypodium roots containing NLS 7 dpt with 2,4-D. The treatment groups for 

this study included (1) Bd21 roots + 2,4-D treatment and (2) Bd21 roots + mock treatment. 

There were three biological replicates for each treatment group and we used RNA samples 

only from plants forming NLS for treatment group 1. We prepared Illumina TruSeq libraries 

from these RNA samples and sequenced these in a PE100 format on an Illumina HiSeq2500. 

An average of 28 million reads was generated per sample with an average mapping rate of 

70% to the coding regions of the Brachypodium genome. Our results show that there was a 

good correlation between the biological replicates for each sample (Fig. 2a). More than 

22,065 transcripts were evaluated and we identified 618 differentially expressed genes 

(DEGs) (Supplementary Table 1). We identified the DEGs using an FDR-adjusted P value 

less than 0.05 and a twofold change cutoff (|Log2 (FC)| ≥ 1) (Fig. 2b). In this dataset, 470 

genes were upregulated in expression, and 148 genes were downregulated in expression. 

Next, we performed a gene ontology (GO) analysis to investigate the biological significance 

of the DEGs based on the biological processes, molecular functions, and cellular location of 

the gene products. Using singular enrichment analysis (SEA) with agriGO, we identified the 

62 GO terms that were significantly enriched (Du et al. 2010). These included 31 in 

biological processes, 22 in molecular functions, and 9 in the cellular component (Fig. 2c, d).

In this study, we focused on the following categories of genes: transcription factors (TFs), 

receptor kinases, transporters, and hormone-related genes. We identified 94 TFs, 77 protein 

kinases, and 147 transporters in our dataset of 618 DEGs (Supplementary Tables 2, 3, and 

4). Some of the major TFs were auxin response factors, AP2/B3-like TFs, NAC domain-

containing proteins, GRAS family TFs, lateral organ boundaries (LOB), WUSCHEL, and 

WRKY among others. Among protein kinases, the major ones were cysteine-rich receptor-

like kinases (RLK), leucine-rich repeat RLKs, and serine-threonine protein kinases. Major 

transporters identified were auxin efflux and influx carriers, ABC-2 type transporters, MATE 

efflux carriers, and several nodulins (MtN21, Nod26-like intrinsic proteins, and Major 
facilitator superfamily). Several hormone-related genes, such as the auxin-responsive GH3 
family, SAUR gene, and hormone biosynthesis, were also identified (Supplementary Table 

1).
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Gene expression validation

We examined the expression pattern of ten genes via reverse transcription polymerase chain 

reaction (RT-PCR) to confirm the gene expression patterns identified by the RNA-seq 

experiment (Fig. 3). The primers used in these experiments were designed based on the JGI 

Phytozome database (Supplementary Table 5). Our RT-PCR results showed that these genes 

were expressed in Brachypodium roots, confirming the gene expression patterns identified 

via RNA-seq (Fig. 3).

Identification of single-copy ortholog gene pairs differentially expressed in Brachypodium 
and rice during NLS formation

To evaluate conservation of expression across species during NLS formation, we compared 

the DEGs in Brachypodium to the DEGs in rice from our earlier study (Hiltenbrand et al. 

2016). We identified 76 single-copy ortholog gene pairs from rice and Brachypodium that 

were both differentially expressed during NLS formation (Supplementary Table 6). We 

compared the log2fold change of the differentially expressed Brachypodium genes to the 

log2fold change of the corresponding differentially expressed single-copy ortholog in rice. 

The linear regression value indicates a high correlation in the expression patterns (Fig. 4a). 

To assess the functional significance of the genes in this list, we determined the enriched GO 

terms via singular enrichment analysis (SEA) with agriGO (Du et al. 2010). Fourteen GO 

terms were significantly enriched. These included 9 in biological processes, 3 in molecular 

function, and 2 in the cellular component. GO terms in biological processes were enriched in 

anatomical structure development, anatomical structure morphogenesis, cell growth, and 

regulation of anatomical structure size among others. The 3 GO terms enriched in molecular 

function included transcription regulator activity, transcription factor activity, and DNA 

binding. The 2 GO terms enriched in cellular component were external encapsulating 

structure and cell wall (Fig. 4b).

Discussion

Brachypodium distachyon has emerged as an excellent model for temperate grasses 

including important cereals such as barley, wheat, and oats. In fact, it is more closely related 

to wheat and rye than rice and maize are, making it a convenient model system for analysis 

of diverse grasses. It has a relatively small and well-sequenced genome, and small stature 

(Brkljacic et al. 2011; Budak et al. 2014; Initiative 2010; Ozdemir et al. 2008). Also, the 

Brachypodium root system shows considerable similarity to a monocotyledonous root 

system, but less complicated than most monocot crops (Watt et al. 2009). This makes it a 

tractable model to investigate grass roots. Also, Brachypodium is increasingly used in 

comparative transcriptomics studies to compare and contrast genome wide expression 

patterns during important biological processes (Davidson et al. 2012; Huan et al. 2013; 

Sharma et al. 2017; Sibout et al. 2017). One of the challenging steps in agricultural 

biotechnology application is to transfer findings obtained in model species such as 

Brachypodium and rice to crop plants without sequenced genomes. A comparative 

transcriptomics study helps in identification of similarities and differences in gene 

expression patterns in closely or distantly related species and facilitates the selection of the 

right candidate genes for future genetic studies (Jansen et al. 2013). In this study, we 
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investigated the formation of NLS on Brachypodium roots and identified differentially 

expressed genes in Brachypodium during NLS formation. To the best of our knowledge, this 

is the first study to report on NLS formation in Brachypodium. We believe Brachypodium 
can serve as a great model to study NLS organogenesis in grasses.

In this study, first, we used auxin, 2,4-D, to induce NLS on Brachypodium roots at a high 

frequency. This was similar to frequency observed in rice and M. truncatula under similar 

experimental conditions (Hiltenbrand et al. 2016). The distribution of NLS and their 

appearance on Brachypodium roots was analogous to those observed on rice and M. 
truncatula roots. This suggests the mechanism of NLS development from how the plant 

perceives auxin to regulation of its transport is likely conserved across land plants. In 

addition, we observed that lateral root numbers were reduced on Brachypodium roots. This 

pattern was also observed in rice and M. truncatula (Hiltenbrand et al. 2016). However, 

further studies are required to determine when or how the plant adjusts its developmental 

program. We also showed that nitrogen-fixing bacteria, A. caulinodans, could colonize the 

Brachypodium NLS. While further studies are required to determine the precise mechanism 

of colonization, our results show that similar to rice, the Brachypodium NLS can be 

colonized by nitrogen-fixing bacteria.

Our next aim was to identify the differentially expressed genes in Brachypodium roots 

during NLS formation. Using whole transcriptome profiling with RNA-seq, we identified 

hundreds of upregulated and downregulated genes in NLS-containing Brachypodium roots. 

Among these was a diverse array of genes encoding protein kinases, transporters, and 

transcription factors that are likely involved in the signaling pathway leading to NLS 

organogenesis (Supplementary Table 1). We were specifically interested to identify genes 

that displayed similar expression patterns in rice and Brachypodium roots during NLS 

formation. So, we compared gene expression levels in Brachypodium with those in rice 

during NLS formation and identified several orthologous genes that exhibited conserved 

expression patterns. Interestingly, we identified 76 single-copy (1-to-1) orthologs whose 

expression was well conserved during NLS formation in both kinds of grass (Supplementary 

Table 6). The single-copy status of such genes along with their expression patterns suggests 

their significance in this biological process. This was further supported by GO analysis of 

this group of commonly expressed genes (Fig. 4). In the following sections, we focus on 

selected genes belonging to the family of transcription factors, protein kinases, and 

transporters that are promising candidates for future studies. We specifically concentrate on 

the genes that are expressed in Brachypodium and rice.

Transcription factors (TFs) are important for root development and can be regulated by plant 

hormones, small signaling molecules, and miRNAs. In this analysis, we identified 94 TFs 

that are differentially expressed upon NLS formation. AP2/ERF proteins have significant 

functions in a variety of biological processes from growth and development to responses to 

environmental stimuli (Licausi et al. 2013). We identified several upregulated genes 

(Bradi3g50508.1, Bradi2g16442.1, Bradi1g14560.5, Bradi2g60554.7, etc.) in this category, 

including two PLETHORA2 genes (Bradi5g14960.1 and Bradi3g48697.1). The PLT genes 

have been shown to mediate auxin distribution via expression of PIN auxin efflux carriers 

(Aida et al. 2004; Benjamins and Scheres 2008). A PLT gene (LOC_Os02g40070.1) was 
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also differentially expressed during NLS formation in rice (Hiltenbrand et al. 2016). 

Interestingly, PLETHORA genes are expressed in M. truncatula root nodules during 

symbiosis with rhizobia. Genetic studies have shown that PLT genes are required for 

maintenance of rhizobia-induced nodule meristem (Franssen et al. 2015). These findings 

suggest a possible role of the PLT genes in NLS formation in grasses. WUSCHEL (WUS)-

related Homeobox (WOX) genes have been suggested to play an important role coordinating 

gene expression involved in both shoot and root meristem function and development 

(Haecker et al. 2004). In this study, we found WOX11 (Bradi1g17420.1) to be upregulated 

in expression. Past studies have shown that WOX11 is expressed in cell division regions in 

roots and shoots and that it may coordinate both auxin and cytokinin signaling to stimulate 

cell division during root development (Zhao et al. 2009). The rice orthologs of WOX11 
(LOC_Os03g20910.2 and LOC_Os07g48560.1) were also upregulated in their expression 

during NLS formation (Hiltenbrand et al. 2016). This implies that this gene might be a key 

regulator of NLS organogenesis in grasses. Another important class of TFs identified was 

the NAC TFs. While NAC102 (Bradi1g04150.1), NAC070 (Bradi5g11247.1), and NAC094 
(Bradi3g59380.1) were upregulated in their expression, NAC1 (Bradi3g17287.1), NAC046 
(Bradi3g36670.2), and NAC075 (Bradi2g05700.2) were downregulated in their expression. 

Several NAC TFs were also differentially expressed in rice roots during NLS formation. For 

instance, single-copy rice orthologs (LOC_Os01g60020.1 and LOC_Os02g15340.1) of 

Brachypodium NAC genes, Bradi2g5360.1 and Bradi3g09520.2 respectively, were also 

upregulated in expression (Hiltenbrand et al. 2016). The NAC TFs have been shown to be 

involved in both auxin signaling and root development (Nuruzzaman et al. 2013; Xie et al. 

2000). The expression pattern of these TFs in Brachypodium and rice suggest a possible 

involvement in NLS development. The Lateral Organ Boundaries Domain family of TFs 

(e.g., Bradi1g68170.1, Bradi2g57380.2, Bradi3g55680.1, Bradi3g12550.1, and 

Bradi1g75120.1) was also well represented in our dataset. LBD genes have been shown to 

be involved in auxin signaling leading to root development (Lee et al. 2015; Liu et al. 2005; 

Okushima et al. 2007). In fact, single-copy orthologs of LBD16 (Bradi3g55680.1) and 

LBD29 (Bradi3g12550.1) were also upregulated in their expression in rice 

(LOC_Os02g57490.1 and LOC_Os08g44940.1 respectively) during NLS formation making 

these excellent candidates for further investigation (Hiltenbrand et al. 2016). A few of the 

LOB gene family members have been shown to be putative targets of Auxin Response 

Factors (ARFs) in rice and Arabidopsis (Inukai et al. 2005; Okushima et al. 2007). Several 

genetic studies have revealed that ARFs play significant roles in plant growth and 

development, including root development (Guilfoyle and Hagen 2007; Li et al. 2016). In our 

analysis, we identified several ARFs including ARF3 (Bradi2g16610.4), ARF5 
(Bradi5g25157.1), ARF10 (Bradi5g15904.1), and ARF16 (Bradi3g49320.1) that were 

upregulated in expression during NLS formation. However, in rice, only ARF16 
(LOC_Os04g43910.1) and ARF19 (LOC_Os06g48950.1) were differentially expressed 

(Hiltenbrand et al. 2016). This suggests that these are excellent candidates for future studies. 

ARFs have been known to interact with each other and also been reported to regulate and be 

regulated by other transcription factors (Wang and Estelle 2014). For instance, the 

Arabidopsis BREVIS RADIX (BRX) transcriptional coregulator has been shown to interact 

with ARF5 and increase the transcriptional activation potential of the ARF (Guilfoyle and 

Hagen 2012). The plant-specific BRX gene family has been identified as a regulator of root 
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growth (Briggs et al. 2006). In our study, we identified a BRX-like 1 gene (Bradi3g52537.1) 

to be upregulated in expression. Whether the ARF5-BRX interaction occurs in 

Brachypodium requires further studies. Another important category of TFs identified in our 

dataset that plays a crucial role in plant shoot and root development is the GRAS family TFs 

(Hirsch and Oldroyd 2009). We identified two GRAS TFs, SCARECROW 

(Bradi4g44090.2) and Short-root (Bradi1g23060.1), to be differentially expressed in our 

dataset. These GRAS family TFs are examples of well-characterized regulators of a broad 

range of root-related developmental processes. Four GRAS TFs (LOC_Os06g40780.1, 

LOC_Os03g51330.1, LOC_Os07g40020.1, and LOC_Os11g04570.1) were differentially 

expressed in NLS-containing rice roots as well (Hiltenbrand et al. 2016). Importantly, the 

GRAS family TFs (NSP1 and NSP2) plays a significant role in nodule organogenesis 

(Heckmann et al. 2006; Kalo et al. 2005; Smit et al. 2005). It remains to be seen if any of 

these GRAS TFs identified in our analysis play a role in NLS organogenesis.

In our study, we identified several transporters whose expressions were differentially 

regulated. The ABC type transporters have been shown to play important roles in multiple 

processes including auxin transport (Geiser and Murphy 2005; Verrieretal. 2008). We 

identified several genes (Bradi3g35377.1, Bradi3g12627.1, Bradi5g12307.1, 

Bradi2g47410.1, etc.) in this category whose expression was affected during NLS formation. 

The ortholog of Bradi3g35377. 1 gene in rice (LOC_Os08g30780.1) was also expressed 

differentially during NLS formation (Hiltenbrandetal. 2016). In addition to this ABC 

transporter, several others were expressed differentially in rice suggesting an important role 

this gene family might play in auxin transport leading to NLS formation. As expected, auxin 

efflux and influx carriers were also differentially expressed. For instance, auxin efflux 

carriers (Bradi2g48170.1, Bradi1g45020.1, and Bradi4g26300.2) were all upregulated in 

expression. Interestingly, thesingle-copy ortholog of Bradi2g48170.1inrice (OsPIN8; 

LOC_Os01g51780.1) was also upregulated in expression during NLS formation in rice 

suggesting an important role in this process (Hiltenbrand et al. 2016).Past studies have 

suggested that different PIN members have different biological functions and different auxin 

transport activities. For example, auxin transport and auxin content measurements suggest 

that PIN5 and PIN8 are antagonistic in nature (Adamowski and Friml 2015). In rice, OsPIN5 
(LOC_Os09g32770.1) was downregulated in expression while OsPIN8 
(LOC_Os01g51780.1) was upregulated in expression during NLS formation 

(Hiltenbrandetal.2016). However, in Brachypodium, we did not observe PIN5 to be 

differentially expressed in our dataset. Further studies are required to understand the role of 

these PIN genes in NLS development. Besides these auxin efflux carriers, we also identified 

two auxin influx carriers in our study. Both these auxin influx carriers (Bradi1g68350.1 and 

Bradi3g21090.1) were upregulated in expression. Incidentally, the ortholog of 

Bradi1g68350.1 in rice (OsLAX1; LOC_Os03g14080.1) was also differentially expressed in 

NLS-containing roots. Several studies have shown that these auxin exporters and importers 

play important roles during plant growth, development, and even legume-rhizobia symbiosis 

(Adamowski and Friml 2015; Huo et al. 2006; Roy et al. 2017; Swarup and Peret 2012). It 

was quite encouraging to find that we identified these auxin carriers to be upregulated in 

expression in both rice and Brachypodium. We also identified several nodulin-like genes 

from different families: MtN21 (Bradi3g57830.1 and Bradi2g21310.1), Nod26-like intrinsic 
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proteins (Bradi3g59390.1), and Major facilitator superfamily (Bradi1g43970.1, 

Bradi4g29150.1, Bradi4g29110.1, etc.). Several nodulin genes were differentially expressed 

in rice during NLS formation as well (Hiltenbrand et al. 2016). These genes were initially 

considered to be legume-specific as they are expressed during symbiosis with rhizobia 

(Mukherjee and Ané 2011; Oldroyd and Downie 2008). While some studies have shown that 

nodulins are involved in transporting nutrients, amino acids, and hormones during plant 

development, their roles in non-legumes are still not clear. Whether these genes play a role 

during NLS development will require further studies.

Several studies on root development have identified a network of peptides and receptor 

systems mediating short-and long-range communication (Stahl and Simon 2012; Yamada 

and Sawa 2013). The CLV3/EMBRYO SURROUNDING REGION (CLE) family of 

peptides plays important roles in most pathways involved in root development including root 

nodule organogenesis. In most cases, these peptides are recognized by leucine-rich-repeat 

receptor-like kinases (LRR-RLKs). In rice FON2, a close relative of CLV3 controls 

meristem size and requires FON1 (ortholog of CLV1) (Suzaki et al. 2006). During NLS 

formation in rice, a FON2 SPARE1 (FOS1; LOC_Os02g21890.1) and CLV1-like LRRs 

(LOC_Os07g04190.1 and LOC_Os06g50340.1) were found to be differentially expressed 

(Hiltenbrand et al. 2016). In Brachypodium, we identified the single-copy ortholog of the 

rice FON2 gene (Bradi3g10697.1) to be differentially expressed in NLS-containing roots. 

Another class of peptide receptors identified in our dataset was the phytosulfokine receptor 2 

(Bradi1g59360.1). The ortholog of this receptor (LOC_Os07g01710.1) was also upregulated 

in expression in rice roots containing NLS (Hiltenbrand et al. 2016). Recently, it was shown 

in Lotus japonicus that phytosulfokine receptor ligands regulate nodulation (Wang et al. 

2015). It will be interesting to determine if these peptides and their receptors are also 

required for NLS organogenesis in grasses. Studies have shown that plant AGC kinases 

modulate auxin responses and auxin transport in plant developmental processes (Robert and 

Offringa 2008). Interestingly, the PIN efflux carriers are one of the primary targets of these 

plant-specific kinases (Robert and Offringa 2008). While more studies are reporting the roles 

of these kinases in different processes, an AGC kinase is required during legume-rhizobia 

symbiosis (Pislariu and Dickstein 2007). We identified two AGC kinases (Bradi4g33610.1 

and Bradi4g42600.2) to be upregulated in expression in Brachypodium roots during NLS 

formation. The Brachypodium AGC kinase (Bradi4g42600.2) is a singlecopy ortholog of the 

rice gene (LOC_Os11g05320.1) whose expression was also increased during NLS formation 

(Hiltenbrand et al. 2016). Further genetic studies will offer valuable insights into the role of 

these key genes in controlling this important root developmental process.

Conclusions

Our results showed that we could induce NLS on Brachypodium roots upon auxin treatment 

at a high frequency under controlled conditions. A broad base and a diffuse meristem 

characterized these structures. While the frequency of NLS formation did not change over 

time, the average number of NLS formed per plant increased over time. We performed an 

RNA-seq experiment and identified 618 differentially expressed genes in Brachypodium 
roots during NLS formation. We identified a diverse array of transcription factors, protein 

kinases, and transporters in our dataset. Some of these genes (PLETHORA, PSKR, LAX, 
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PIN, etc.) have been implicated to play important roles during lateral root formation and root 

nodulation. Whether these are required for NLS formation will need additional studies. In 

this study, we analyzed the transcriptome of whole plant roots containing NLS. Since, lateral 

root formation is diminished in roots containing NLS, it is possible that gene expression 

changes occurring in these roots also correspond to fewer lateral root initiation. Future 

transcriptomics studies on isolated NLS alone will offer more insights. Comparative 

transcriptome analysis of Brachypodium roots with rice roots during NLS formation showed 

that there are overlapping gene expression patterns between these two species. Furthermore, 

we identified a core set of single-copy orthologs with similar expression pattern in these two 

model grasses. GO analysis and functional annotation support that these genes are excellent 

candidates for future genetic studies. This study can serve as a valuable resource for the 

understanding of detailed genetic mechanisms underlying this process.

Materials and methods

Plant material and growth conditions

We used the sequenced reference line Bd21 of Brachypodium distachyon for this study. 

Prior to germination, Brachypodium seeds were surface-sterilized in 2% (v/v) sodium 

hypochlorite solution for 15 min, rinsed several times with sterile water, and imbibed for 24 

h in sterile water. Prior to hormone treatment, the germinated seedlings were grown for 7 

days on low-nitrogen Fahraeus medium inside a Percival growth chamber (#CU-22L, Iowa, 

USA) as described in Hiltenbrand et al. (2016). The growth chamber was maintained at 16-

h, 22 °C day and 8-h, 24 °C night cycle and 150 to 200 μmol m−2 s−1 light intensity, and 

relative humidity of 65%.

Hormonal treatment and plant phenotype scoring

Seven-day-old Brachypodium seedlings, grown as mentioned earlier, were treated with 

auxin, 2,4-Dichlorophenoxyacetic acid (2,4-D) (CAS# 94–75-7, Caisson Laboratories Inc., 

Utah, USA) as described in Hiltenbrand et al. (2016). Following treatment, the plants were 

grown on plates containing a low-nitrogen Fahraeus medium inside a Percival growth 

chamber (Model #: CU-22L, Iowa, USA) as mentioned earlier. Non-treated (mock) plants 

were grown as described above except the treatment solution did not include 2,4-D. In this 

study, water was used to dissolve 2,4-D. The plant phenotype scoring was performed using a 

Leica MZ6 stereomicroscope (Leica Microsystems Inc., Illinois, USA). For statistical 

analysis of data, we used JMP® 12 (SAS Institute Inc., North Carolina, USA).

Scanning electron microscopy

We performed scanning electron microscopy as previously described by Hiltenbrand et al. 

(2016) with minor modifications. The plant roots were dehydrated in a series of ethanol 

solutions: 25% for 5 min, 50% for 5 min, 75% for 5 min, and 95% for 30 min. The root 

samples were stored in 75% ethanol at 4 °C prior to SEM analysis. Drying of the root 

samples to a critical point (Pelco CPD2 Critical Point Dryer, Ted Pella, Inc., Redding, CA, 

USA) and sputter-coating of the sections using a Denton Vacuum Desk IV sputter coater 

(Denton Vacuum, LLC, Moorestown, NJ, USA) were performed as described in Hiltenbrand 
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et al. (2016). We used a JSM-IT100LA scanning electron microscope (JEOL USA, Inc., 

Peabody, MA, USA) to obtain the images.

Bacterial inoculation and X-gal staining

The bacterial inoculation of the Brachypodium roots was performed as described by 

Hiltenbrand et al. (2016). During post hormone treatment, the Brachypodium seedlings were 

inoculated with or without the lacZ-marked A. caulinodans ORS571 (pXLGD4). Bacteria 

were grown on LB/Tetracycline (10 μg/ml) plates at 28 °C until they reached an optical 

density of 0.6. The seedlings were inoculated with 108 cells/ml with A. caulinodans and 

allowed to grow in the plant growth chamber.

The histochemical staining of the Brachypodium roots was performed as described by 

Hiltenbrand et al. (2016) with minor modifications. The Brachypodium seedlings were 

sampled 7 days post-inoculation and the roots were washed with sterile water to remove 

loosely attached bacteria. Next surface sterilization of these roots was performed as 

described by Hiltenbrand et al. (2016). The efficiency of surface sterilization was determined 

by culturing the wash from the last root rinse on LB/Tetracycline plates. We did not observe 

any bacterial growth from the last wash indicating successful surface sterilization. Finally, 

the visualization of bacterial colonization via X-gal staining was performed on surface-

sterilized roots as described by Hiltenbrand et al. (2016).

RNA extraction and RNA sequencing

We extracted total RNA from the plant roots using Qiagen RNeasy® Plant Mini Kit (Cat 

#74904, California, USA) as described in Hiltenbrand et al. (2016). For hormone-treated 

plants, RNA was extracted only from plant roots that had NLS. We performed RNA 

quantification, library preparation, and RNA sequencing at the Research Technology 

Support Facility (RTSF), Michigan State University, East Lansing, MI. Before library 

preparation and sequencing, the RNA integrity was checked using a Bioanalyzer (Agilent 

Technologies). We used the Illumina TruSeq Stranded mRNA Library Prep Kit LT to 

prepare multiplex sequencing libraries. These six libraries were combined into a single pool, 

loaded on one lane of an Illumina HiSeq 2500 Rapid Run flow cell (v2), and sequenced in a 

PE100 format with HiSeq Rapid SBS reagents. We used Illumina Real Time Analysis (RTA) 

v1.18.64 for base calling and used Illumina Bcl2fastq v1.8.4 to de-multiplex the output of 

RTA and convert to Fastq format.

RNA-sequencing data analysis

We assessed read quality using FASTQC v. 0.11.3 (Andrews 2010) and aligned to the B. 
distachyon v2.1 genome (Goodstein et al. 2012) using Subread v. 1.4.3. (Liao et al. 2013) 

with default parameters. Raw read counts to known exons were obtained using 

FeatureCounts v 1.4.3 (Liao et al. 2014) using strand-specific read counting. Counts per 

million (CPM) were calculated and log2 transformed using voom (Law et al. 2014). 

Transformation and differential expression analyses were conducted using the limma 

package v 3.28.7 in R (Ritchie et al. 2015).
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OrthoMCL analyses

Single-copy orthologs between Brachypodium and rice were determined using OrthoMCL v 

1.4 (Li et al. 2003). Spearman correlation was used to compare log2 fold change of the 

differentially expressed Brachypodium genes to the log2 fold change of the corresponding 

differentially expressed single-copy ortholog in rice. Correlation and linear regression 

analysis were completed using R 3.2.3.

Gene expression validation

We validated the results of RNA-sequencing for some genes via reverse transcriptase PCR 

(RT-PCR) as described in Hiltenbrand et al. 2016. Before cDNA synthesis, we treated the 

RNA samples with the Ambion® DNA-free™ DNase Treatment and Removal kit (Cat 

#AM1906, California, USA). We synthesized first strand cDNA from 300 ng of RNA using 

a Thermo Scientific RevertAid RT Kit (Cat #K1691, Delaware, USA) with Oligo(dT)18 

primers according to manufacturer’s instructions. We used Ubi18 and Ubi10 as internal 

reference genes for RT-PCR analysis. The list of genes and their corresponding primer 

sequences are listed in Supplementary Table 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

NLS nodule-like structures

RNS root nodule symbiosis

LHK1 Lotus histidine kinase 1

CRE1 cytokinin response 1

2,4-D 2,4-dichlorophenoxyacetic acid

dpt days post treatment

DEGs differentially expressed genes

FDR false discovery rate

FC fold change
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GO gene ontology

SEA singular enrichment analysis

TFs transcription factors

AP2/ERF APETALA2/ethylene responsive factor

NAC NAM (for no apical meristem), ATAF1 and −2, and CUC2 (for cup-

shaped cotyledon)

ARFs auxin response factors

bHLH basic helix-loop-helix

GRAS gibberellic-acid insensitive (GAI), REPRESSOR of GAI (RGA), and 

SCARECROW (SCR)

LOB lateral organ boundaries

WUS WUSCHEL

RLKs receptor-like kinases

LRR leucine-rich repeat

ABC ATP-binding cassette

MATE multi-antimicrobial extrusion protein

SAUR small auxin upregulated RNA

RT-PCR reverse transcriptase polymerase chain reaction

PLT PLETHORA

WOX11 WUSCHEL-RELATED HOMEOBOX 11

BRX BREVIS RADIX

SCR SCARECROW

SHR SHORT ROOT

NSP1 NODULATION SIGNALING PATHWAY1

NSP2 NODULATION SIGNALING PATHWAY2

PIN PIN-FORMED

LAX LIKE AUXIN1

CLV CLAVATA

CLE CLAVAT3 (CLV3)/ENDOSPERM SURROUNDING REGION 

(ESR)
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FON FLORAL ORGAN NUMBER

FOS1 FON2 SPARE1

CPM counts per million

References

Adamowski M, Friml J (2015) PIN-dependent auxin transport: action, regulation, and evolution. Plant 
Cell 27:20–32 [PubMed: 25604445] 

Aida M, Beis D, Heidstra R, Willemsen V, Blilou I, Galinha C, Nussaume L, Noh YS, Amasino R, 
Scheres B (2004) The PLETHORA genes mediate patterning of the Arabidopsis root stem cell 
niche. Cell 119: 109–120 [PubMed: 15454085] 

Andrews S (2010) FastQC: a quality control tool for high throughput sequence data. http://
www.bioinformaticsbabrahamacuk/projects/fastqc

Benjamins R, Scheres B (2008) Auxin: the looping star in plant development. Annu Rev Plant Biol 
59:443–465 [PubMed: 18444904] 

Bensmihen S (2015) Hormonal control of lateral root and nodule development in legumes. Plants 
4:523–547 [PubMed: 27135340] 

Briggs GC, Mouchel CF, Hardtke CS (2006) Characterization of the plant-specific BREVIS RADIX 
gene family reveals limited genetic redundancy despite high sequence conservation. Plant Physiol 
140: 1306–1316 [PubMed: 16514016] 

Brkljacic J, Grotewold E, Scholl R, Mockler T, Garvin DF, Vain P, Brutnell T, Sibout R, Bevan M, 
Budak H, Caicedo AL, Gao C, Gu Y, Hazen SP, Holt BFIII, Hong SY, Jordan M, Manzaneda AJ, 
Mitchell-Olds T, Mochida K, LAJ M, Park CM, Sedbrook J, Watt M, Zheng SJ, Vogel JP (2011) 
Brachypodium as model for the grasses: today and the future. Plant Physiol 157:3–13 [PubMed: 
21771916] 

Budak H, Hernandez P, Schulman A (2014) Analysis and exploitation of cereal genomes with the aid 
of Brachypodium In: Tuberosa R, Graner A, Frison E (eds) Genomics of plant genetic resources. 
Springer, Dordrecht 10.1007/1978-1094-10077572-1005_1024

Charpentier M, Oldroyd G (2010) How close are we to nitrogen-fixing cereals? Curr Opin Plant Biol 
13:556–564 [PubMed: 20817544] 

Christiansen-Weniger C (1998) Endophytic establishment of diazotrophic bacteria in auxin-induced 
tumors of cereal crops. Crit Rev Plant Sci 17:55–76

Davidson RM, Gowda M, Moghe G, Lin H, Vaillancourt B, Shiu SH, Jiang N, Robin Buell C (2012) 
Comparative transcriptomics of three Poaceae species reveals patterns of gene expression 
evolution. Plant J 71:492–502 [PubMed: 22443345] 

Ding Y, Oldroyd G (2009) Positioning the nodule, the hormone dictum. Plant Signal Behav 4:89–93 
[PubMed: 19649179] 

Du Z, Zhou X, Ling Y, Zhang Z, Su Z (2010) agriGO: a GO analysis toolkit for the agricultural 
community. Nucleic Acids Res. 10.1093/nar/gkq1310

Franssen HJ, Xiao TT, Kulikova O, Wan X, Bisseling T, Scheres B, Heidstra R (2015) Root 
developmental programs shape the Medicago truncatula nodule meristem. Development 
142:2941–2950 [PubMed: 26253408] 

Geiser M, Murphy AS (2005) The ABC of auxin transport: the role of p-glycoproteins in plant 
development. FEBS Lett 580:1094–1102 [PubMed: 16359667] 

Goodstein DM et al. (2012) Phytozome: a comparative platform for green plant genomics. Nucleic 
Acids Res 40:1178–1186

Gopalaswamy G, Kannaiyan S, O’Callaghan KJ, Davey MR, Cocking EC (2000) The xylem of rice 
(Oryza sativa) is colonized by Azorhizobium caulinodans. Proc R Soc B Biol Sci 269:103–107

Guilfoyle TJ, Hagen G (2007) Auxin response factors. Curr Opin Plant Biol 10:453–460 [PubMed: 
17900969] 

Thomas et al. Page 14

Funct Integr Genomics. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.bioinformaticsbabrahamacuk/projects/fastqc
http://www.bioinformaticsbabrahamacuk/projects/fastqc


Guilfoyle TJ, Hagen G (2012) Getting a grasp on domain III/IV responsible for Auxin Response 
Factor-IAA protein interactions. Plant Sci 190:82–88 [PubMed: 22608522] 

Haecker A, Gross-Hardt R, Geiges B, Sarkar A, Breuninger H, Herrmann M, Laux T (2004) 
Expression dynamics of WOX genes mark cell fate decisions during early embryonic patterning in 
Arabidopsis thaliana. Development 131:657–668 [PubMed: 14711878] 

Heckmann AB, Lombardo F, Miwa H, Perry JA, Bunnewell S, Parniske M, Wang TL, Downie JA 
(2006) Lotus japonicus nodulation requires two GRAS domain regulators, one of which is 
functionally conserved in a non-legume. Plant Physiol 142:1739–1750 [PubMed: 17071642] 

Hiltenbrand R et al. (2016) A developmental and molecular view of formation of auxin-induced 
nodule-like structures in land plants. Front Plant Sci 7:1692 [PubMed: 27891144] 

Hirsch S, Oldroyd G (2009) GRAS-domain transcription factors that regulate plant development. Plant 
Signal Behav 4:698–700 [PubMed: 19820314] 

Hirsch AM, Bhuvaneswari TV, Torrey JG, Bisseling T (1989) Early nodulin genes are induced in 
alfalfa root outgrowths elicited by auxin transport inhibitors. Proc Natl Acad Sci 86:1244–1248 
[PubMed: 16594017] 

Huan Q, Mao Z, Zhang J, Xu Y, Chong K (2013) Transcriptome-wide analysis of vernalization reveals 
conserved and species-specific mechanisms in Brachypodium. J Integr Plant Biol 55:696–709 
[PubMed: 23551346] 

Huo X, Schnabel E, Hughes K, Frugoli J (2006) RNAi phenotypes and the localization of a 
protein::GUS fusion imply a role for Medicago truncatula PIN genes in nodulation. J Plant Growth 
Regul 25:156–165 [PubMed: 19444321] 

Initiative TIB (2010) Genome sequencing and analysis of the model grass Brachypodium distachyon. 
Nature 463:763–768 [PubMed: 20148030] 

Inukai Y, Sakamoto T, Ueguchi-Tanaka M, Shibata Y, Gomi K, Umemura I, Hasegawa Y, Ashikari M, 
Kitano H, Matsuoka M (2005) Crown rootless1, which is essential for crown root formation in 
rice, is a target of an Auxin Response Factor in auxin signaling. Plant Cell 17: 1387–1396 
[PubMed: 15829602] 

Jansen L, Hollunder J, Roberts I, Forestan C, Fonteyne P, van Quickenborne C, Zhen RG, McKersie B, 
Parizot B, Beeckman T (2013) Comparative transcriptomics as a tool for the identification of root 
branching genes in maize. Plant Biotechnol J 11:1092–1102 [PubMed: 23941360] 

Kalo P et al. (2005) Nodulation signaling in legumes requires NSP2, a member of the GRAS family of 
transcriptional regulators. Science 308:1786–1789 [PubMed: 15961668] 

Law CW, Chen Y, Shi W, Smyth GK (2014) Voom: precision weights unlock linear model analysis 
tools for RNA-seq read counts. Genome Biol 15:R29 [PubMed: 24485249] 

Lee HW, Cho C, Kim J (2015) Lateral Organ Boundaries Domain16 and 18 act downstream of the 
Auxin1 and Like-Auxin3 Auxin Influx Carriers to control lateral root development in Arabidopsis. 
Plant Physiol 168:1792–1806 [PubMed: 26059335] 

Li L, Stoeckert CJ Jr, Roos DS (2003) OrthoMCL: identification of ortholog groups for eukaryotic 
genomes. Genome Res 13:2178–2189 [PubMed: 12952885] 

Li SB, Xie ZZ, Hu CG, Zhang JZ (2016) A review of auxin response factors (ARFs) in plants. Front 
Plant Sci 7:47 [PubMed: 26870066] 

Liao Y, Smyth GK, Shi W (2013) The subread aligner: fast, accurate and scalable read mapping by 
seed-and-vote. Nucleic Acids Res 41:e108 [PubMed: 23558742] 

Liao Y, Smyth GK, Shi W (2014) featureCounts: an efficient general purpose program for assigning 
sequence reads to genomic features. Bioinformatics 30:923–930 [PubMed: 24227677] 

Licausi F, Ohme-Takagi M, Perata P (2013) APETALA2/Ethylene Responsive Factor (AP2/ERF) 
transcription factors: mediators of stress responses and developmental programs. New Phytol 199: 
639–649 [PubMed: 24010138] 

Liu H, Wang S, Yu X, Yu J, He X, Zhang S, Shou H, Wu P (2005) ARL1, a LOB-domain protein 
required for adventitious root formation in rice. Plant J 43:47–56 [PubMed: 15960615] 

Mukherjee A, Ané JM (2011) Plant hormones and initiation of legume nodulation and arbuscular 
mycorrhization In: Polacco JC, Todd CD (eds) Ecological aspects of nitrogen metabolism in 
plants. John Wiley and Sons, Hoboken, pp 354–396

Thomas et al. Page 15

Funct Integr Genomics. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Murray JD, Karas BJ, Sato S, Tabata S, Amyot L, Szczyglowski K (2007) A cytokinin perception 
mutant colonized by rhizobium in the absence of nodule organogenesis. Science 315:101–104 
[PubMed: 17110535] 

Mus F et al. (2016) Symbiotic nitrogen fixation and challenges to extending it to non-legumes. Appl 
Environ Microbiol. 10.1128/AEM.01055-01016

Narula N, Deubel A, Gans W, Behl RK, Merbach WPSE (2006) Paranodules and colonization of 
wheat roots by phytohormone producing bacteria in soil. Plant Soil Environ 3:167–176

Nuruzzaman M, Sharoni AM, Kikuchi S (2013) Roles of NAC transcription factors in the regulation of 
biotic and abiotic stress responses in plants. Front Microbiol 4:248 [PubMed: 24058359] 

Okushima Y, Fukaki H, Onoda M, Theologis A, Tasaka M (2007) ARF7 and ARF19 regulate lateral 
root formation via direct activation of LBD/ASL genes in Arabidopsis. Plant Cell 19:118–130 
[PubMed: 17259263] 

Oldroyd GE, Downie JA (2008) Coordinating nodule morphogenesis with rhizobial infection in 
legumes. Annu Rev Plant Biol 59:519–546 [PubMed: 18444906] 

Ozdemir BS, Hernandez P, Filiz E, Budak H (2008) Brachypodium genomics. Int J Plant Genomics 
2008:536104 [PubMed: 18309367] 

Pislariu C, Dickstein R (2007) An IRE-like AGC kinase gene, MtIRE, has unique expression in the 
invasion zone of developing root nodules in Medicago truncatula. Plant Physiol 144:682–694 
[PubMed: 17237187] 

Ridge RW, Ride KM, Rolfe BG (1993) Nodule-like structures induced on the roots of rice seedlings by 
addition of the synthetic auxin 2,4-dichlorophenoxyacetic acid. Aust J Plant Physiol 20:705–717

Rightmyer AP, Long SR (2011) Pseudonodule formation by wildtype and symbiotic mutant Medicago 
truncatula in response to auxin transport inhibitors. Mol Plant-Microbe Interact 24:1372–1384 
[PubMed: 21809981] 

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK (2015) limma powers differential 
expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res 43(7):e47 
[PubMed: 25605792] 

Robert HS, Offringa R (2008) Regulation of auxin transport polarity by AGC kinases. Curr Opin Plant 
Biol 11:495–502 [PubMed: 18640868] 

Rogers C, Oldroyd G (2014) Synthetic biology approaches to engineering the nitrogen symbiosis in 
cereals. J Exp Bot. 10.1093/jxb/eru1098

Roy S, Robson F, Lilley J, Liu CW, Cheng X, Wen J, Walker S, Sun J, Cousins D, Bone C, Bennett 
MJ, Downie JA, Swarup R, Oldroyd G, Murray JD (2017) MtLAX2, a functional homologue of 
the Arabidopsis auxin influx transporter AUX1, is required for nodule organogenesis. Plant 
Physiol 174:326–338 [PubMed: 28363992] 

Ryu H, Cho H, Choi D, Hwang I (2012) Plant hormonal regulation of nitrogen-fixing nodule 
organogenesis. Mol Cells 34:117–126 [PubMed: 22820920] 

Senthilkumar M, Madhaiyan M, Sundaram S, Kannaiyan S (2009) Intercellular colonization and 
growth promoting effects of Methylobacterium sp. with plant-growth regulators on rice (Oryza 
sativa L. Cv CO-43). Microbiol Res 164:92–104 [PubMed: 17207982] 

Sharma A, Sharma N, Bhalla P, Singh M (2017) Comparative and evolutionary analysis of grass pollen 
allergens using Brachypodium distachyon as a model system. PLoS One 12:e0169686 [PubMed: 
28103252] 

Sibout R, Proost S, Hansen BO, Vaid N, Giorgi FM, Ho-Yue-Kuang S, Legée F, Cézart L, Bouchabké-
Coussa O, Soulhat C, Provart N, Pasha A, le Bris P, Roujol D, Hofte H, Jamet E, Lapierre C, 
Persson S, Mutwil M (2017) Expression atlas and comparative coexpression network analyses 
reveal important genes involved in the formation of lignified cell wall in Brachypodium 
distachyon. New Phytol 215:1009–1025 [PubMed: 28617955] 

Smit P, Raedts J, Portyanko V, Debelle F, Gough C, Bisseling T, Geurts R (2005) NSP1 of the GRAS 
protein family is essential for rhizobial Nod factorinduced transcription. Science 308:1789–1791 
[PubMed: 15961669] 

Sriskandarajah S, Kennedy IR, Yu D, Tchan YT (1993) Effects of plant growth regulators on 
acetylene-reducing associations between Azospirillum brasilense and wheat. Plant Soil 153:165–
178

Thomas et al. Page 16

Funct Integr Genomics. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Stahl Y, Simon R (2012) Peptides and receptors controlling root development. Philos Trans R Soc B 
367:1453–1460

Suzaki T, Toriba T, Fujimoto M, Tsutsumi N, Kitano H, Hirano HY (2006) Conservation and 
diversification of meristem maintenance mechanism in Oryza sativa: function of the Floral Organ 
Number2 gene. Plant Cell Physiol 47:1591–1602 [PubMed: 17056620] 

Swarup R, Peret B (2012) AUX/LAX family of auxin influx carriers. Front Plant Sci 3 10.3389/fpls.
2012.00225

Tirichine L, Sandal N, Madsen LH, Radutoiu S, Albrektsen AS, Sato S, Asamizu E, Tabata S, 
Stougaard J (2007) A gain-of-function mutation in a cytokinin receptor triggers spontaneous root 
nodule organogenesis. Science 315:104–107 [PubMed: 17110537] 

Verrier PJ, Bird D, Burla B, Dassa E, Forestier C, Geisler M, Klein M, Kolukisaoglu Ü, Lee Y, 
Martinoia E, Murphy A, Rea PA, Samuels L, Schulz B, Spalding EP, Yazaki K, Theodoulou FL 
(2008) Plant ABC proteins—a unified nomenclature and updated inventory. Trends Plant Sci 
13:151–159 [PubMed: 18299247] 

Wang R, Estelle M (2014) Diversity and specificity: auxin perception and signaling through the 
TIR1/AFB pathway. Curr Opin Plant Biol 21: 51–58 [PubMed: 25032902] 

Wang C, Yu H, Zhang Z, Yu L, Xu X, Hong Z, Luo L (2015) Phytosulfokine is involved in positive 
regulation of Lotus japonicus nodulation. Mol Plant Microbe Interact 28:847–855 [PubMed: 
25775272] 

Watt M, Schneebeli K, Dong P, Wilson IW (2009) The shoot and root growth of Brachypodium and 
it’s potential as a model for wheat and other cereal crops. Funct Plant Biol 36:960–969

Wu C, Dickstein R, Cary AJ, Norris JH (1996) The auxin transport inhibitor N-(1-Napthyl)phthalamic 
acid elicits pseudonodules on nonnodulating mutants of white sweetclover. Plant Physiol 10: 501–
510

Xie Q, Frugis G, Colgan D, Chua N (2000) Arabidopsis NAC1 transduces auxin signal downstream of 
TIR1 to promote lateral root development. Genes Dev 14:3024–3036 [PubMed: 11114891] 

Yamada M, Sawa S (2013) The roles of peptide hormones during plant root development. Curr Opin 
Plant Biol 16:56–61 [PubMed: 23219865] 

Zhao Y, Hu Y, Dai M, Huang L, Zhou DX (2009) The WUSCHEL-related homeobox gene WOX11 is 
required to activate shoot-borne crown root development in rice. Plant Cell 21:736–748 [PubMed: 
19258439] 

Thomas et al. Page 17

Funct Integr Genomics. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
NLS formation in Brachypodium roots. a, b Images of Brachypodium NLS 14dpt with 50 

μM 2,4-D under controlled conditions. The image in a was obtained using a Leica MZ6 

stereomicroscope while the image in b was obtained using a scanning electron microscope 

(SEM). c The image of a lateral root obtained by SEM. Bar in microscope image equal 0.5 

mm. Bars in SEM images equal 100 μm. d Frequency of NLS formed per plant upon 

treatment with 50 μM 2,4-D at 7 and 14 dpt in Brachypodium. Data represents the average 

of 5 experimental replications (n = 10–15) ± SE. e The average number of NLS increased 

significantly between 7 and 14 dpt in Brachypodium roots. The asterisk (*) shows a 

significant difference between the two time points by t test (P < 0.001). Data represents the 

average of 5 experimental replications (n = 10–15) ± SE. f Colonization of A. caulinodans 
ORS571 inside Brachypodium NLS via histochemical staining with X-gal. The staining was 

performed on surface-sterilized roots. Bar in image equal 2 mm
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Fig. 2. 
Transcriptome profile of Brachypodium roots during NLS formation. a Principal component 

analysis of transcriptome profiles for each biological replicate of control and NLS-

containing Brachypodium roots. b Volcano plot of P values (FDR adjusted) and fold changes 

for all genes assessed in this study. Red dots indicate genes with an FDR-adjusted P value of 

< 0.05 and fold change of > 2. Gene ontology (GO) enrichment analysis of the differentially 

expressed genes between control and NLS-containing Brachypodium root samples. Bar 

charts of significantly enriched c biological processes and d molecular functions. In these 

charts, the x-axes indicate the −log10 of the FDR-adjusted P value, and the dotted red line 

denotes an FDR-adjusted P value of 0.05
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Fig. 3. 
RT-PCR validation of differentially expressed genes identified by RNA-Seq. Expression 

pattern of ten DEGs was validated by RT-PCR. For the RT-PCR experiments, C7 and T7 

represent cDNA templates synthesized from RNA samples at 7 dpt from control and NLS-

containing root samples respectively. We performed these RT-PCR experiments in at least 

three biological replicates for all the samples. Ubil8 and Ubil0 were used as internal 

reference genes
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Fig. 4. 
Linear regression of expression patterns and gene ontology enrichment of single-copy 

orthologs between Brachypodium and rice. a Linear regression analysis of the log fold 

change of single-copy ortholog pairs of Brachypodium (x-axis) and rice (y-axis) under 2,4-D 

treatment relative to their corresponding control root sample. b AgriGO gene ontology 

enrichment of the corresponding rice single-copy ortholog of genes differentially expressed 

in Brachypodium under 2,4-D treatment. The x-axis indicates the −log10 of the FDR-

adjusted P value, and the dotted red line denotes an FDR-adjusted P value of 0.05
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