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ABSTRACT 

  A very large number of Defensin-like (DEFL) genes were predicted in 

analyses of the genome sequences from the model plants Medicago truncatula 

and Arabidopsis thaliana. DEFLs share common characteristics with 

antimicrobial defensins, including cysteine-rich sequence motifs, gene structure 

and genome organization. However, because many of the DEFLs were only 

recently discovered, comparatively little information is known about their 

expression, regulation and evolutionary patterns. I explored the expression 

patterns of DEFLs among various tissues, symbiotic and pathogen treatments in 

legume M. truncatula and found that the majority of DEFLs are highly expressed 

in nitrogen-fixing root nodules. A further indepth investigation with various nodule 

developmental stages and rhizobial mutants indicated that the expression of 

nodule DEFLs is dependent on the number and morphology of rhizobia in the 

nodule. I found conserved motifs in the upstream regions that occur uniquely in 

nodule DEFLs. Promoter deletion assays demonstrated that these cis motifs are 

required for nodule DEFL expression. Few small regulatory elements known to 

be involved in the spatial and temporal regulation of various genes were 

contained within the unique conserved nodule DEFL motifs. Reverse genetic 

approaches suggested redundancy of function in this large family of genes. 

Lastly, I examined the evolutionary patterns of nodule DEFLs with four ecotypes 

of M. truncatula. The presence of expression, sequence variation and signatures 

of diversifying selection in nodule DEFLs within the Medicago species indicates 
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rapid and recent evolution and suggests that this family of genes is constantly 

evolving to adapt to different environments and acquiring new functions.  
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CHAPTER 1: Introduction  

 

One of the biggest paradoxes in nature is the limited availability of 

nitrogen in soil, despite the fact that nitrogen is the most abundant element in 

earth’s atmosphere. Only certain prokaryotic organisms are capable of reducing 

nitrogen into a form that can be biologically assimilated. Legumes, belonging to 

the family Fabaceae, form a mutualistic partnership with nitrogen-fixing bacteria. 

These plants provide carbon, an energy source to the nitrogen-fixing bacteria 

and harbor them in specialized root organs called nodules, in return for the 

nitrogen fixed by the bacteria. This association is governed by a complex 

interplay of molecular signals between the host and the microbe.  

For the past half-century, researchers have made significant strides in 

understanding the genetic and physiological changes that occur in both the plant 

host and the symbiotic bacteria during the interaction (Dixon and Kahn 2004; 

Jones et al., 2007; Oldroyd and Downie 2008). This dissertation focuses on the 

expression, regulation and evolutionary patterns of one of the largest plant gene 

families encoding cysteine-rich proteins, the nodule Defensin-Like genes (nodule 

DEFLs), which are expressed in nodules during the symbiosis of Medicago 

truncatula – Sinorhizobium meliloti.  Here, I present the background on DEFLs 

and discuss the specific questions and hypotheses that I formulated to guide the 

execution of my dissertation research. 
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Discovery of DEFLs 

Expression of genes encoding cysteine-rich proteins in nodules was first 

reported in Pisum sativum (Scheres et al., 1990), followed by Vicia faba (Frühling 

et al., 2000), M. truncatula (Györgyey et al., 2000) and Galega orientalis 

(Kaijalainen et al., 2002). Three independent research groups then identified a 

large gene family (>300 members) encoding nodule-specific cysteine cluster 

proteins (CCPs), also known as nodule-specific cysteine-rich genes (NCRs), 

from the expressed sequence tags (ESTs) of the model legume M. truncatula 

(Fedorova et al., 2002; Mergaert et al., 2003; Graham et al., 2004).  Expression 

of the nodule CCP family was found to be restricted to developing and mature 

nodules, except for two members that were also discovered to be expressed 

during mycorrhizal symbiosis (Mergaert et al., 2003). The expression patterns of 

the CCPs suggested at the time that they might function primarily in nodule and 

mycorrhizal symbioses, however, their exact roles were unknown. While 

conventional sequence homology searches could identify related sequences 

from nodules of other legumes in the Inverted Repeat Loss Clade (IRLC), the 

functions of these sequences were also unknown (Scheres et al., 1990,  

Kardailsky et al., 1993).  

While the first CCPs were identified from nodule transcripts, Graham et al. 

(2004) also identified similar sequences from seed ESTs of Glycine max and M. 

truncatula. Although BLAST was used to find similar genes, this sequence 

comparison tool was insufficient to find similarity to genes of known function.  

Therefore, Graham et al. (2004) identified conserved motifs among the translated 
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sequences that were similar to sequence motifs in plant defensins. These motifs 

included conserved Cys residues that form dicysteine bridges important for 

protein folding in defensins (Thomma et al., 2002).  

Defensins are a component of an ancient immune response and have 

been identified from vertebrates, invertebrates, plants and fungi (Boman, 1995; 

Mygind et al., 2005). They are small, cysteine-rich, cationic proteins, some of 

which have been found to be active against bacterial, fungal, or viral pathogens 

and/or insects (Boman, 1995; Stotz et al., 2009) and some have recently been 

found to play a role in regulating plant growth and development (Stotz et al., 

2009).  

Spurred by the discovery of such a large family of CCPs in M. truncatula, 

Silverstein et al. (2005) used the motif models developed in M. truncatula to 

iteratively search the near-complete Arabidopsis thaliana genome for similar 

Defensin-like (DEFL) sequences. Previously, 15 DEFL genes had been identified 

in the A. thaliana genome (Thomma et al., 2002). However, the motif searches 

used by Silverstein et al. (2005) identified 317 DEFL sequences, including all 

previously identified defensins. They characterized the expression patterns for a 

small subset of DEFLs via RT-PCR and observed specificity in nutrient-rich and 

reproductive tissues, in agreement with limited high-throughput expression 

results that were available for this gene family at the time. When the motif 

searches were expanded to include the EST collections from 25 plants, over 

1,100 DEFLs were identified (Silverstein et al., 2005). More recently, 2,300 
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DEFLs were counted among scans of ESTs from 33 plant species plus the 

Arabidopsis and rice genomes (Silverstein et al., 2007).  

The DEFLs share many characteristics with plant defensins (Graham et 

al., 2004, Silverstein et al., 2005). These characteristics include: [1] a signal 

sequence that is relatively well conserved, [2] a mature peptide sequence that is 

divergent but has conserved cysteine residues, [3] a gene structure that often 

has two exons with a conserved intron position and size, and [4] a genome 

organization that features clusters of genes likely derived from gene duplication. 

Because of their small size, sequence diversity, and the short sequence-length 

cutoffs imposed by existing annotation pipelines, the full extent of the defensin 

family had previously gone unrecognized (Graham et al., 2004). 

 

I. Global expression patterns of Defensin-Like gene s:  How do DEFLs differ 

in their expression patterns between the model dico t A. thaliana and model 

legume M. truncatula? 

 Over the last decade, there have been significant efforts to create 

resources for gene expression atlases for model species, including A. thaliana 

and M. truncatula. In the model dicot A. thaliana, through an international effort 

AtGenExpress has been created using the ATH1 Affymetrix array, it contains 

expression data from 79 different samples across different tissues, 

developmental stages, and responses to biotic or abiotic stresses, hormones and 

light conditions (Schmid et al., 2005).  More recently, At-TAX has been created 

using tiling arrays to accommodate the expression data for all those genes 
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missing from the ATH1 array (Laubinger et al., 2008). Massively Parallel 

Signature Sequencing (MPSS) is a technological advancement that has the 

expression profiles of small sized genes from several transcripts (Meyers et al., 

2004). In spite the availability of these resources, at the time of this thesis 

research work more than 50% of DEFLs lacked expression data in A. thaliana. 

 In the model legume M. truncatula, the Medicago truncatula Gene Index 

(MtGI) was launched as an integrative database from international Expression 

Sequence Tag (EST) sequencing projects (http://compbio.dfci.harvard.edu/cgi-

bin/tgi/gimain.pl?gudb=medicago), this database has substantial expression data 

sampled across different parts, biotic and abiotic treatments of M. truncatula. In 

2008, Medicago truncatula Gene Expression Atlas was released. Using the 

Affymetrix Medicago gene chip, Benedito et al., (2008) collected transcript 

information from major organ systems and developmental series covering 64 

different conditions. Recently, using custom microarrays Maunoury et al., (2010) 

studied the detailed transcriptomics of genes expressed in nodules of M. 

truncatula. Similar to A. thaliana, despite the availability of such vast information 

less than 50% of Medicago DEFLs are represented on those microarrays, and so 

the expression data is lacking for the rest of the DEFLs in M. truncatula.  

A comprehensive study that includes the majority of DEFLs from a wide 

range of morphological parts and conditions for both species was required. This 

study would not only provide expression evidence for many of the recently 

identified DEFLs, but also would enable us to draw comparisons in DEFL 

transcriptomics between these two very different and important model species. 
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 In Chapter 2, a collaborative effort explores the expression patterns of 

DEFLs in many different plant parts of A. thaliana and M. truncatula. Plants 

inoculated with different pathogens and plant mutants are also used for induction 

of DEFLs. 

 

II. Expression, regulatory mechanisms and role of n odule  DEFLs: What 

factors and elements regulate the expression patter ns of nodule  DEFLs 

and what is their functional role in M. truncatula? 

Nodule DEFLs are the largest subfamily among DEFLs in M. truncatula 

(Chapter 2). Prior to this thesis research it was known from the nodule Expressed 

Sequenced tags (ESTs) that they are expressed in early and late nodules. In 

2003, Mergaert et al. discovered more than 300 members of this family (they 

called them NCRs-nodule specific cysteine rich peptides). They profiled the 

expression of 14 NCR genes across different nodule developmental stages and 

in response to rhizobial mutants, and concluded that all the NCR genes were 

involved in nodulation, and probably acted at different nodule stages and in 

different tissues and cell types. In 2008, Benedito et al. generated a gene 

expression atlas that provided a global view of the expression patterns of genes 

in all organs of M. truncatula. This atlas described the nodule specific expression 

of 322 NCRs. However, a detailed and comprehensive investigation on the 

expression patterns of nodule DEFLs was yet to be reported. 

 Expression patterns in eukaryotes are governed by regulatory elements 

present in the non-coding regions of genes. A few nodule-specific regulatory 



7 

 

elements have been reported from various legumes. The promoters from the G. 

max N23 and leghemoglobin lbc3 genes (Stougaard et al., 1990), along with the 

Sesbania rostrata Srglb3 (Szczyglowski et al., 1994), have been most extensively 

analyzed to date. In Pisum sativum, a short 139 bp promoter region was found to 

be sufficient to drive nodule expression by the early nodulin promoter from 

Enod12B (Hansen et al., 1999). A regulatory element called the NF box was 

identified in the promoter of Mt ENOD11 (Andriankaja et al., 2007). Exploration 

for regulatory elements in large gene families like nodule DEFLs not only helps in 

understanding their expression patterns, but also highlights any possible alliance 

with other nodulins for recruitment of these elements during evolution.  

 Because of their similarity to the defensins, DEFLs have been 

hypothesized to have antimicrobial functions (Graham et al., 2004, Silverstein et 

al., 2005). But there are recent reports of some plant defensins and DEFLs 

functions as signal molecules in plant development (Allen et al., 2008), regulation 

of reproduction (Stotz et al., 2009), pollen tube guidance (Okuda et al., 2009) and 

pollen self-incompatibility (Schopfer et al., 1999, Takayama et al., 2001). Thus, 

one can hypothesize that the potential role of nodule DEFLs in M. truncatula is 

probably not restricted to defense but also in nodule development and 

physiology. Recently, it has been reported for a few NCRs (nodule DEFLs) that 

the nodule DEFL proteins have a lethal effect on free-living rhizobia in in vitro 

assays (Van de Velde, et al., 2010). They observed that like some defensins the 

NCRs (nodule DEFLs) triggered membrane modifications and inhibited bacterial 

cytokinesis. Lotus japonicus is a non-IRLC legume, the nodule DEFLs are absent 
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in its genome (Alunni et al., 2007) and its nodules are filled with rhizobia that can 

reproduce like the free living forms. When one of the NCR (nodule DEFL) was 

expressed in L. japonicus, it resulted in terminal bacteroid differentiation. In 

addition, similar effects were found when a few NCRs were ectopically expressed 

in cultured rhizobia (Van de Velde, et al., 2010). Reverse genetic assays like 

RNAi (knock down) and over expression can further determine the function or 

suggest functional redundancy of this large family of genes. 

 In Chapter 3, the expression patterns of nodule DEFLs are investigated in 

different nodule developmental stages and in nodules inoculated with various 

rhizobial mutants. Presence of putative regulatory elements is explored in 

different regions of the gene, their significance in governing the expression of 

nodule DEFLs is evaluated, and finally the functional role of nodule DEFLs is 

assayed by knocking them down and over expressing them in the nodules of M. 

truncatula.  

 

III. Evolutionary patterns of nodule  DEFLs in M. truncatula: Are nodule  

DEFLs a recent innovation in the legume lineage? 

 In legume-rhizobia symbiosis, there are two different rhizobial forms and 

two different nodule structures found depending on the species of the legume 

host. In the nodules of hosts like M. truncatula, P. sativum, Vicia faba, rhizobia 

differentiate into bacteroids that start fixing nitrogen and lose their reproductive 

ability. These bacteroids undergo major tranformations, they are swollen and 

branched with their genome amplified (Mergaert et al., 2006). In contrast in some 
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hosts like G. max, L. japonicus, Vigna unguiculata, the rhizobia are transformed 

into nitrogen fixing bacteroids but have no swelling or genome amplification and 

continue to reproduce. In the case of nodule dimorphism, they are classified 

broadly into indeterminate or determinate and further subtypes (Sprent et al., 

2001, 2008). Indeterminate nodules have a persistent meristem and are 

elongated while the determinate nodules have a transient meristem and are 

spherical. There are examples of legumes with correlated bacteroid and nodule 

types, like in M. truncatula, P. sativum, V. faba (closely related species of IRLC) 

have indeterminate nodules with swollen bacteroids, whereas G. max, Phaseolus 

vulgaris, L. japonicus have determinate nodules and non-swollen bacteroids. 

However, there are also reports that conflict the idea of correlation (Chandler et 

al., 1982, Sprent and Thomas 1984).  

BLAST searches in National Center for Biotechnology Information (NCBI) 

database indicated the presence of nodule DEFLs to be restricted to legumes 

belonging to IRLC clade like M. truncatula, P. sativum, V. faba, Trifolium repens 

and Galega orientalis which have indeterminate nodules with swollen bacteroids 

(Mergaert et al., 2003). A complete genome search of non-IRLC legumes with 

determinate and non-swollen bacteroids like L. japonicus (Alunni et al., 2007) 

and G. max (Michelle Graham, unpublished) could not detect the orthologs of 

nodule DEFLs. In contrast, seed DEFLs (i.e., DEFLs that specifically expressed 

in seeds) were found in G. max (Graham et al., 2004), suggesting the clade 

specificity of nodule DEFLs. These reports led to the hypothesis of correlation of 
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the occurrence of nodule DEFLs with nodules that are of indeterminate type and 

contain swollen bacteroids (Alunni et al., 2007).  

Recently, a study of phylogeny of 40 legume species of Papilionoideae 

revealed that there is no consistent relationship between nodule type and 

rhizobial form, and that association with non-swollen bacteroids is an ancestral 

trait of legumes (Oono et al., 2010). This study suggested that the swollen 

bacteroid is a derived trait with five independent origins in Papilionoideae. 

Because of the correlation of nodule DEFLs with the swollen bacteroid trait (Van 

de Velde, et al., 2010), it can be hypothesized that nodule DEFLs are also a 

derived trait and had five independent origins. Availability of sequence 

information for rest of the clades will help in testing this hypothesis. 

To understand the evolutionary patterns of nodule DEFLs, it is important 

to determine their expression and sequence polymorphisms between the closely 

related species and within species. Another tool for studying molecular evolution 

is through the analysis of rates of non-synonymous and synonymous 

substitutions in the coding region of the genes (Romero-Herrera et al., 1973). 

Among defensins, a closely related gene family to DEFLs (Graham et al., 2004), 

the evolutionary patterns within the paralogous subgroups of β-defensins in 

mammals indicate the evidence of purifying or diversifying selection, depending 

on the subgroup (Maxwell et al., 2003, Semple et al., 2003, Semple et al., 2006). 

Another functionally related NBS/LRR family of R genes also show similar trends 

among subgroups in evolutionary pressures within the paralogous subgroups 

(Baumgarten et al., 2003, Meyers et al., 2003) as well as orthologous groups in 
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A. thaliana (Bakker et al., 2006). Studies of the DEFL family paralogs in A. 

thaliana (Silverstein et al., 2005) and a limited number of nodule DEFL paralogs 

in M. truncatula (Alunni et al., 2007) indicate that the signal peptide is 

predominantly under purifying selection, whereas the mature polypeptide has 

signatures of both purifying and diversifying depending on the cluster. By 

estimating and comparing the selection pressures in orthologous groups of 

nodule DEFLs to closely related gene families, one can draw conclusions on their 

evolutionary rates. 

In Chapter 4, the expression and sequence polymorphism of nodule 

DEFLs in ecotypes of M. truncatula are examined and their evolutionary rates are 

estimated in comparison to seed DEFLs. 
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CHAPTER 2:  Defensin-Like genes in Arabidopsis thaliana and Medicago 

truncatula differ markedly in their spatio-temporal expressio n patterns 1 

M Tesfaye, KAT Silverstein, S Nallu, L Wang, CJ Botanga, SK Gomez, M 

Harrison, D Samac, J Glazebrook, F Katagiri, JF Gutierrez-Marcos and KA 

VandenBosch.2 

 

Summary 

  

Plant genomes typically contain up to several hundred defensin-like (DEFL) 

genes that encode short proteins resembling defensins, which are antimicrobial 

polypeptides.  Little is known about the expression patterns or functions of many 

                                                 
1 This chapter will be submitted for publication to the journal Plant Physiology, 

and is written in the style of the journal.   

 

2 The authors M Tesfaye, KAT Silverstein, S Nallu and KA VandenBosch 

designed the experiments and carried out the majority of research and analysis. 

As part of the collaborative research, the other authors provided resources 

required for a part of the study and contributed conceptually to aspects of its 

design. Specifically, S Nallu was involved in the design and execution of assays 

involving the inflorescences in A. thaliana and flower buds, flowers, seeds, 

seedlings, roots, nodules, mycorrhizal roots and pathogen infected roots and 

leaves in M. truncatula. 
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DEFLs, since most were recently discovered and many are not well represented 

on standard microarrays.  For expression analysis in two model plant species, we 

designed a custom Affymetrix chip for transcript profiling of nearly all DEFLs from 

Arabidopsis thaliana and Medicago truncatula, as well as additional genes for 

data normalization.  Among three normalization algorithms evaluated, the Stable-

Based Quantile (SBQ) approach gave the best performance for the custom chip.  

The DEFL chip analysis provided evidence for the transcription of many of the 

recently identified DEFL genes that previously lacked expression information.  

Most DEFLs are expressed in highly condition-specific patterns, and these differ 

notably between Arabidopsis and Medicago.  DEFL expression in Arabidopsis 

was most pronounced in inflorescences, a pattern not found in Medicago, where 

DEFLs were most prominently expressed in nitrogen-fixing nodules.  Both 

species contain a subset of DEFLs specifically expressed in seeds or fruits.  A 

few DEFLs, including some defensins, were significantly up-regulated in 

pathogen-infected tissues of Arabidopsis and Medicago.  Using plant and 

bacterial mutants with defects in defense signaling and co-expression analysis 

with three marker genes for early defense signaling and JA-mediated host 

response, we identified DEFLs that appear to be associated with putative 

defense responses. 

 

Introduction  

Defensins are endogenous antimicrobial polypeptides present in most 

eukaryotic life forms (Boman, 1995; Mygind et al., 2005).  These small, charged, 
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cysteine-rich polypeptides are secreted or sequestered within compartments of 

the endomembrane system, and have broad-spectrum anti-fungal, anti-bacterial, 

anti-viral, and/or insecticidal activity via a variety of proposed molecular 

mechanisms (Boman, 1995; Terras et al, 1995; Thomma et al., 1998; 2002, Stotz 

et al., 2009a).   

Plants have a large repertoire of genes encoding defensin-like (DEFL) 

polypeptides that have a conserved pattern of cysteine residues, but that are 

otherwise highly variable in the mature protein (Graham et al., 2004; Silverstein 

et al., 2005; Silverstein et al., 2007).  The model legume Medicago truncatula 

(hereafter called Medicago) has at least 800 DEFL genes, with more likely to be 

discovered once its genome is fully sequenced (Silverstein et al., 2007).  

Fedorova et al., 2002; Maergaert et al., 2003; Graham et al., 2004). Arabidopsis 

has 317 DEFL genes (Silverstein et al., 2005), while rice has 93 (Silverstein et 

al., 2007).   

DEFL gene families appear to have expanded and diversified in plant 

genomes via tandem and ectopic duplication, followed by successive rounds of 

diversifying selection (Graham et al., 2004; Silverstein et al. 2005; Alunni et al., 

2007).  The expansion and diversification of the DEFL family appear to have led 

to divergent subgroups of DEFLs, including some characteristic of different plant 

lineages, while other subgroups, such as the defensins themselves, have 

remained broadly conserved among lineages (Silverstein et al., 2007).   

The phylogenetic diversity among DEFLs suggests that different gene 

family members may play distinct roles in divergent taxa, but knowledge of the 
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functions of this large gene family is incomplete.  Some defensins are 

constitutively expressed or developmentally regulated, where they act as 

antimicrobial agents that protect nutrient-rich and vulnerable tissues, such as in 

seed development and seedling growth (Hanks et al., 2005; Terras et al., 1995).  

Other defensins are deployed specifically during defense responses, and are 

induced downstream of jasmonate or other defense signaling molecules 

(Manners et al., 1998; Fujita et al., 2006).  Roles for DEFLs in plant/microbe 

interactions are likely to be more varied.  For example, nodule cysteine-rich 

proteins belonging to the DEFL family were recently demonstrated to effect the 

terminal differentiation of nitrogen-fixing bacteroids in certain legume nodules 

(Van de Velde, et al., 2010).   

By contrast, some members of the highly diverse DEFL group have also 

been shown to function in development.  For example the S-locus cysteine-rich 

proteins (SCRs), which make up a subgroup of DEFLs, are expressed in pollen 

tubes and act as signal molecules in self-incompatibility in some dicots (Schopfer 

et al., 1999, Takayama et al., 2001).  Recently some DEFLs, known as LUREs, 

that are expressed in the female gametophyte of Torenia have been found to 

function in pollen tube guidance (Okuda et al., 2009).  Other DEFLs act in a 

variety of other plant development processes (Allen et al., 2008; Stotz et al., 

2009a). However, the characterization of DEFLs as functioning either in microbial 

interactions or in developmental regulation may be a misleading dichotomy.  A 

tomato defensin has been found to show evidence of bifunctionality, acting both 

to regulate development and to confer disease resistance (Stotz et al., 2009b). 
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Despite great progress toward creating gene expression atlases for 

Arabidopsis (Schmid et al., 2005) and Medicago (Benedito et al., 2008), 

expression data for DEFL genes are far from comprehensive in either species.  

This is because standard Affymetrix arrays, utilized to construct gene atlas 

projects, contain only 12% (in the case of the Arabidopsis ATH1 array) and 50% 

(in the case of the Medicago genome array) of known DEFL genes (Silverstein, 

unpublished).  Until whole genome tiling arrays or de novo next-generation 

transcript sequencing data are more widely available and cost-effective, it may 

be difficult to ascertain comprehensive expression patterns of DEFL genes as a 

family, and to determine whether DEFL functions are conserved or divergent 

among angiosperms.   

To address this gap, we have designed a custom Affymetrix microarray 

(here after called the AtMtDEFL array) with known and predicted Arabidopsis and 

Medicago DEFL genes, and the closely related maternally expressed gene family 

(MEGs; Gutierrez-Marcos et al., 2004; Silverstein et al., 2007).  The custom array 

was utilized for hybridizations of mRNAs from a wide range of conditions from 

both species, enabling a comparative analysis in the two model plant species.  

The custom chip analysis of DEFL transcript accumulation provided the first 

expression evidence for many of the recently identified DEFLs, and indicated 

both common and unique patterns of expression between the two plant species.   

 

Results  
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Development of the custom AtMt DEFL array and robust normalization 

methods .  

 The AtMtDEFL array was commissioned from Affymetrix in March 2007 

and includes one probe set each for all 317 Arabidopsis DEFLs, and 684 

previously identified Medicago DEFLs (Silverstein et al., 2007), plus additional 

marker genes.  The array also contains 401 probe sets (229 and 172 from 

Arabidopsis and Medicago, respectively) with invariant levels of expression 

(hereafter called invariant genes), to aid normalization of data.  All probe sets 

were represented by 11 Perfect Match (PM) and 11 Mis Match (MM) probes, and 

82% of Arabidopsis and 52% of Medicago DEFL probe sets do not cross-

hybridize to other genes.  Probe sets were interspersed on the custom array, 

although chip descriptions and library files (cdfs) were created separately for the 

two species by Affymetrix, with the intent that chip hybridizations and microarray 

data analyses would be performed for only one plant species at a time.   

 Although Robust Multi-array Average (RMA; Irizarry et al., 2003) has been 

frequently applied to genome-wide Affymetrix arrays, the primary assumption that 

the distribution of probes responding in each quantile level of expression is 

similar across experiments has not been met by the expression data for the 

DEFL family of genes on our custom array (Supplemental Figure 2-S1).  

Distribution plots of the raw signal intensity data were clearly skewed to much 

higher signal intensity levels in Arabidopsis siliques and especially inflorescences 

than they are in leaves and roots.  If we attempted to apply RMA globally across 

AtDEFL custom arrays (the subset of the AtMtDEFL array made up of probe sets 
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corresponding to Arabidopsis genes), these highly variable distribution plots 

would be coerced into an average distribution plot, which would significantly 

skew absolute expression values, and simultaneously normalize out real 

biological differential expression between arrays.  These caveats in the 

distribution of expression values often don't exist for genome-wide Affymetrix 

arrays such as the ATH1, because the sheer number and random nature of 

probe sets on these arrays tend not to show marked tissue- and condition- 

specific effects. Hence, the assumptions underlying RMA are not violated for 

such larger arrays as ATH1. 

The Affymetrix ATH1 and the custom AtDEFL arrays share probe sets for 

299 genes (171 invariants, 37 DEFLs, and 91 markers and other genes).  As a 

test for comparing microarray data normalization approaches described in the 

methods, we downloaded publicly available microarray data and carried out RMA 

normalization on 36 ATH1 datasets (Supplemental Figure 2-S2). The public data 

sets were chosen to include biological samples in which various common DEFLs 

were known to be differentially expressed (e.g., flowers, siliques, roots, leaves, 

seeds, stamens, stems, cotyledons, and seedlings).  Restricting our view to the 

subset of the 299 genes on the ATH1 array that were shared by our custom 

AtDEFL array, we sought a normalization method that, when applied only to 

these probe sets, achieved high correlation with the expression values obtained 

via RMA performed on the entire ATH1 array.   

 Figure 2-1  shows that the Stable-Based Quantile (SBQ, Sato et al., 

2007) method (see Methods and Materials for details) has an outstanding 
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correlation (Pearson R > 0.998) with RMA, even though it only includes 

expression data from the restricted set of DEFLs, invariants, and other genes 

common to the AtDEFL custom array.  Two other microarray data normalization 

methods we proposed, RMA with Invariant Median Scaling (RIMS) and RMA with 

Median Absent Probe set Scaling (RMAPS) (see Materials and Methods for 

details), also showed high correlation values of 0.992 and 0.998, respectively.  

Heatmaps of AtDEFLs, invariants, and additional genes produced by all four 

normalization methods examined are presented in Supplemental Figures 2-S3 to 

2-S5. 

Similarly, MtDEFL custom array (the Medicago subset of the AtMtDEFL 

array) raw probe set intensity distributions in nodules are highly skewed to higher 

intensities relative to uninoculated roots and other tissues and conditions 

examined (Supplemental Figure 2-S6).  We concluded that the assumption 

underlying quantile normalization across DEFL genes using the custom array 

does not apply.  The Affymetrix Medicago genome array and the custom MtDEFL 

array share probe sets for 565 genes (172 invariants, 370 DEFLs, and 23 

additional genes).  If we apply the SBQ, RMAPS and RIMS normalizations to the 

standard Affymetrix Medicago array, restricting the analysis to the 565 genes that 

are shared with the custom MtDEFL array, we again achieve outstanding 

correlation with the expression values obtained from RMA applied over all 61,000 

probe sets (Supplemental Figure 2-S7).  Again, SBQ shows the best 

concordance among the three normalization methods examined.  But all three 

methods have high correlation values (all with R>0.99).    
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We performed SBQ, RIMS, and RMAPS normalization on our custom 

AtDEFL chip for untreated roots, leaves, and inflorescences, and computed the 

correlation with data deposited at NCBI from similar Arabidopsis samples across 

the subset of shared genes on the two platforms.  We found that the AtDEFL 

custom arrays perform similarly to the Affymetrix ATH1 array.  All raw public data 

from NCBI was re-normalized using RMA prior to comparison.  SBQ correlations 

were outstanding (Figure 2-2), ranging from a low of R=0.93 for inflorescences to 

R=0.95 for roots. RIMS and RMAPS AtDEFL correlations with the ATH1 RMA 

datasets were nearly as good, each ranging from 0.93-0.94 and across these 

morphological structures.  Consequently, we used SBQ in the subsequent study. 

 

Many computationally predicted Arabidopsis DEFL family genes show 

constitutive and condition-specific expression patt erns.  

  Based on MAS5 detection call criteria (‘presence’ vs ‘absence’), a total of 

206 DEFLs (about 65%) could be regarded as expressed in one or more 

Arabidopsis organs examined (Figure 2-3A).  The number of expressed DEFLs 

ranged from 41 in roots to 170 in inflorescences.  We also observed the 

expression of 76 DEFLs in pathogen-infected leaves.  Approximately 36 DEFLs 

were expressed in all infected and healthy tissues and organs examined (Figure 

2-3A).  There were many DEFLs (approximately 36% of all DEFLs) with unique 

gene expression patterns, ranging from one uniquely expressed DEFL in 

seedlings (7- and 14-day-old) to 59 uniquely expressed DEFLs in inflorescences.    
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To further improve our information base on the number of Arabidopsis 

DEFLs for which we have gene expression evidence, we cross-referenced the 

list of our expressed DEFLs in the present study to that of two other sequencing 

based transcript profiling approaches: MPSS (Massively-Parallel Signature 

Sequences) database, and the Arabidopsis Gene Index (AGI) at the Dana Farber 

Cancer Institute (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb= 

arab). The Massively-Parallel Signature Sequences (MPSS) database 

(http://mpss.udel.edu/at/) is based on sequencing technology that captures very 

small sequence signature tags (17 bp and 20 bp) for expressed transcripts.  The 

AGI is a culmination of sequencing efforts involving a collection of several 

thousand expressed sequence tags.  From our comparison, the total number of 

DEFLs and Maternally Expressed Genes (MEGs) with evidence of expression in 

one or more organs and conditions has been increased to 255 genes (79% of the 

322 DEFLs and MEGs on the chip) (Figure 2-3B).  Of this total, the custom chip 

analysis provides new insights into gene expression profiles of 89 recently 

identified DEFLs previously lacking any evidence of expression. 

The SBQ-normalized signal intensity values of DEFLs collected from a 

variety of Arabidopsis organs, including healthy and pathogen-infected material, 

presented in Supplemental Table 2-1A, are schematically displayed as a heat 

map (Supplemental Figure 2-8).  From this figure, it is immediately apparent that 

a great majority of expressed DEFLs show very strong transcript abundance in 

inflorescences.  Interestingly, approximately 14 DEFLs, including a plant defensin 

(AT1G55010) and an S-locus cysteine-rich protein gene (SCR) (AT1G60989) 
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were expressed largely in seedlings and/or roots, either at much higher 

amplitude than in other Arabidopsis organs or in a seedling- and root-specific 

manner (Figure 2-4).   

 

Expression atlas of SCR, MEG and PDF gene families.  

  Gene expression patterns are known only for a small number of SCRs 

and MEGs, mainly because a great majority of the SCRs and MEGs were not 

represented on the Affymetrix ATH1 array.  Those SCRs and MEGs studied were 

shown to be expressed specifically in inflorescences and siliques, where they are 

expected to play reproductive regulatory roles (Vanoosthuyse et al., 2001; 

Gutierrez-Marcos et al., 2004).  Moreover, three of the classical PDFs (PDF1.2c, 

PDF1.3 and PDF1.5) were not present in the ATH1 array.  The custom array 

contains probe sets representing 28 SCRs, 15 MEGs and all 15 classical PDFs.  

We evaluated the tissue-specific and developmental regulated expression 

patterns of these DEFL gene families using the microarray data collected from 

several plant tissues and organs during normal physiological conditions and 

pathogen infected tissues.  It was found that only 20 SCRs were expressed in the 

organs and experimental conditions tested.  Except for AT1G60989, which 

showed enhanced expression in 21 days-old roots, the rest of the SCRs were 

expressed primarily in inflorescence tissues (Figure 2-5A).   Of the 15 MEGs on 

the custom chip, 10 were expressed in at least one of the tissues tested, 

although a great majority showed enhanced expression patterns primarily in 

inflorescence tissues (Figure 2-5B).   
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Cluster analysis revealed three main expression groups of co-regulated 

PDFs with distinct organ- and/or condition-specific expression patterns (Figure 2-

5C).  The first PDF expression cluster consisted of PDF1.5, PDF2.1, PDF2.2, 

PDF2.3 and PDF2.5 that showed up-regulated expression primarily in 

Arabidopsis seedlings and root tissues, but down regulated expression in 

pathogen infected tissues. The second PDF expression cluster comprised of 

PDF2.4, PDF2.6, PDF3.1 and PDF3.2 that showed upregulated expression in 

inflorescence tissues.  The third PDF expression cluster included those genes 

that showed significantly up-regulated expression patterns in pathogen infected 

leaves.  These group of classical defensins included PDF1.1, PDF1.2a-c, 

PDF1.3 and PDF1.4.   

 

Identification of fungal pathogen-responsive Arabid opsis  DEFLs. 

  In an attempt to identify pathogen-responsive DEFLs in Arabidopsis, 

wild-type Col-0 plants and a dde2-2 mutant in the Col-0 background were 

challenged with the necrotrophic fungal pathogen Alternaria brassicicola, the 

causal organism for early blight, and patterns of gene expression were studied in 

leaf samples collected 24 hpi.  Leaves from mock-inoculated plants were 

included for comparison.  DDE2-2 encodes the allene oxide synthase, which is 

essential for jasmonate biosynthesis (von Malek et al., 2002).  In agreement with 

previous findings (van Wees et al., 2003; AbuQamar et al., 2006), dde2-2 plants 

were found to be more susceptible to A. brassicicola than wild-type Col-0 plants 

(Supplemental Figure 2-S9).  The microarray data showed that a total of 21 
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genes including eight DEFLs and five PDFs were significantly (P<0.05) 

differential expressed (Table 2-1).  Of these, two DEFLs (AT3G05730 and 

AT2G43550) were significantly repressed 24 hpi with A. brassicicola inoculation, 

regardless of the plant genotype.  Transcript abundance of one DEFL 

(AT2G43530) was also significantly reduced by A. brassicicola  inoculation in the 

dde2-2 mutant, but not in the wildtype Col-0 (Table 2-1).  Differentially regulated 

genes include many known JA-dependent defense response genes such as 

PDF1.1/PDF1.2, PDF1.2a-c, and PDF1.3 (AT1G75830, AT5G44420, 

AT2G26020, AT5G44430, AT2G26010),a hevein-like protein precursor (HEL1) 

(AT3G04720), and a gene encoding basic chitinase (AT3G12500) whose 

transcript abundance in the dde2-2 mutant was not increased to the level of 

transcript accumulation in wildtype Col-0 plants (Table 2-1). 

 

DEFL expression patterns in Arabidopsis coincide with ba cterial pathogen 

recognition.  

 Two modes of pathogen recognition mechanisms are known in plants: 

recognition of molecular patterns (pathogen-associated molecular patterns, 

PAMPs, or microbe-associated molecular patterns, MAMPs) common in some 

plant pathogens, and recognition of certain effectors delivered inside the plant 

cell by the cognate resistance proteins.  The effector proteins (type III effectors) 

are said to interfere with host immune signaling.  Recognition by PAMPs and 

type III effectors by host plants leads to induction of PAMP-triggered immunity 

(PTI) and effector-triggered immunity (ETI), respectively. Gram-negative bacterial 
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pathogens, such as the hemibiotroph Pseudomonas syringae pv. tomato 

DC3000 (Pto DC3000), employ the type III secretion system to translocate 

effector proteins into the host cytoplasm.  The bacterial hrcC gene is an essential 

component of the type III secretion system, so inoculant bacteria with the hrcC 

mutation cannot deliver type III effectors into the host cytoplasm.  Therefore, the 

strain Pto DC3000 hrcC- can induce PAMP-triggered immunity (PTI) but cannot 

interfere with PTI, whereas the wild-type Pto DC3000 induces and interferes with 

PTI.  Consequently, Pto DC3000 reproduces well in the wild-type Col-0, but Pto 

DC3000 hrcC- cannot.  On the other hand, the Pto DC3000 AvrRpt2 bacterial 

strain induces effector-triggered immunity (ETI) as the wild-type Col-0 plants 

expresses the resistance protein RPS2, which recognizes the type III effector 

AvrRpt2 gene.  In this study, leaves collected at 3 and 9 hpi with bacterial strains 

Pto DC3000, Pto DC3000 AvrRpt2, and Pto DC3000 hrcC- were used to study 

gene expression responses in wild-type Col-0.  At 3 hpi, six PDFs and 12 DEFLs 

were significantly (P<0.05) differentially regulated among the three 

Pseudomonas bacterial strains used, although the number of significantly 

(P<0.05) differentially regulated genes was increased to 8 PDFs and 29 DEFLs 

at 9 hpi (Table 2-2).  All but two genes that were differentially regulated at 3 hpi 

were also differentially regulated at 9 hpi.  Pto DC3000-induced genes at 9 hpi 

included six PDFs and 13 DEFLs, and Pto DC3000 repressed genes included 

two PDFs and 16 DEFLs (Table 2-2).    

We expected that transcript accumulation of PTI- and ETI-responsive 

genes in plants inoculated with Pto DC3000 hrcC- and Pto DC3000 AvrRpt2 



26 

 

strains would not be expressed to a similar degree as in plants inoculated with 

wildtype Pto DC3000.  By this criterion, a novel DEFL (AT5G43285), five 

classical defensins PDF1.2a-c, PDF1.3 and PDF1.4 (AT5G44420, AT2G26020, 

AT5G44430, AT2G26010 & AT1G19610), and several other genes including a 

hevein-like protein (HEL/PR-4)(AT3G04720), and two high-affinity nitrate 

transporters (AT3g45060, AT1G08090) could be considered as MAMP-

responsive genes.   Genes that showed evidence of ETI-response expression 

patterns (gene-for-gene interactions) included two DEFLs (AT3G61185, 

AT5G4687) , a single PDF (AT1G75830), as well as genes encoding PR-3 

(AT3G12500), PR-1 (AT2G14610), 4CL (AT3G21230) and a MYB108 

transcription factor (AT3G06490) (Table 2-2). 

 

Co-expression analysis with known markers for defen se signaling 

pathways verified expression patterns of pathogen-r esponsive  DEFLs:  

  We extended our analysis of the Arabidopsis custom microarray data 

for co-expression patterns using three marker genes for host defense response.  

Genes used for the co-expression analysis include PDF1.2a (AT5G44420), 

which is a marker for host defense via the JA-mediated pathway (Glazebrook, 

2005; Penninckx et al., 1998), coronatine-insensitive 1 (COI1, AT2G39940), also 

known to be induced by methyl jasmonate (Lorenzo and Solano, 2005), as well 

as the MAMPs-inducible gene, FLG22-inducible receptor-like kinase 1(FRK1; 

AT2G19190), which is implicated in early defense signaling associated with the 

perception of flagellin (Asai et al., 2002).  Our analysis identified 16 genes 
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including four DEFLs that showed co-regulated (R2 >0.7) expression patterns 

with the FRK1 gene (Figure 2-6A).  Other co-regulated genes with FRK1 

included PR-1 (AT2G14610/AT1G64280), PR-5 (AT1G75040), APX 

(AT1G07890), β-glucanase (AT3G57260), and glycerol kinase (AT1G80460).  

 We also identified two DEFLs (AT2G16367/AT5G18407), and four PDFs 

(AT1G19610, AT2G26010, AT2G26020, AT5G44430) that showed co-regulated 

(r2 >0.7) expression patterns with PDF1.2a and/or COI1 (Figure 2-6B).  Except 

for AT2G16367, transcript abundance of the remaining co-regulated DEFLs and 

other genes was already shown to be significantly regulated by Pseudomonas 

and/or A. brassiciocola inoculations in our study (Tables 2-1 and 2-2).   

 

RT-PCR validation of microarray data.  

  We employed quantitative reverse-transcription polymerase chain 

reaction (qRT-PCR) to verify the DEFL microarray data trends that were 

collected from several Arabidopsis tissues and pathogen challenged leaves.  

First we needed to identify suitable reference genes that show constant 

expression levels for qRT-PCR analysis of gene expression data.  We initially 

identified four candidates as potential reference genes as described in Materials 

and Methods.  We then validated the gene expression stability of these selected 

genes by qRT-PCR assay.  Gene expression stability analysis of these four 

genes using the average threshold cycle (Ct) from the qRT-PCR assays showed 

that any one of these four is equally good (Supplemental Figure 2-S10).   

Although all four Arabidopsis genes can be equally used as internal control 
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genes by RT-PCR analysis of gene expression patterns, we chose to use two 

genes, Metallothionein 2B (AT5G02380) and Yellow-leaf-specific gene 8 

(AT5G08290) as reference genes for follow up with qPCR validation of our 

microarray data.   

In an effort to validate our microarray data, we chose ten Arabidopsis 

DEFLs as reference points for validation of organ- and/or condition-specific gene 

expression patterns.  As shown in Supplemental Table 2-S2, fold- change values 

among selected morphological structures and conditions obtained via RT-qPCR 

were most quantitatively consistent with tissue-specific and/or condition-

enhanced expression patterns obtained with the SBQ normalized custom array 

data.  In most cases however, fold changes obtained by custom array data were 

much smaller in amplitude than those obtained via qRT-PCR, as commonly 

reported in the literature. 

 

MtDEFLs are categorized based on their tissue- and condition -specific 

expression patterns 

 In order to survey the expression profiles of 684 DEFLs in M. truncatula 

genotype A17, we screened different parts of the plant and various treatments 

with pathogens and its symbiotic partners using the custom AtMtDEFL chip. The 

SBQ-normalized signal intensity values for the various Medicago developmental 

and microbe challenged tissues are schematically displayed as a heatmap 

(Supplemental Figure 2-S11).  It is immediately apparent that a great majority of 

DEFLs show very strong gene expression in root nodules and seeds. 
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Approximately 79% of the total MtDEFLs on the custom chip were expressed in 

microbe-associated tissues. Based on MAS5 gene expression detection call 

criteria, a total of 176 MtDEFLs (26% of the MtDEFLs on the custom chip) were 

expressed in one or more Medicago organs and tissues that comprised of 

germinating seeds, leaves, stems, flower buds, opened flowers, immature seeds 

and whole roots of uninfected and/or uninoculated (supplied with artificial 

fertilizers as needed) from plants grown under normal conditions (Figure 2-7).  

The number of expressed Medicago DEFLs (MtDEFLs) ranged from 19 in stems 

to 103 in seeds. Approximately 40 MtDEFLs were expressed in all vegetative, 

reproductive and microbe-infected tissues (Figure 2-7). Interestingly, 52 

MtDEFLs were uniquely expressed in Medicago seeds, where as only three 

MtDEFLs (MtgAC142396_38300,MtgCU302334_101329, MtgAC149130_78022) 

were specifically expressed in flower buds and flowers. 

 

Expression of DEFLs in symbiotic tissues of Medicago 

To study the MtDEFL gene expression during symbiotic interactions of M. 

truncatula A17 with arbuscular mycorrhizal (AM) fungus and root nodule forming 

soil bacteria, we selected the vastly studied species Glomus intraradices and 

Sinorhizobium meliloti Sm1021 strain respectively in Medicago-symbiont 

interactions. For AM symbiosis, Glomus intraradices colonized roots (Myc+) were 

collected at 28 dpi which is a substantially infected stage, a total of 44 DEFLs 

were found to be expressed in Myc+ roots.  For statistical analysis of gene 

expression during AM symbiosis, signal intensity values in Myc+ colonized roots 
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were compared with signal intensity values with non-mycorrhizal control roots 

(Myc−).  Twelve MtDEFLs were significantly (P<0.05) differentially regulated 

between Myc+ and Myc- control roots, and all but one of the differentially 

regulated MtDEFLs was significantly upregulated in Myc+ roots compared to 

Myc- roots (Supplemental Table 2-S3).  With regard to unique expression 

patterns, there were 11 MtDEFLs that were expressed uniquely in Myc+ roots.  

Our preliminary analyses of data from Bendito 2008 et al., showed that 

majority of DEFLs in nodules are expressed at 14 dpi. As expected, a great 

majority (77%) of the DEFLs on the custom chip were found to be expressed in 

root nodules formed by Sinorhizobium meliloti Sm1021 strain at 14 dpi.  

Statistical analysis of SBQ normalized data revealed that 517 MtDEFLs were 

significantly (P<0.05) differentially regulated between nitrogen-fixing root nodules 

and uninoculated root controls of similar age (Supplemental Table 2-S4).   

 

MtDEFL gene expression during pathogenic microbial interac tions  

   Colletotrichum trifolii, a foliar pathogen and a root pathogen, Phytophthora 

medicaginis, are the common pathogens associated with Medicago 

pathogenesis. We investigated DEFL expression patterns during their 

interactions with Medicago.  The fungal pathogen C. trifolii is a causal organism 

for athracnose in many plant species, including alfalfa (Barnes et al., 1969).   

However, M. truncatula genotype A17 displays a rapid hypersensitive response 

(HR) at 12-24 h after inoculation with C. trifolii and is thus highly resistant 

(Torregrosa et al., 2004). In an effort to identify MtDEFLs whose expression is 
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coincident with the HR response, the custom AtMtDEFL array was used to 

evaluate gene expression patterns at 24 hpi with C. trifolii race 1 of M. truncatula 

A17.   Approximately 36 MtDEFLs were detected in infected leaves of Medicago 

in response to C. trifolii inoculation, although only four DEFLs were found to be 

significantly (P<0.05) differentially regulated between C. trifolii inoculated and 

mock-inoculated leaf samples (Supplemental Table 2-S5). 

M. truncatula A17 is moderately susceptible to P. medicaginis. Lesions are 

typically small, occurring about 5 dpi, and don't kill the plant but will stunt it 

(Samac, unpublished). Our preliminary timeline quantitative PCR results 

indicated the highest significant differential expression of two antimicrobial 

peptide genes (TLP and PR1) at 4 dpi during M. truncatula and P. medicaginis 

interaction. Further investigations of MtDEFL expression using AtMtDEFL array 

revealed approximately 41 MtDEFLs to be expressed in infected root segments 

of Medicago in response to Phytophthora inoculation.  Eight DEFLs were 

(P<0.05) significantly differentially regulated between Phytophthora inoculated 

and mock inoculated root tissues at 4 dpi. 

Discussion 

 
The DEFL array’s design is robust and accurate for expressi on profiling of 
DEFLs in Arabidopsis and Medicago 
  

We designed an Affymetrix custom chip for DEFL gene transcript analysis 

in two model plant species, A. thaliana and M. truncatula, in a variety of organs 

and developmental stages, and during symbiotic and pathogenic associations.  
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This custom array study provides expression evidence for 64% and 90% of the 

DEFLs identified in Arabidopsis and Medicago, respectively.  Various 

normalization methods were examined for analysis of the data, among all the 

methods explored, the SBQ method was found to be superior. 

 Microarray data normalization algorithms such as Affymetrix's MAS 5.0 

(Liu et al., 2002) or loess (Smyth and Speed, 2003) normalization require that the 

majority of genes show unchanged pattern of gene expression among the 

conditions under consideration, or at least that an equivalent proportion of genes 

are up- and down expressed.  Alternatively, Robust Multichip Average (RMA, 

Irizarry et al., 2003) and other quantile normalization based schemes (Bolstad et 

al., 2003) require that the density distribution of intensities is at least qualitatively 

similar across samples.  These essential probe intensity distribution assumptions 

for microarray data are clearly violated when boutique arrays such as the custom 

AtMtDEFL chip used in this study.  For example, we have observed more than 

five hundred Medicago DEFLs to be expressed in nitrogen-fixing nodules, yet 

only a handful were detectable in control uninoculated roots.  These extreme 

expression patterns pose a challenge to typical microarray data normalization 

algorithms used routinely (Wilson et al., 2003; Sato et al., 2007).  Hence we have 

included more than 170 invariant genes for each plant species to aid in the 

microarray normalization steps, plus numerous condition-specific marker genes 

to serve as positive controls. Wilson et al. (2003) proposed that such boutique 

arrays should include a set of invariant housekeeping genes for accurate data 

normalization purposes.  Ideally, invariant genes should be chosen such that the 
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full range of observed expression levels for the genes of interest is uniformly 

covered.  Wilson et al. (2003) removed intensity-dependent nonlinear trends in 

the data by applying loess normalization to the invariant genes, and then 

transforming the variable genes of interest by interpolating from the flanking 

invariant genes.  Genes whose expression fell outside the invariant genes range 

could be normalized via linear extrapolations off the lower and upper edges in the 

transformation curves.  Sato et al. (2007) also used a similar approach for their 

mini-array, the Stable-gene's Based Quantile (SBQ) normalization uses a 

quantile normalization scheme in place of the loess normalization used by Wilson 

et al. (2003).  In this study, we have shown that the SBQ method performs 

superbly, closely mirroring the expression values that RMA produces (when the 

latter is used with sufficient additional genes to avoid violation of its central 

assumption of similar intensity distribution across conditions).   

Two additional normalizations were examined: RIMS and RMAPS.  Both 

of these methods perform standard RMA separately within biological replicates, 

and then scale the values obtained between these independently normalized 

sets differently.  RIMS scales each biological replicate set using the median 

expression value of the set of ~170 invariant genes.  RMAPS uses the median 

expression value of the set of genes that are “Absent” (MAS 5.0, Liu et el., 2002) 

across all conditions in the study.  SBQ proved to be superior to both these 

methods, but not by a large margin.  Also, both RIMS and RMAPS have the 

significant drawback that they artificially reduce the within biological-group 

variance, and correspondingly accentuate the between-group variance.  Hence if 
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accurate differential expression between groups is sought, use of these methods 

should be discouraged.  

 

A small set of DEFLs are pathogen-responsive in both the model systems  

 We earlier reported that DEFLs generally share common features in their 

gene structure and genomic organization to defensins, which make up one sub-

family within DEFLS (Graham et al., 2004; Silverstein et al., 2005).  If some 

additional sub-families of DEFLs have antimicrobial activity as do the defensins, 

we would expect DEFLs would be up-regulated in response to pathogens.  To 

examine this hypothesis, we profiled the expression of DEFLs across various 

mutants of pathogens and plants across different time points in Arabidopsis and 

a few selected pathogen treatments in Medicago. In Medicago, very few DEFLs 

were expressed in roots and leaves when they were infected with Phytophthora 

and Colletotrichum pathogens respectively.  

In Arabidopsis, a few novel DEFLs were found to be expressed in 

pathogen-infected tissues. Through co-expression analysis with known marker 

genes for early defense signalling and JA-mediated host response, we also 

identified additional pathogen-responsive Arabidopsis DEFLs.  Plants activate 

several mechanisms of defense responses upon recognition of invading 

pathogens.  Several classical defensins with demonstrated protease inhibitory or 

microbicidal activity have been shown to be induced by pathogens via jasmonate 

signalling pathway (Penninckx et al., 1998; Thomma and Broekaer, 1998; 

Glazebrook, 2005).  Of the 15 plant defensins previously described, PDF1.1, 
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PDF1.2a-c, PDF1.3 and PDF1.4 are induced by pathogens and showed co-

regulated expression patterns across a variety of morphological structures and 

pathogen infected leaves.   Transcript abundance of PDF2.1, PDF2.2, PDF2.3 & 

PDF2.5 were down-regulated by pathogen infections, but showed higher 

transcript abundance in seedlings, roots and inflorescence tissues.  These 

expression trends of classical DEFLs were consistent with previous reports that 

showed the upregulated expression of PDF1.2 by infection with A. brassicicola, 

while PDF2.2 was down-regulated by the same pathogen (Thomma and 

Broekaer, 1998).   

Plant resistance against necrotrophic pathogens such as Botrytis cinerea 

and A. brassicicola appears to be related to the JA-mediated signalling, leading 

to the activation of pathogenesis-related (PR) genes including classical plant 

defensins (van Wees et al., 2003; AbuQamar et al., 2006).  The use of the dde2-

2 mutant with impaired JA synthesis and increased susceptibility to the 

nectrophic fungus in our analysis is expected to provide baseline data concerning 

the transcriptional regulation of DEFLs in defense responses and allow us to 

identify those DEFLs that may show co-expressed patterns of gene expression 

with known JA marker genes. Our microarray results, based on the dde2-2 

mutant challenged with A. brassicicola infection that invokes the JA-mediated 

defense response, as well as co-expression analysis with known marker genes 

for the JA-mediated pathway are highly suggestive that a few novel and classical 

DEFLs are induced via JA-mediated signalling. In fact PDF1.2a-c (At5g44420/ 

At5g44430/At2g26020), are commonly used marker genes for jasmonate 
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signalling mediated host defense.  Interestingly, our list of interesting genes 

included HEL1 (AT3G04720) and COR1 (AT1G19670) that are commonly used 

marker gene transcripts for jasmonate signalling mediated host defense.  The 

fact that these DEFLs and PDFs were found to be coregulated with two of the 

known JA-signalling marker genes (PDF1.2a & COR1) used in our analysis 

suggested that a few of the novel DEFLs are putatively involved in plant defense 

and their expression is related to genes associated with JA-signalling defense 

pathway.  Nevertheless, future experiments using several Arabidopsis mutants 

including the JA signalling mutant coi1 and ET signalling mutant ein2 should help 

clarify the role of DEFLs in JA mediated host defense. 

Complex transcriptional reprogramming involving a large number of genes 

has been shown to be involved during PTI and ETI.  The Pto DC3000 used in 

this study causes necrotic lesions that are often surrounded by chlorotic halos in 

susceptible tomato and Arabidopsis plants (Katagiri et al., 2002). We also used 

two Pto DC3000 virulence mutants to characterize DEFL transcriptional 

responses as proxy to PTI and ETI.  In total, our global AtDEFL gene expression 

analysis identified 37 Arabidopsis DEFLs that are differentially regulated in 

response to bacterial pathogen inoculations.  We also found that considerably 

more DEFLs were responsive to Pseudomonas treatments at 9 hpi compared to 

either 3 hpi with Pseudomonas treatments or 24 hpi with Alternaria inoculation.  

Our microarray data suggested that several novel and classical DEFLs may be 

important in PTI and/or ETI.  Furthermore, co-expression analysis using the 

MAMPs induced marker gene, FLK1, suggested that the expression of up to nine 
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DEFLs may be related to early defense signaling to a hemibiotrophic pathogen.  

Identification and characterization of pathogen-responsive DEFLs provide a 

molecular signature for Arabidopsis basal defense to plant pathogenic bacteria. 

 

The other putative roles of DEFLs in reproductive regulation and symbiotic 

microbial associations  

  Since only small subsets of DEFLs are expressed in pathogen treatments, 

we hypothesize that DEFLs have additional/ alternative functions in both 

Arabidopsis and Medicago. Among our various treatments, it is seen that the 

Arabidopsis DEFLs are primarily expressed in inflorescensces which is 

consistent with earlier observations of previously known DEFLs (Meyers et al., 

2004; Silverstein et al. 2007; Jones-Rhoades et al., 2007). More than 100 DEFLs 

are specifically expressed in flower buds and/or siliques. Some of the DEFLs 

were shown to be expressed solely in siliques (Meyers et al., 2004) or ovules 

(Jones-Rhodes et al., 2007) detected via MPSS or whole-genome tiling arrays. 

The recent findings in Torenia fournieri (Okuda et al., 2009), and the specific 

expression of Arabidopsis DEFLs in synergid cells that were found to be the 

origin of pollen tube attractants in that species, suggest that some of the 

Arabidopisis DEFLs are likely to be pollen-tube attractants (Dresselhaus and 

Marton, 2009).  

Highly polymorphic, rapidly evolving endogenous peptides such as DEFLs 

serve as ideal molecular signals, especially in the area of reproductive regulation.  

DEFLs have been co-opted for the purpose of preventing self-pollination in 
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Brassicacae (Shiba et al., 2002), in which the defensin-like SP11 (a.k.a. SCR) 

was shown to bind to the S-locus receptor kinase to initiate a cascade of events 

that leads to self-pollen rejection.  DEFLs have also been co-opted to erect 

species barriers.  In Torenia, a pair of DEFLs has been shown to serve as the 

elusive molecular signal exuded from the female gametophyte that attracts pollen 

tubes to the embryo sac (Okuda et al., 2009).  These peptide chemoattractants 

have no effect on pollen tubes from other species.  Interestingly, in mammalian 

systems, DEFLs have been shown to erect species barriers as well (Zhou et al., 

2004).  We are currently carrying out GeneChip hybridization experiments 

involving wild type and mutant Arabidopsis ovules, along with various stages of 

embryos, on the AtDEFL custom array to further characterize and document the 

diversity of reproductive-specific DEFL expression. 

From our custom chip analysis and previous in silico analysis of Medicago 

ESTs have shown that large numbers of Medicago DEFLs are expressed almost 

exclusively in nitrogen-fixing nodules (Mergaert et al., 2003; Graham et al., 

2004).Recently, it has been reported for a few DEFLs found in nodules (called 

nodule-specific cysteine-rich (NCR) peptides in that study), that some nodule 

DEFL peptides similar to some defensins, triggered membrane modifications and 

inhibited cytokinesis in bacteria (Van de Velde et al., 2010). In addition, ectopic 

expression of these peptides in legume species lacking these peptides and 

cultured rhizobia triggered terminal differentiation. Based on these findings and 

additional reports of fungal hyphae branching on application of defensin peptides 

(Spelbrink et al., 2004), it may be speculated that the DEFLs might induce similar 
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changes in mycorrhizal hyphae growth.To further characterize the nodule DEFLs, 

we are conducting in-depth examinations of the expression patterns of nodule 

DEFLs using different symbiotic bacterial mutants and developmentally arrested 

nodules. 

 

The custom AtMt DEFL array reveals comprehensive and specific spatio-

temporal patterns of DEFL gene expression that differ markedly between 

the two model plant species 

 Our study revealed that DEFL expression in Arabidopsis and Medicago 

plants is highly condition specific, with subgroups of DEFLs expressed in 

different morphological structures or conditions. The patterns of DEFLs 

expression revealed notable differences in DEFL expression specificity in the two 

model plant species. Arabidopsis and Medicago are the sister clades within the 

dicot subclass Rosidae. Medicago belongs to the Fabaceae or legume species 

family and lacks an extensive genomic macrosynteny with Arabidopsis, 

especially the gene families involved in symbiotic nitrogen fixation lack homologs 

in Arabidopsis (Zhu et al., 2003). Our earlier in silico genomic analysis of the two 

species revealed that the majority of DEFLs are present in the reproductive parts 

of Arabidopsis and additionally in nodules in Medicago (Graham et al., 2004; 

Silverstein et al., 2005). As per our predictions, the microarray results reveal that 

most Arabidopsis DEFLs were expressed in inflorescences before anthesis, 

whereas in Medicago, majority is expressed in the nitrogen fixing nodules. It is 

surprising to see that in Medicago only a single DEFL was expressed in flower 



40 

 

buds or open flowers.  A modest-sized subset (14 DEFLs) of AtDEFLs were 

specifically expressed or exhibit enhanced expression in roots, yet similar root-

specific or root-enhanced DEFLs were absent from Medicago. Another subset of 

DEFLs was specifically elicited in roots that have been colonized by mycorrhizal 

fungi, yet this type of symbiotic association is non-existent in Arabidopsis.  The 

one commonality across both species was the large number of DEFLs expressed 

in seeds of Arabidopsis and Medicago. These results raise an intriguing question 

about the evolution of DEFLs in dicots and their diverse functions. As discussed 

above, one of the functions of Arabidopsis DEFLs in inflorescences might be to 

prevent self pollination. It can be hypothesized that in Medicago, a self pollinating 

plant, the DEFLs were lost from the flowers and a novel set of DEFLs appeared 

in the nodules. 

In conclusion, our custom chip provides a rich source of information on the 

expression patterns of the large family of DEFLs in the two model systems. 

Further studies on the sub families found in Arabidopsis and Medicago using 

reverse genetic tools will be useful in understanding the diverse functional roles 

of DEFLs.  Additionally, comparative genomic studies will add a new perspective 

on the evolution of this interesting gene family among dicots.  

 

Materials and Methods 

AtMt DEFL array design features and description 

 The AtMtDEFL array includes one probe set each for all 317 Arabidopsis 

DEFLs and 15 DEFL-related Maternally Expressed Gene (MEG) family members 
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(Gutierrez-Marcos et al., 2004; Silverstein et al., 2007).  It also includes 684 

probe sets (some probe sets exactly matched an entire subfamily of related 

DEFLs) representing all 756 Medicago DEFL genes that are not pseudogenes 

previously identified (Silverstein et al., 2007).  The custom chip also includes 

probe sets of 31 Arabidopsis genes to serve as markers for expression in 

particular morphological structures and/or biological processes (e.g., 

pathogenesis-related proteins PR-1 through PR-5; ABI1; EIN2; seed- and floral-

specific genes).  There were also 23 Medicago probe sets that were expected to 

be specific to seeds, other morphological structures, or to pathogen induction, 

based on the MtDB2 query interface (Lamblin et al., 2003).  In addition, the 

custom chip included 171 probe sets directly from the Arabidopsis ATH1 array, 

which we have designated as ‘invariant genes’.  These probe sets were chosen 

because they had a coefficient of variance (cv) of less than 10% across a 

collection of more than 5,000 AtGeneExpress array hybridizations 

(http://arabidopsis.org/info/expression/ATGenExpress.jsp). 

  Similarly, 172 invariant probe sets were taken directly from the Affymetrix   

Medicago Genome Array, because they showed less than 10% cv across more 

than 100 GenChip hybridizations (He et al., 2009).  Beyond these core invariants, 

60 Arabidopsis probe sets were also included that had less than 3% cv across 

select tissue subsets.  However, 20 Medicago invariant probe sets, chosen 

based on the sparse set of experimental conditions available at the time of 

custom chip design (March, 2007), failed the 10% cv threshold when their 

expression profiles were re-analyzed against the 100 Medicago hybridizations 
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available after the custom chip was produced.  Probe sets for marker genes and 

invariant genes were designed exactly the same way as they appeared on the 

standard Affymetrix ATH1 and Medicago Genome arrays.   

 Probe sets from the two species are interspersed on the array although 

separate chip description files (cdfs) were created at Affymetrix with the intent 

that hybridization and analysis of the array would be performed using only one 

species at a time.  All probe sets were represented by 11 perfect match (PM) and 

11 single mismatch (MM) probes, as was typical of Affymetrix array designs.  In 

general, cross-hybridizing probe sets are designated with '_x_at' suffixes at 

Affymetrix, and one should exercise caution with the expression values of these 

probe sets.   

Arabidopsis plant material and growth conditions 

Arabidopsis thaliana (L.)  Columbia (Col-0) and dde2-2 line (AT5G42650) 

in the Col-0 background (von Malek et al. 2002) were used in this study.   Seeds 

were imbibed and stored at 4oC for 3 days before planting in an appropriate 

growth medium.  Arabidopsis plants used for harvesting inflorescences (-2,-1 and 

0 dp anthesis), siliques, and pathogen-treated leaves were grown in SUNGRO 

sunshine potting mix (SUNGRO Horticulture, Pine Bluff, AZ).  For harvesting root 

tissues, Arabidopsis plants were grown in vermiculite (SUNGRO Horticulture).  

Seeds for seedling tissue harvest were sterilized by treating with 10% (v/v) 

bleach for 20 min, rinsed in sterile water several times and kept at 4oC for 3 days 

before planting on rectangular plastic plates containing 1x Murashige and Skoog 

salt mixture supplemented with 1% sucrose in 1% agar.  Plates were kept vertical 
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in a growth chamber and seedlings were collected 7 and 14 days after sowing.  

All Arabidopsis experiments were conducted in growth chambers set at light 

intensity of approximately 170 µmol m-2 s-1, temperature of 22º C, with a 12-h 

photoperiod.  Plants were watered with tap water as needed.  Three biological 

replicates were produced for each treatment. 

Pathogen infection of Arabidopsis plants 

 Alternaria brassicicola strain ATCC96866 was cultured on 0.5X potato 

dextrose agar (PDA) at 22 oC.  Spores were harvested from 10-day-old PDA 

plates by washing with water and filtering through four layers of cheesecloth. 

Spore concentrations were determined using a hemocytometer.  For pathogen 

challenge, leaves of 21-day-old Arabidopsis plants were inoculated with A. 

brassicicola spores according to Nafisi et al. (2007).  Briefly, the third, fourth, and 

fifth true leaves of each plant were inoculated for monitoring disease symptoms 

as well as for microarray analysis of DEFL gene expression.  The three 

inoculated leaves from each plant were collected and bulked for RNA isolation.  

The mock-control plants were treated in a similar manner with sterile water 

containing 0.02% Tween-20 used as inoculum.  Leaf samples were collected 24 

h after inoculation and were immediately frozen in liquid nitrogen for storage at   

-80 ° C until needed for total RNA extraction.  

 For experiments with bacterial pathogens, virulent Pseudomonas syringae 

pv. tomato DC3000 (Pto DC3000), a derivative of Pto DC3000 lacking hrcC (Pto 

DC3000 hrcC-, an avirulent strain), and Pto DC3000 carrying AvrRpt2 (Pto 

DC300 AvrRpt2) were cultured as described previously (Glazebrook and 
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Ausubel, 1994; Wang et al., 2008; 2009).  Four- week- old Arabidopsis plants 

were inoculated with bacterial strains essentially as described before (Wang et 

al., 2008).  Control plants were mock-inoculated with 5 mM MgSO4.  Leaves were 

collected 3 and 9 h after bacterial inoculations, and were immediately frozen in 

liquid nitrogen for storage at -80°C until needed fo r total RNA extraction.  

Medicago plant culture and tissue harvest  

Seeds of Medicago truncatula genotype A17 were sterilized and 

germinated as described previously (Lohar et al. 2006).  Unless indicated 

otherwise, Medicago plants were grown from 24 h germinated seedlings 

transplanted in 6 inch pots containing an equal mixture of Turface (Profile 

Products LLC, Buffalo Grove, IL) and metro mix (SUNGRO - 200 series) and 

fertilized with Osmocot PLUS (15-9-12).  All Medicago experiments were 

conducted in controlled growth chambers set at 16 h light / 8 h day, 25-21oC, 

200-300 µmol m-2 s-1 and 50% relative humidity.  All Medicago tissues and 

organs were collected from three biological replicates, with samples collected 

and pooled from multiple plants in each replicate.  Plant samples were 

immediately frozen in liquid nitrogen during harvest and were stored at -80o C for 

subsequent RNA extraction. 

Medicago flower buds that were 6-8 mm in size (measured from the base 

of the bud excluding the petiole to the tip of the sepals), tightly closed, and whose 

petals had not emerged beyond the sepals were collected from 80-day-old 

plants. For flower samples, closed flowers (with petals bigger than the sepals) 

and open flowers were harvested from 80-day-old plants and pooled. For seed 
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samples, flowers were tagged on the date of opening as described by Wang and 

Gussak (2005), and a pool of seeds were collected 10-21 days after pollination 

(dap) from 98 day old plants.  Seedlings, with radicles 8 – 12 mm long, were 

collected at 24 h post-germination.  Stem segments, consisting of the 5th and 6th 

internodes from the shoot apex were collected, from 8-week- old Medicago 

plants as described (Tesfaye et al. 2009). 

To obtain nodule tissues, plants were grown on sterile plates (Corning 245 

mm x 245 mm dishes) containing buffered nodulation medium (BNM; Ehrhardt et 

al., 1992), pH 6.5, 1.2% agar (Plant Tissue culture grade, Sigma).  The radicles 

of sterile germinated seeds were placed on a moist, sterile germinating paper 

and wrapped with a sterile black cotton cloth (Cotton Club Black, 

#074300603820, Wal Mart).  Plates were maintained vertically in a growth 

chamber as described above.  At 5 d after planting, plants were inoculated with 

100 µL/root of a washed suspension of Sinorhizobium meliloti  Sm1021 (Meade 

et al., 1982) [OD600] = 0.05 in sterile water.  Control plants were mock-

inoculated with 100 µL/root of sterile water.  At 14 dpi, approximately 5 cm-long, 

nodule-bearing root segments were harvested from inoculated plants.  At the 

same time, control roots consisting of approximately 5-cm root segments 

corresponding to the regions harvested for 14 dpi nodules were collected from 

mock-inoculated plants.  Root tips were removed from all plants at the time of 

harvest to reduce transcript contribution from the RNA-rich, root meristematic 

cells. 
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For mycorrhizal roots, germinated seedlings were transplanted into 

Turface (Profile Products LLC), and were grown in growth chambers.  Glomus 

intraradices spores were prepared from plates as previously described (St-

Arnaud et al., 1996).  Twenty-one-day-old plants were inoculated with 1,000 G. 

intraradices spores per plant as described previously (Liu et al., 2003).  Control 

plants were mock-inoculated with distilled water.  At 28 dpi, mycorrhizal roots 

without the root tip were harvested and immediately frozen in liquid nitrogen.  

Roots of mock-inoculated plants were similarly harvested.  Throughout the 

experiment, Medicago plants were fertilized with 100 mL/pot of ½ strength 

Hoagland solutions with 1x nitrogen, as needed. 

For Phytophthora-infected roots, germinated seeds were placed in CYG 

seed germination pouches, (Mega International, West St. Paul, MN), with six 

seedlings/pouch, and then placed in a growth chamber set at conditions as 

described above. After 5 days, each growth pouch was inoculated with 2 ml of 

inoculum consisting of comminuted mycelium from a 7-day-old culture of P. 

medicaginis M2019 grown on V8 agar (1 g culture/5 ml water) at room 

temperature.  For inoculum preparation, the agar with the mycellium was cut, 

weighed and homogenized in 0.5X weight distilled water using a blender.  

Control plants were mock-inoculated with 2 ml sterile water.  All plants were 

fertilized every 2 days with 2 ml per growth pouch of 5x Peter's Lite (10:10:10).  

At 4 dpi, infected hypocotyl and root segments were harvested from both the 

infected and mock inoculated plants. 
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For Colletotrichum-infected Medicago leaves, pre-germinated seeds were 

transplanted in pots containing an equal mixture of Turface (MVP) and metro mix 

(SUN GRO- 200 series), kept in growth chambers described above.   C.trifolii 

was cultivated on potato dextrose agar (Difco) plates to collect a spore 

suspension for inoculation.  The Colletotrichum spore suspension @106  /ml with 

a drop of Tween 20 was sprayed onto the leaves of 19 day old Medicago plants 

until run off.  Control plants were mock-inoculated by spraying leaves with sterile 

water containing a drop of Tween 20.  After 24 hours, leaves from pathogen-

inoculated or mock-inoculated plants were collected for RNA extraction. 

RNA extraction and GeneChip hybridization  

 Approximately 150 mg of Arabidopsis or Medicago tissue ground in liquid 

nitrogen was used for total RNA extraction.  Total RNA from Medicago seeds and 

germinating seedlings was extracted using the Spectrum Plant Total RNA Kit 

(Sigma) following the manufacturer’s instructions. Total RNA from Arabidopsis 

siliques was extracted using the hot phenol protocol. Total RNA from all other 

Arabidopsis and Medicago tissues was extracted using TRIZOL reagent 

(Invitrogen, Carlsbad, CA) following the manufacturer’s instructions.  During the 

RNA extraction, contaminating genomic DNA was removed by incubating 

samples with DNase TURBO™ DNA-free Kit following standard procedures 

suggested by the supplier (Applied Biosystems).  The integrity and quality of total 

RNA was verified using the Agilent 2100 Bioanalyzer RNA 6000 Nano LabChip 

(Agilent Technologies, Santa Clara, CA).  Ten micrograms of total RNA was used 

to produce biotin-labeled cRNA using Affymetrix kits following the manufacturer’s 
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suggested procedures for 1-cycle eukaryotic reactions, except for siliques 

(Affymetrix, Santa Clara, CA).  For Arabidopsis siliques, 100 ng of total RNA was 

labeled using the 2-cycle labeling procedure (Affymetrix). Ten micrograms of 

biotin-labeled cRNA, fragmented as suggested by Affymetrix, was hybridized to 

the AtMtDEFL custom Array.  The integrity and quality of labeled and fragmented 

biotin-labeled cRNA was verified using the Agilent 2100 Bioanalyzer RNA 6000 

Nano LabChip (Agilent Technologies). GeneChips were hybridized, washed, 

stained and scanned as previously described (Tesfaye et al. 2009). 

Microarray data normalization and analysis 

 Microarray normalizations and initial analyses were performed in R using 

custom scripts that made use of Bioconductor routines (Gentleman et al., 2004).  

All scripts are available upon request.  In addition to RMA (Irizarry et al., 2003) 

from the Bioconductor package, three microarray data normalization methods 

were compared: (1) To implement the Stable-genes Based Quantile (SBQ) 

normalization (Sato et al., 2007), we first combined expression data from all 11 

probes within a probe set into a single expression measure using the 

Bioconductor expresso command, using RMA-style background correction and 

median polish probe summarization.  These summarized values were output 

from R and used as input to the SBQ perl script (Sato et al., 2007); (2) For RMA 

with Median Absent Probeset Scaling (RMAPS), we performed RMA separately 

on each group of biological replicates (within which the density distribution 

assumptions hold) using the RMA routine within the Bioconductor package. We 

then rescaled the log2 expression levels for each biological replicate group such 
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that the median values among the set of probe sets that had an absent call 

(MAS5 calls routine in the affy package) across all sampled conditions were 

equal from one replicate group to the next (3) For RMA with Invariant Median 

Scaling (RIMS), we performed RMA separately on each group of biological 

replicates as above. Then we rescaled the expression levels for each replicate 

group according to the median value of the set of invariant genes. 

We also calculated a detection call (‘present’ vs ‘absent’) for each probe 

set using default MAS5 parameters, except changing α1= 0.05 as suggested for 

11 probe pairs per probe set by Liu et al. (2002).  For statistical analysis, SBQ 

normalized signal intensity values were Log2 transformed and statistical analysis 

was based on a t-test or ANOVA (P<0.05) with Benjamini and Hochberg false 

discovery rate multiple testing correction (Benjamini and Hochberg, 1995), and 

the corrected p values were designated as q values.  To identify DEFLs and 

marker genes that showed co-expression patterns, Pearson correlation 

coefficients were calculated for each probe set to identify co-regulated genes.  

Co-expression analysis and Pearson correlation coefficients were calculated 

using the GeneSpring Expression analysis platform version 7.3 (Agilent 

Technologies).  For gene expression data clustering analysis, the average 

linkage clustering algorithm and the Pearson correlation similarity measure were 

applied as provided in GeneSpring Expression analysis software version 7.3 

(Agilent Technologies).  Heatmaps were also generated with the heatmap2 

Bioconductor package. 

Real-time RT-PCR assays  
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 We employed quantitative reverse-transcription polymerase chain reaction 

(qRT-PCR) to validate the DEFL microarray data trends that were collected from 

several Arabidopsis tissues and pathogen challenged leaves.  Initially, we 

evaluated the expression patterns and detection calls of candidate invariant 

genes included in the custom chip.  Based on the microarray data collected using 

the custom AtMtDEFL chip, we chose ten of the invariant genes for further 

evaluation of gene expression data stability using geNorm software 

(Vandesompele et al. 2002).  Genes were selected to cover a range of signal 

intensity values.  The raw signal intensity values were imported into geNorm 

software for gene expression stability analysis.  Based on their stability score, we 

then selected four reference genes (metallothionein 2B (AT5G02380), yellow-

leaf-specific gene 8 (AT5G08290), sumo conjugating enzyme 1 (AT3G57870), 

and polyubiquitin  (UBQ11)) for validation of their gene expression stability using 

RT-PCR assays. Gene-specific primers were designed using the PrimerExpress 

software (Applied Biosystems, Foster City, CA.).  The list of genes and primer 

sequences used for the qRT-PCR analysis and microarray data validation are 

shown (Supplemental Table 2-S7).  Gene expression stability analysis was 

performed using the average threshold cycle (Ct) of the four candidate reference 

genes and the geNorm software (Vandesompele et al., 2002). Total RNA 

extraction procedures were as described above and first-strand cDNA was 

prepared from 2 µg of total RNA with the Superscript RT II kit (Invitrogen) and 

oligo dT primers (Sigma-Aldrich) at 200 ng/reaction, according to the 

manufacturer’s instructions. Real-time PCR  conditions were as described 
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previously (Tesfaye et al., 2006), with the following modifications: A PCR master 

mix using SYBR Green PCR and RT-PCR reagents (Applied Biosystems) was 

mixed with 1 µl of first-strand cDNA as template.  Each assay also included a no-

template control.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

 

 
 
 

 

Figure  2-1 Scatter plots 
showing correlation of 
normalized expression values 
obtained from 3 boutique array 
methods as compared to whole-
array RMA across 36 ATH1 
arrays. (A) SBQ vs RMA; (B) 
RMAPS vs RMA; (C) RIMS vs 
RMA. The red line indicates the 
y=x axis. All three boutique 
array normalizations used only 
a subset of 299 probe sets that 
correspond to genes 
represented on the AtDEFL 
array (37 DEFLs - black circles, 
171 invariants - green plus 
signs, 91 marker genes - blue 
crosses).  Each was compared 
to the reference RMA 
normalization, which included 
all 22,810 probe sets on the 
Affymetrix Arabidopsis ATH1 
array in the normalization 
process.  Expression values 
have been log transformed 
(base 2).  All (37) probe sets on 
the ATH1 array that matched an 
At DEFL with at least 6 of 11 
probe sets were included in the 
analysis.  The 36 arrays 
included 3 biological replicates 
for a wide variety of 
morphological structures and 
conditions obtained from GEO: 
GSE1491 (seedlings), 
GSE5630 (cotyledons, leaves, 
senescent leaves), GSE5631 
(roots), GSE5632 (carpels, 
stage 9 flowers, stamens), 
GSE5633 (stems), GSE5634 
(old and young siliques) and 
GSE7227 (seeds).  
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Figure 2-4 Transcript profiles of seeding and root specific/enhanced DEFLs in 
different treatments. 1)7d seedling 2)14d seedling 3)21d root 4)Inflorescences 
5)Mock leaf 6)Alternaria Leaf 7) Alternaria dde2-2  leaf 8) Mock dde2-2 leaf 
9)PtoDC3000:3h 10) PtoDC3000 hrcC-:3h 11) PtoDC3000 AvrRpt2:3h 12) 
Mock AvrRpt2 leaf 13) PtoDC3000:9h 14) PtoDC3000 hrcC-:9h 15) 
PtoDC3000 AvrRpt2 :9h. The heat map shows median scaling of SBQ 
normalized signal intensity values as described in Materials and Methods. 
Color representing high transcript abundance (red), low transcript abundance 
(green), and average transcript abundance (yellow).  
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CHAPTER 3: A Large Family of Defensin-Like genes fo und in Nodules of 

Medicago truncatula has Unique Expression and Regulatory Patterns. 3 

Sumitha Nallu4, Kevin A. Silverstein, Bruna Bucciarelli, Carroll P. Vance, Kathryn 

A. VandenBosch 

 

Summary 

 

 Root nodules are the symbiotic organ of legumes that house nitrogen-fixing 

bacteria. Multiple genes are induced in the nodules during the interactions 

between the host and its symbiotic partner. Information regarding the regulation 

of expression for most of these genes is lacking. One of the largest gene families 

expressed in the nodules of model legume Medicago truncatula are the nodule 

Defensin-Like (DEFLs) genes. We used a custom Affymetrix oligonucleotide 

microarray to examine the expression changes of nodule DEFLs in different 

stages of nodule development. Additionally, various rhizobial mutants were used 

to understand the importance of the rhizobial components in induction of nodule 

DEFLs. The early nodule DEFLs were detected during the extensive infection of 

rhizobia in nodules and continue to be expressed into the late stages of nodule 

development. The late nodule DEFLs were induced when there is differentiation 

                                                 
3 This chapter will be submitted for publication to the journal Plant Physiology, 

and is written in the style of the journal. 

4 The first author, Sumitha Nallu, has executed all of the experimental work and 

analysis reported in this chapter, and has prepared this draft for publication. 
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of the rhizobia in the nodules. The induction of these groups of genes was 

dependent on the number and morphology of rhizobia in the nodule. Conserved 

motifs found in the upstream 1000 bp regions of nodule DEFLs were required to 

drive the expression. These cis-element motifs were found to be unique to the 

nodule DEFL family among all the annotated genes in M. truncatula genome. 

Few small regulatory elements known to be involved in the spatial and temporal 

regulation of various genes were contained within the unique conserved nodule 

DEFL motifs.  

 

Introduction 

In legumes, biological nitrogen fixation results from the mutualistic 

interaction of roots with rhizobia, soil bacteria that are the most efficient nitrogen 

fixers, producing specialized organs called nodules (Mylona et al., 1995). This 

interaction leads to a cascade of modified gene expression in both the host and 

the invading microbe (Jones et al., 2007). Various tools, including mutant 

screening, reverse genetics, suppressive subtractive hybridization, large scale 

EST sequencing, macroarray and microarray gene expression analysis (Ané et 

al., 2008; Maunoury et al., 2010) have been used to identify plant genes 

governing nodule development and function in the model legume Medicago 

truncatula. 

In some legumes, a strikingly large number of genes encoding small, 

cysteine-rich proteins show conspicuous expression in nodules.  Expression of 

members of this family in nodules was first reported in Pisum sativum (Scheres 
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et al., 1990) followed by Vicia faba (Frühling et al., 2000), M. truncatula 

(Györgyey et al., 2000) and Galega orientalis (Kaijalainen et al., 2002). Three 

independent studies then found that these cysteine-rich proteins appeared to be 

legume-specific and were part of a large (>300) gene family (Fedorova et al., 

2002; Mergaert et al., 2003; Graham et al., 2004). Defensins are a highly variable 

gene family found in vertebrates, invertebrates, plants and fungi involved in 

defense mechansims (Boman, 1995; Mygind et al., 2005).  Graham et al., (2004) 

found these groups of cysteine-rich peptides to be similar to defensins in their 

gene structure and genome organization and hence called them Defensin-Like 

genes (DEFLs). Interestingly, a search for the nodule-specific DEFLs among 

ESTs of Glycine max and Lotus japonicus failed to identify their presence, which 

led to the hypothesis that nodule-specific DEFLs are specific to the Inverted-

Repeat Loss Clade (IRLC) of legumes (Mergaert et al., 2003; Graham et al., 

2004), although DEFLs in seeds appear to be more widely conserved (Graham 

et al., 2004). 

Previously, it was known from the nodule expressed sequenced tags 

(ESTs) that some nodule DEFLs are expressed as early as four days post-

inoculation with rhizobia. Mergaert et al. (2003) discovered more than 300 

members of this family (they were called NCRs-nodule specific cysteine-rich 

peptides). They profiled the expression of 14 NCR genes across different nodule 

developmental stages and rhizobial mutants and concluded that all the NCR 

genes were involved in nodulation and probably act at different nodule stages, in 

different tissues and cell types. The Affymetrix M. truncatula Genome Array was 
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used to create an atlas of gene expression in more than 30 different conditions 

(Benedito et al., 2008). This array contains a subset of the 322 nodule DEFLs 

(called NCRs in their study) that exhibited a nodule-specific expression pattern 

(Benedito et al., 2008). Using a more comprehensive DEFL array, we observed a 

similar pattern of expression for 571 nodule DEFLs (Chapter 2). 

Since >80% of M. truncatula DEFLs are expressed in nodules at 14 days 

post-inoculation (dpi) (Chapter 2), we have undertaken a detailed study to 

identify mechanisms regulating expression of nodule DEFLs. We used the 

custom designed Affymetrix chip to explore the expression patterns of nodule 

DEFLs in nodules inoculated with Sinorhizobium meliloti 1021(Sm1021) at 

marked developmental stages and nodules inoculated with various Sm1021 

mutants. The mutants are helpful in dissecting the expression patterns observed 

within the nodules at different time points. They also provide information on the 

role of various components of rhizobia in induction of nodule DEFLs. An analysis 

of the expression patterns of nodule DEFLs should be carried out in tandem with 

a careful examination of the upstream promoter sequences that regulate those 

patterns. Since nodule DEFLs are a large family of genes with different 

expression patterns, contrasting DNA motifs present upstream from some 

members but not others may provide insights on the factors that regulate their 

expression.  

Here, we describe the different expression patterns of the nodule DEFLs. 

They are broadly grouped into early DEFLs and late DEFLs based on their 

expression patterns in nodules at various developmental stages and nodules 
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inoculated with Sm1021 mutants. Their expression levels are dependent on the 

volume of rhizobia present in the nodule. The upstream 1000 bp promoter 

regions of the nodule DEFLs have conserved DNA motifs which correlate with a 

few known cis-regulatory elements. Using promoter deletion assays we report 

that the upstream 1000 bp region is required for the expression of nodule DEFLs 

in the nodules. 

 

Results  

 

Nodule  DEFL expression patterns are dependent on rhizobial deve lopment 

and nodule maturation  

  To characterize differential expression of DEFLs in nodules, DEFL mRNA 

accumulation was analyzed in nodules inoculated with Sm1021 (WT) at 3, 4, 7, 

14 and 40 dpi and in mock-inoculated roots at 0, 4, 7, 14 and 40 dpi. A list of the 

nodule DEFLs that are differentially expressed both in comparison with mock 

roots 0 dpi and their respective mock roots is presented (Supplemental Table 3-

S1). We used 0 dpi mock-inoculated roots as a common control because very 

few M. truncatula DEFLs were differentially expressed in roots over the time 

course covered by the study (Supplemental Table 3-S2). In roots inoculated with 

WT under our experimental conditions, infection threads have penetrated the root 

cortex by 3 dpi and have proliferated within the nodule primordia by 4 dpi. 

Acetylene reduction assays indicated that the onset of nitrogen fixation occurs at 

7 dpi (Supplemental Fig.3-S1).  Nodules are fully mature at 14 dpi and by 40 dpi 
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a senescence zone appears. During nodule development, the percent of nodule 

DEFLs that were expressed increased gradually (Table 3-I, Fig.3-1A).   

To understand the role of the symbiotic partner in inducing nodule DEFLs, 

we used S. meliloti mutants, derived from the WT strain Sm1021, that affect 

nodule development at different stages. The nodC mutant cannot induce nodules 

due to the absence of Nod factors (Long et al., 1989b), the exoY mutant induces 

uninfected nodules (Cheng et al., 1998), and the bacA mutant induces nodules in 

which rhizobia senesce before differentiating into bacteroids (Glazebrook et al., 

1993). Nodules formed when inoculated with the nifH mutant lack nitrogen 

fixation (Hirsch et al., 1983). In all the treatments listed above, the nodules were 

harvested at 14 dpi for expression studies. Among the mutants, the nifH mutant 

induced the highest level of DEFL expression in terms of both numbers of genes 

induced and intensity. As seen in the time series, the expression of nodule 

DEFLs gradually increased with rhizobial development and nodule maturation 

(Supplemental Table 3-S3, Fig.3-1A).  

The nodule DEFLs were further divided into early and late groups based 

on their presence and absence calls of expression in the nodules formed by 

bacA mutant.  There were a total of 346 early nodule DEFLs observed, and all 

the genes were expressed at lower levels in nodules formed by bacA at 14 dpi in 

comparison to the WT nodules at 14 dpi with the exception of one gene which 

exhibited a slight elevated expression level in the nodules of bacA than in WT 

nodules. The late nodule DEFL group was comprised of a set of 79 genes and 

was expressed in WT nodules but not in nodules of bacA (Supplemental Table 3-
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S4). Most of the early nodule DEFL expression was first detected in 4 dpi 

nodules and the intensity levels gradually increased with the age of the nodule 

(Fig.3-1B). Whereas the late nodule DEFL expression was first detected in the 

nodules after 14 dpi and like the early nodule DEFLs, the intensity levels 

increased in the older nodules (40 dpi) (Fig.3-1C).   

In comparing nodule DEFL expression in nodules induced by different 

rhizobial mutants with the various time points following inoculation with WT S. 

meliloti, nodules blocked at different stages of development resembled 

corresponding time points in the development of WT nodules. The nodule DEFL 

expression in nodules induced by the rhizobial mutants exoY, bacA and nifH at 

14 dpi most closely resembled the expression in WT nodules at 3, 7 and 14 dpi 

respectively (Fig.3-2 A, B and C). A significant correlation coeffiecient (R2=0.93) 

in nodule DEFL expression between the nodules formed by nifH and WT at 14 

dpi suggested a very subtle difference in the expression patterns in these two 

types of nodules. It has been previously reported that the nodules formed by the 

nifH mutant closely resemble the WT in structure and contain differentiated 

bacteroids (Hirsch et al., 1983). Through flow cytometry assays we found that the 

total number of rhizobia in both types of nodules at 14 dpi is not significantly 

different (Fig.3-3).  

The dnf1 (defective in nitrogen fixation) mutant is a plant mutant, where 

bacteria enter the nodule via infection thread but do not differentiate into 

bacteroids (Wang et al., 2010) this is similar to the phenotype observed in the 

nodules formed by bacA rhizobial mutant (Glazebrook et al., 1993). We analyzed 
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for differentially expressed nodule DEFLs in the dnf1 mutant in comparison to the 

WT from the previously published data (Starker et al., 2006). None of the 113 

nodule DEFLs found on their chip was upregulated in the nodules of dnf1 at 7 

dpi, and additionally 89 of the 113 nodule DEFLs were down regulated in 

comparison to the WT nodules at 7 dpi. The 113 nodule DEFLs exhibited a 

similar trend in their expression patterns in the nodules of bacA mutant at 14 dpi 

when compared to the 14 dpi WT nodules in our study (Supplemental Table 3-

S5). 

 

Conserved motifs occur uniquely in the upstream reg ions of the nodule  

DEFLs 

 To search for common cis-elements among nodule DEFLs, we mapped 

the position of 209 nodule DEFLs onto the sequenced BACs (MT2.0 version) and 

used the region from the start site to 2000 bp upstream for motif discovery using 

the Multiple Em for Motif Elicitation algorithm (MEME, Bailey and Elkan, 1994). 

This approach identified five conserved motifs that each occurred in more than 

half the input sequences.  These five motifs were selected (Supplemental Fig.3-

S2) and searched against different databases using Motif Alignment and Search 

Tool (MAST) (Bailey and Gribskov, 1998). The conserved motifs occurred in the 

first upstream 1000 bp region and were especially densely clustered 

approximately in the upstream 400 bp region relative to the putative translational 

start site. Previously, Silverstein et al. (2007) grouped M. truncatula DEFLs into 

subgroups based on sequence similarity.  Here, supplemental Table 3-S6 lists 
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the nodule DEFL genes, the subgroups to which they belong, combined E-values 

of all the motifs and the upstream motif patterns found in each gene. Nodule 

DEFLs that belong to nodule-specific subgroups (Silverstein et al., 2007) have 

more significant E-values when compared to nodule DEFLs subgroups that are 

also expressed in other parts of the plant, suggesting that some of the motifs 

regulate the nodule specificity of the gene. As described earlier, the nodule 

DEFLs were divided into early and late groups based on their expression in the 

nodules of bacA mutant. MEME was used to identify conserved motifs for each 

group, and no additional motifs were observed between early and late nodule 

DEFLs, suggesting that both the groups have the same motif pattern. 

To search for additional conserved motifs outside of the 5’ upstream 

region, the introns and the putative 3’ UTR regions (1000 bp downstream region 

from the translational stop site) were used to generate motifs using MEME. The 

software did not reveal any significant new motifs. In addition, the five conserved 

upstream motifs were also found to be absent from these regions. The conserved 

nodule DEFL motifs were also absent from the upstream 2000 bp, introns and 3’ 

UTR regions of the 88 non-nodule DEFLs (DEFLs not expressed in the nodules). 

Furthermore, this motif pattern was absent among the 1000 bp upstream regions 

of the 33,131 annotated genes in the M. truncatula genome sequence (IMGAG 

2.0) excluding the nodule DEFLs.  Thus, this unique combination of motifs is 

confined to the upstream 1000 bp region, and clustered in the 400 bp upstream 

regions of nodule DEFLs in M. truncatula. 
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Known plant regulatory elements resemble components  of the conserved 

motifs found in nodule  DEFLs 

 We used Clover (Cis-eLement OVERrepresentation, Frith et al., 2004), an 

algorithm that detects both under and over-represented DNA motifs using 

statistical models, to identify the occurrence of known elements in the upstream 

regions of the nodule DEFLs.  The upstream 1000 bp regions from (1) the 209 

nodule DEFLs, (2) the 88 non-nodule DEFLs and (3) 3000 non DEFLs from 

IMGAG 2.0 were searched for all 104 plant regulatory elements from TRANSFAC 

database (release 12.1). The latter two groups were used as two separate 

background models for comparison to the nodule DEFLs. Six known elements 

were found to be overrepresented in the 1000 bp upstream region of the nodule 

DEFLs (Table II). No statistically significant underrepresented nodule DEFL 

promoter motifs were identified. 

 In order to compare the nodule motifs generated by MEME with the 

overrepresented known elements from TRANSFAC, we used STAMP, a web tool 

that explores similarities between DNA motifs (Mahony and Benos 2007, 

http://www.benoslab.pitt.edu/stamp). MEME motifs 1 and 2, which are 41 bp 

long, exhibited a high correlation with the six small known motifs (6-12 bp in 

length) that mapped to sites within the longer MEME motifs. MEME motif 3 

exhibited a strong correlation with a known element, ELEMENT1GMLBC3 

(S000319) that has been found in the promoter region of leghemoglobin in G. 

max (Jensen et al., 1988). This element is from the plant cis-acting regulatory 

DNA elements (PLACE 30.0) database (Higo et al., 1999). A further search for 
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nodule-specific cis-elements revealed that MEME motifs 1 and 4 have the 

CTCTTT or the NICE element motif 2 (Sandal et al., 1987; Szczyglowski et al., 

1994) that have been shown to confer nodule specificity to Srglb3, 

leghemoglobin in Sesbania rostrata. We did not find any significant correlation 

between MEME motif 5 and the known elements evaluated in this study. Table 3-

III lists the E- values for the correlations between the MEME nodule DEFL motifs 

and known cis-elements. 

 

Upstream 1000 bp region is required to drive nodule  DEFL expression in 

nodules 

 To determine the promoter region required to drive the expression of 

nodule DEFLs, we generated promoter::GUS fusion constructs using the 

upstream 1000 bp region of the gene corresponding to TC100321 

(MtTC100321), a nodule DEFL with a very high expression value and three 

tandem duplicated gene copies. GUS staining revealed that this promoter is 

highly active in the interzone region (zone II-III, Vasse et al., 1990), where the 

cell differentiation of both the host and rhizobia occurs and the nitrogen fixing 

zone (zone III) (Fig.3-4A). To validate the localization pattern, we hybridized the 

antisense mRNA probe of MtTC100321 to nodule sections and found that the in 

situ hybridization pattern was similar to the pattern observed using the 

promoter::GUS fusion (Fig.3-4B). Earlier it was reported that early nodule DEFL 

(NCR084) transcripts mainly accumulate in the interzone II-III and the late nodule 

DEFL (NCR001) are in zone III (Mergaert et al., 2003). MtTC100321 is an early 
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nodule DEFL with very high expression values compared to NCR084 

(MtTC94567) in both early and late stages of nodule development, MtTC100321 

might have a different or extended functional role compared to NCR084 and 

hence a different spatial localization pattern. In recent reports the late nodule 

DEFL peptides were observed only in the infected cells (Van de Velde et al., 

2010). We also found that in the nitrogen fixing (III) zone, transcripts of 

MtTC100321 accumulated only in the infected cells (Fig.3-4C). 

Because the approximate upstream 400 bp region of the nodule DEFLs 

typically contains the 5 conserved nodule DEFL motifs, we performed promoter 

deletion assays to test whether this region was sufficient to drive the nodule 

DEFL expression. Three nodule DEFLs were chosen for this assay. The genes 

corresponding to TC103606 (MtTC103606) and TC95126 (MtTC95126) were 

selected as examples of the most highly conserved motif pattern and significant 

E-values and a medium level of expression. MtTC100321 was selected because 

its 400 bp region had a less typical pattern of motifs. We used three overlapping 

segments of the promoter region upstream of the translational start site to drive 

the GUS construct: segment 1, approximately 0 to 400 bp upstream, segment 2, 

0 to 1000 bp upstream, and segment 3, 400-2000 bp upstream (Fig.3-5A). Out of 

all the constructs, only the upstream 1000 bp regions of the three putative 

promoters of nodule DEFLs drove the expression of the GUS reporter gene (Fig. 

3-5B, 3-5C, 3-5D), indicating that the 400 bp region upstream of the translation 

start site is necessary, but not sufficient, to drive gene expression in nodules. 
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Nodule DEFLs are redundant in function 

 Five different nodule DEFLs were selected based on their expression 

profiles and sequences for functional analysis. MtTC100321 is a nodule DEFL 

with the highest level of expression at 14 dpi, differential expression following 

infection with the root rot pathogen Phythophthora medicaginis (Chapter 2) and 

belongs to the group of early nodule DEFLs. Genes corresponding to TC100264 

(MtTC100264), TC94214 (MtTC94214), TC108430 (MtTC108430) and 

AW775198 (MtAW775198) were also selected for functional assays. 

MtTC100264 and MtTC94214 are ubiquitously expressed in vegetative tissues, 

including nodules, (Chapter 2), MtTC100264 belongs to the subgroup of M. 

truncatula specific classical defensins and MtTC94214 is a defensin and a 

member of the subgroup that has homologs in various plant species (Silverstein 

et al., 2007). MtTC108430 and MtAW775198 are late nodule DEFLs, and are 

only known to be expressed in nodules. Each gene was individually knocked 

down using RNAi technology and over-expressed using CsVMV promoter. Plants 

were assayed for various phenotypes with/without rhizobial inoculation as 

described in the materials and methods. Silencing or over-expression of single 

genes did not result in an observable phenotype, under our conditions 

(Supplemental Fig.3-S3). Using quantitative RNA methods the gene expression 

levels were assayed in the transgenic plants, the RT-PCR results confirmed the 

efficiency of our knock down and over-expression techniques (Supplemental 

Fig.3-S4). Similarly, transgenic plants were evaluated for their disease severity 
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when interacting with P. medicaginis as described in the materials and methods, 

and no significant difference was observed in comparision to the control. 

 

Discussion 

 

Expression of nodule  DEFLs is proportional to the volume occupied by 

rhizobia in the nodules 

Based on expression patterns, nodule DEFLs can be divided into two 

major groups: early and late genes. The early group of nodule DEFLs was 

induced after the invasion of bacteria into nodules. This is interpreted by 

comparing the expression of nodule DEFLs at 4 dpi with those of 3 dpi and 

Sm1021 mutants exoY and nodC. In our experimental conditions we observed 

that at 4 dpi, there is an extensive proliferation of infection threads compared to 3 

dpi. In the nodC mutant, because of the absence of both root hair growth 

deformation and cortical cell division (Long et al., 1989), the plant is Nod-.In exoY 

mutants there is no infection thread development due to the defect in 

succinoglycan production (Cheng et al., 1998; Jones et al., 2007). We have 

observed minimal nodule DEFL expression in the nodules of the WT at 3 dpi, as 

well as in the nodules formed by the Sm1021 mutants nodC and exoY relative to 

4 dpi nodules. This suggests that the early nodule DEFLs are induced when 

there is an extensive infection of rhizobia in the nodules. These early nodule 

DEFLs are also expressed in the subsequent nodule development stages of our 
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study with expression levels increasing as the nodule develops and more 

rhizobia enter and fill in the different nodule zones. 

The transcripts of the late nodule DEFL group are detected following 

bacteroid formation. This is inferred from the nodule DEFLs that are not 

expressed in dnf1 and bacA mutant nodules but expressed at low levels in WT 

nodules at 7 dpi and medium to high levels at 14 dpi. When rhizobia are released 

from the infection threads into the nodules, they undergo differentiation in five 

different steps and can be located in different zones of nodules (Vasse et al., 

1990).The dnf1 mutant, like the bacA mutant forms Fix- nodules that have 

bacterial differentiation arrested in early stages of their release from the infection 

threads (Wang et al., 2010) and thus both the mutants form nodules that are 

impaired in development and have rhizobia scantly distributed in the nodule. 

 In M. truncatula, which has indeterminate nodules, there is a persistent 

meristem that remains constant in size as the nodule matures. As new 

meristematic cells are produced there are an equal number of post-mitotic cells 

that start to differentiate. These differentiated layers, which harbor the bacteroids, 

increase in size during indeterminate growth. Throughout the nodule 

development the rhizobia are released into the submeristematic cells, undergo 

differentiation and fill the growing nitrogen fixation zone (Mergaert et al., 2006). 

We observed that the nodule DEFLs are induced when there is an extensive 

release of rhizobia from infection threads into the WT nodules at 4 dpi, and the 

number as well as the level of expression continues to grow as rhizobia 

differentiate and occupy more volume of the nodule. In the sparsely populated 
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nodules formed from inoculation with Sm1021 mutants like bacA and the plant 

mutant dnf1, there seems to be a sudden reduction in the number and level of 

expression of nodule DEFLs. This sudden shift may occur when the plant senses 

the disruption of the nodule development and shuts down the transcription of the 

machinery required at later stages including other late nodulins like MtLB1 and 

MtCAM1, which are not expressed in either bacA or dnf1 nodules (Mitra and 

Long, 2004). In addition, the nodule DEFL expression patterns in nodules with 

nifH mutant rhizobia were similar to the WT Fix+ nodules. This implies that the 

expression of nodule DEFLs is not dependent on nitrogen fixation as the nodules 

produced by nifH mutant cannot fix nitrogen but are similar in size to the WT 

nodules. They have well developed nodule zones with bacteroids filling up the 

nitrogen fixation zone (Hirsch et al., 1983). Our flow cytometry assays also 

indicate that there is no significant difference between the numbers of rhizobia 

present in the nodules formed by nifH mutant at 14 dpi when compared to a WT 

nodule at 14 dpi. This further supports our hypothesis that nodule DEFL 

expression is dependent on the number of bacteria present and the volume 

occupied by them in the nodule. 

 

Regulation of nodule  DEFL expression in nodules 

It was earlier reported that there are large repeat regions in between the 

nodule DEFLs present on the same BAC and right in front of the predicted 

translational start site there are conserved mini repeats which are similar to each 

other in between the repeats (Graham et al., 2004). The clustered conserved 
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motifs found in the upstream 400 bp of the nodule DEFLs overlapped with those 

minirepeats. These five conserved motifs are found to contain previously known 

cis regulatory elements, the known elements could be divided into two groups, 

the first group includes gene expression regulators ID-1 binding site, ARF binding 

site, Dof protein binding site and MADS box genes binding site. ID1, a zinc finger 

transcription factor binds to an 11 bp DNA domain present in the promoter region 

of genes and regulates their expression (Kozaki et al., 2004). An ID-1 like 

transcription factor has been shown to be up regulated in M. truncatula/S. meliloti 

interaction (Godiard et al., 2007), which might be involved in regulation of nodule 

DEFLs. Auxin is known to play a major role in plant development, in M. 

truncatula/S. meliloti symbiosis it is involved in the initiation of nodule primordia 

and regulation of nodule number (Mathesius, 2008). It is also implicated to be 

involved in regulation of gene transcription through the binding of Auxin 

Response Factors to the cis-element (TGTCTC) present in the promoters of 

auxin response genes (Hagen and Guilfoyle, 2002). Dof proteins like Dof2 and 

PBF are transcriptional factors unique to plants. They are known to bind to 

diverse plant promoters and have been speculated to participate in the regulation 

of expression of genes involved in photosynthesis, defense mechanisms, seed 

specific genes and an oncogene (Yanagisawa et al., 1999). MADS box genes 

are transcription factors found in both plants and animals. In plants they have 

been shown to regulate flower development (Huang et al., 1996), in M. truncatula 

they are nodule specific and localized to the infected cells and are probably 

involved in regulation of nodule specific genes (Heard and Dunn, 1995). 
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Additionally, based on the data reported in the Medicago truncatula Gene 

Expression Atlas (http://mtgea.noble.org/v2/) all the above four transcription 

factors are expressed in nodules of M. truncatula and ID1 in particular exhibits a 

highly correlated expression profile to nodule DEFLs. 

The second group of the conserved motifs includes the elements involved 

in nodule specificity like the ELEMENT1GMBLC3, CTCTTT and NICE2 which 

drive the expression of nodule genes into nodules (Jensen et al., 1988; Sandal et 

al., 1987; Szczyglowski et al., 1994). It is not surprising that large families of 

genes like the nodule DEFLs which have different expression patterns and 

expression levels are regulated by various transcription factors during the 

different stages of nodule development. The presence of common motifs 

between nodule DEFLs and leghemoglobin suggests that these regulatory motifs 

might have been recruited into nodule DEFLs from the ancient nodule specific 

leghemoglobins during the evolution of nodule DEFLs which probably was 

recent. Further studies on evolutionary mechanisms of nodule DEFLs are 

required to test this hypothesis.  

In our Promoter::GUS deletions assays it was observed that the 400 bp 

upstream segment did not show any GUS expression while the upstream 1000 

bp segment could drive the nodule DEFL expression into the nodules. The 1600 

bp upstream segment without the clustered motif region did not show any GUS 

expression which suggests that the upstream region with clustered motifs ( 

approximately 400 bp) was not sufficient but may be required to drive the nodule 

DEFL expression into the nodules. Further detailed analysis of the upstream 
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1000 bp region using serial deletions or site directed mutagenesis would reveal 

the significance of each motif in the regulation of nodule DEFLs. 

 

Possible biological roles of nodule DEFLs  

It has been recently reported that a few NCRs (nodule DEFLs) have a 

lethal effect on free-living rhizobia in in vitro assays. Like some defensins, they 

triggered membrane modifications and inhibited bacterial cytokinesis. When one 

NCR (nodule DEFL) was expressed in L. japonicus, it resulted in terminal 

bacteroid differentiation (Van de Velde et al., 2010). The legumes outside the 

IRLC, like L. japonicus and G. max, have nodules with rhizobia that do not 

undergo any changes in their cell and genome size and can reproduce within the 

nodule. These plants do not have nodule DEFLs (NCRs). In contrast, the IRLC 

legumes like M. truncatula, P. sativa, V. faba have elongated terminally 

differentiated bacteria with amplified genomes and have nodule DEFLs (Mergaert 

et al., 2006). Host sanctions have been reported in G. max to prevail over the 

cheating rhizobia that take up the carbon resources without fixing nitrogen. Such 

host sanctions are yet to be reported in the IRLC legumes (Oono et al., 2009). It 

has been speculated that the nodule DEFL (NCR) family was recruited by the 

IRLC legumes to overcome the cheating mechanisms of rhizoba (Van de Velde 

et al., 2010). It is observed from this study that the nodule DEFL expression 

levels correlate with the number of rhizobia present in the nodule. Very little is 

known about perception of rhizobium signal molecules after initial perception of 

Nod factor.  However, our results suggest that perception of rhizobial surface 



83 

 

components or other signal molecules by the plant may trigger nodule DEFL 

expression.  

Nodule DEFLs are classified into 35 subgroups based on sequence 

similarity (Silverstein et al., 2007). Due to their large numbers and sequence 

diversity, it is possible that they are involved in multiple functions in nodules. 

Recent reports demonstrate that some plant defensins and DEFLs can function 

as signal molecules in plant development (Allen et al., 2008), regulation of 

reproduction (Stotz et al., 2009), pollen tube development and guidance (Okuda 

et al., 2009; Amien et al., 2010) and pollen self-incompatibility (Schopfer et al., 

1999; Takayama et al., 2001). Similarly, it can be hypothesized that the nodule 

DEFLs could act as signals for the different nodule development stages. 

Additionally, because of their sequence similarity to defensins, they could be 

acting as anti-microbial peptides acting against the plethora of soil pathogens. 

Alternatively, they may be functional against rhizobium by triggering senescence 

or containing the rhizobia to these indeterminate nodules, and preventing a 

systemic infection. 

We speculate that nodule DEFLs may have multiple roles to play in this 

complex network of communiqué between the microbe and the plant. DEFLs 

have been reported to play dual roles in defense and developmental signaling of 

plants (Dresselhaus and Marton, 2009), and so there is a possibility for a nodule 

DEFL to have more than one function.  In whatever role(s) the nodule DEFLs are 

involved, our reverse genetic assays suggest functional redundancy among the 

many nodule DEFLs. A detailed study of molecular interactions between the 
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host-microbe components, their regulatory factors and selection pressures is 

required to understand this large, fast-evolving redundant family of genes. 

 

Materials and Methods 

 

Plant material and growth conditions 

Seeds of Medicago truncatula accession A17 were sterilized and 

germinated as described previously (Lohar et al., 2006). Germinated seedlings 

were grown on sterile plates (Corning 245mm*245mm dishes) containing 

buffered nodulation medium (BNM, Ehrhardt et al., 1992), pH 6.5, 1.2% agar 

(Plant Tissue culture grade, Sigma). The radicals were placed on a moist sterile 

germination paper and wrapped with a sterile black cotton cloth (Cotton Club 

Black, #074300603820, Wal Mart).  Plates were maintained vertically in a growth 

chamber set at 16 h light / 8 h day, 25 to 21 oC, 200 to 300 µmol m-2 s-1 and 50% 

humidity. At 5 d after planting, plants for the nodulation studies were inoculated 

with 100µL/root of a washed suspension of Sinorhizobium meliloti, 

Sm1021(Meade et al., 1982) culture [OD600] = 0.05 in sterile water. For the 

entire nodule developmental stages Sm1021 was used for inoculation and for the 

mutant series nodC, exoY, bacA and nifH Sm1021 mutant strains were used for 

inoculation. Mock-inoculated plants were inoculated with 100µL/root of sterile 

water. For 40 dpi nodules and mock-inoculated roots, the germinated seedlings 

were transplanted in pots with Turface (MVP) and inoculated with Sm1021 

culture100µL/root as described above. The plants were fertilized once a week 
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with aeroponic nutrient medium (LIPM formula, Lullien et al., 1987) without the 

nitrogen source (for mock inoculated plants the nutrient medium included the 

nitrogen source). Approximately 5-cm nodule-bearing root segments were 

harvested from inoculated plants and mock inoculated plants at 3, 4, 7, 14 dpi 

and 40 dpi, root tips were removed from all plants at the time of harvest to reduce 

any transcript contribution from the meristematic cells. The root segments from 

all treatments were collected from three biological replicates with multiple plants 

in each replicate, were frozen immediately in liquid nitrogen during harvest and 

stored at -80oC for subsequent RNA extraction. Total RNA extraction, probe 

preparation and array hybridization was performed as described in Chapter 2. 

 

Microarray data analysis 

 Data were normalized across the different nodule treatments using SBQ 

normalization (Sato et al., 2007; Chapter 2). Differentially expressed genes were 

identified using the Empirical Bayes method within the LIMMA (Smyth, GK 2005) 

package distributed with R/Bioconductor (Gentleman, RC et al., 2004). Both a 

fold change cut off (2.0) and a Benjamini-Hochberg FDR correction (P < 0.05) 

were applied. 

 

Characterization of nodule phenotypes 

 For measuring the nitrogenase enzyme activity, acetylene reduction 

assays (Vance et al., 1979) were performed on 6, 7 and 8 dpi plants grown on 

sterile BNM plates. Briefly, the plants were wiped dry and placed in 250 ml 
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sealed jars. Twenty five ml of air was withdrawn and replaced with an equal 

amount of acetylene. After 1 h of incubation, 1 ml of sample was injected into a 

Photovac 10S Plus Gas C chromatograph. The nitrogenase activity was 

expressed as nmoles of ethylene generated per h/plant. 

 To quantify the number of rhizobia, nodules from Sm1021 and nifH plants 

grown on sterile BNM plates were harvested at 14 dpi. The bacterial suspension 

was prepared as previously described (Oono et al., 2010) and quantified on a 

Becton Dickson FACScalibur. A Student's t-test was used to determine the p-

value between the two different treatments. 

 

Identification and analysis of conserved motifs 

 Nodule DEFLs were mapped onto MT 2.0 using PASA (Haas et al., 2003). 

The upstream 1000 bp to start site, 2000 bp to 1000 bp, intron regions and stop 

site to downstream 1000 bp were extracted using custom Perl scripts. For motif 

discovery, several runs with different parameters of locally installed MEME 

algorithm (Bailey and Elkan, 1994) were executed to find the best possible 

motifs, the motifs generated by using zero or one occurrence per site module 

were chosen. MAST (Bailey and Gribskov, 1998) was used to scan for the 

presence of motif models generated by MEME in different regions of nodule 

DEFLs, non-nodule DEFLs and 33,131 non DEFLs in IMGAG 2.0. The 

sequences with E-values <10-3 were considered significant. 

 To scan for known elements in the 1000 bp upstream regions of the 

nodule DEFLs, 104 plant motif matrices were extracted out of the TRANSFAC 
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12.1 database and using the locally installed Clover algorithm (Frith et al., 2004) 

overrepresented motifs in nodule DEFLs were identified. The motifs were called 

overrepresented if they had scores greater than 1 and p-value less than 1, the p-

value was generated against the background sequence sets. The upstream  

1000 bp regions of 88 non-nodule DEFLs and 3000 non DEFL (IMGAG 2.0) 

genes were used as background sets.  

Correlation among the motif matrices from MEME versus the matrices of 

overrepresented elements from TRANSFAC was statistically calculated using 

STAMP (Mahony and Benos 2007, http://www.benoslab.pitt.edu/stamp). For 

elements from PLACE 30.0 database (Higo et al., 1999) and the nodule specific 

elements, their consensus sequences were statistically evaluated against the 

matrices of MEME motifs. 

 

Generation and evaluation of promoter deletion cons tructs. 

The segment 1 (400 bp), segment 2 (1000 bp) of MtTC103606, 

MtTC95126 and MtTC100321 as well as the segment 3 (1600 bp) of 

MtTC103606 and MtTC95126 were PCR amplified from their respective BAC 

DNA (primer and template details in Supplemental Table 3-S7) and cloned into 

pENTR-D/TOPO (Invitrogen). LR recombination was performed with the 

Gateway compatible vector pKGW-R:EGFP-GUS which is a modified pKGW-R 

(Smit et al., 2005) that includes EGFP-GUS fusion gene. All the plasmids were 

transformed into A. rhizogenes Arqua1 (Quandt et al., 1993). M. truncatula A17 

seedlings were transformed via hairy root transformation (Boisson-Dernier et al., 
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2001) with 20 µg/ml of kanamycin selection. After generation of hairy roots (~2.5 

cm), all the roots except one transgenic root were removed and the plants were 

transferred to 0.5X Gamborg’s B5 Basal Salt medium (Sigma) with 1% plant agar 

(Sigma) to recover from antibiotic selection. After a week the plants were 

transferred to 2.25 square pot (Landmark Plastics) filled with Turface (MVP) and 

inoculated 100µL/root of a washed suspension of rhizobial culture [OD600] = 

0.05 in sterile water. 

 After 14 dpi the plants were screened for the transgenic DsRED1 marker 

expressed in the pKGW-R:EGFP-GUS vector using a Nikon SMZ 1500 

microscope with DsRed filter. The nodules were harvested from the screened 

transgenic plants and assayed for GUS activity, the plants were not screened for 

GFP because of the interference of auto florescence. The nodules were 

infiltrated with 2 mM X-Gluc, Triton X-100, 50 mM NaPO4, pH 7.2, 2 mM 

potassium ferrocyanide, 2 mM potassium ferricyanide under vaccum for 30 min 

and incubated at 37ºC for overnight. 

 For confirmation of the expression pattern of promoter::GUS fusions, in 

situ hybridization of MtTC100321 was performed. The coding region of 

MtTC100321 was PCR amplified (primer and template details in Supplemental 

Table 3-S7) and cloned into pGEMT easy vector (Promega, USA), subcloned 

into pBlueScript KS+ vector (Stratagene Inc.) for digoxigenin (DIG) labeling. The 

in vitro transcription using DIG-11-UTP (Roche Applied Science) was carried out 

on linearized plasmid using T7 and T3 polymerases. The 14 dpi nodules were 

harvested from plants grown on sterile BNM plates as described above. The 
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tissue fixation, sectioning, hybridization and signal detection were carried out as 

mentioned in Sbadou et al. (2010).  

 

RNAi and over-expression construct design and scree n. 

 For RNAi constructs, 150-200 bp from the coding regions of 5 nodule 

DEFLs were amplified from their corresponding EST libraries along with human 

myosin gene, which was used as a control (primer and template details in 

Supplemental Table 3-S7). The PCR products were cloned into pENTR-D/TOPO 

(Invitrogen). LR recombination was performed with the binary vector, modified 

pHellsgate8 (Pumplin et al., 2010).  

 For over-expression, the entire coding regions of five nodule DEFLs were 

amplified from their cDNAs with XbaI and BamHI adapter sites at 5’ and 3’ ends 

respectively (primer and template details in Supplemental Table 3-S7). The PCR 

products were cloned into pENTR-D/TOPO (Invitrogen). The cDNA was excised 

using XbaI and BamHI endonucleases and ligated into the binary vector 

pILTAB381 (Samac et al., 2004) that was digested with XbaI and BamHI 

endonucleases which removed the GUS gene. The result was a construct with 

the entire coding region of the nodule DEFL driven by CsVMV promoter. The 

pILTAB381 vector with intact GUS gene was used as a control. 

 All the constructs were transformed into A. rhizogenes Arqua1 followed by 

A17 hairy root transformation, inoculation with SM1021, and growth as described 

above. After 14 dpi the plants were screened for the transgenic DsRED1 marker 

expressed in the modified pHellsgate8 vector under Nikon SMZ 1500 microscope 
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with DsRed filter. Plants to be assayed at 40 dpi were transferred to 2.25 Square 

pot (Landmark Plastics) filled with Turface (MVP) and fertilized with 0.5X BNM 

once per week. The height of the plant, color of leaves, root and root hair length, 

architecture and nodule number, size, distribution and color were measured at 0 

dpi, 14 dpi and 40 dpi. Significant (P<0.05) difference between the transgenic 

plant and control was determined by the Mann-Whitney U test. For Quantitative 

RT-PCR, primers were designed for TC100321 gene region and used to quantify 

RNA levels in both the RNAi and OE transgenic lines (primer and template 

details in Supplemental Table 3-S7). Quantitative RT-PCR, data quantification, 

and analysis were performed as described in Chapter 2. 

 For evaluation of susceptibility to Phytophthora medicaginis, the non-

nodulated and nodulated 14 dpi RNAi and over-expression transgenic lines along 

with their controls were transferred to 2.25 Square pot (Landmark Plastics) filled 

with Turface (MVP) and inoculated with 1 ml P. medicaginis M2019 inoculum 

prepared as described in Chapter 2. The flats were flooded with sterile water and 

covered for 2 days. After 2 days the excess water and the covers were removed 

and fertilized with Peters Professional 10:10:10 fertilizer (5X, Scotts) every 3 

days, and monitored for symptoms of infection (Moussart et al., 2006).  
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Figure 3-1 . Expression profiles of nodule DEFLs. Expression values are log2 

transformed. A) Hierarchical clustering (Euclidian-average) of 571 nodule DEFLs 

in 1,2,3,4 and 5 are mock inoculated roots at 0, 4,7,14 and 40 dpi, 6,7,10 and 12 

are roots inoculated with rhizobial mutants nodC, exoY, bacA and nifH at 14dpi, 

8,9,11,13 and 14 are roots inoculated with WT Sm1021 at 3,4,7,14 and 40 dpi 

respectively.Color scales representing signal intensities are shown at the bottom. 

B and C are the expression profiles of early and late nodule DEFLs respectively. 

   1    2     3    4     5    6      7     8    9    10   11   12  13  14  

A 
B 
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Figure 3-2 . Correlations among the nodules induced by mutants and WT 

nodules at various developmental time points. All nodule DEFLs with “present” 

calls among the two treatments plotted were used to generate the scatter plots. 

Linear regression plots with significant correlation (R2) are shown. A, is the 

comparision between nodules induced by exoY mutant at 14 dpi VS WT nodules 

at 3 dpi. B, nodules induced by bacA mutant at 14 dpi VS WT nodules at 7 dpi 

and C, nodules induced by nifH mutant at 14 dpi VS WT nodules at 14 dpi.  

R2 = 0.9321 

R2 = 0.8568 R2 = 0.8568 

R2 = 0.9328 

B 

A 

C 
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Figure 3-3 . Quantification of rhizobia in flow cytometry assays. Density plots 

showing no significant difference in the total number of rhizobia in nifH and 

Sm1021 (WT) nodules at 14 dpi. Twenty biological replicates (nodules from 20 

different plants) were used for each treatment. The t-test p-value was >0.95. 
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CHAPTER 4: Evolutionary patterns of nodule Defensin -Like genes in 

ecotypes of Medicago truncatula.5 

Sumitha Nallu6, Peng Zhou, Timothy Paape, Kevin A.T. Silverstein, Nevin D. 

Young, Kathryn A. VandenBosch 

 

Summary 

• Defensin-Like genes (DEFLs) in nodules have been reported only in the 

Inverted Repeat Loss Clade (IRLC) of legumes, including Medicago 

truncatula. Nodule DEFLs have a conserved, unique pattern of regulatory 

elements in upstream regions of genes. To understand their evolutionary 

patterns, we analyzed their expression and sequence polymorphisms, and 

estimated selection pressures shaping evolution of this unique class of 

genes among ecotypes of Medicago truncatula. 

• Using custom DEFL arrays, expression and single feature polymorphisms 

(SFPs) were assessed for four ecotypes. Single nucleotide polymorphic 

(SNP) calls were used to estimate the variation in non-coding regions of 

                                                 
5 This chapter will be submitted for publication to the journal New Phytologist, and 

is written in the style of the journal.   

6 The first author, Sumitha Nallu, has executed all of the experimental work and 

analysis reported in this chapter, and has prepared this draft for publication. And 

as a part of collaborative research, Peng Zhou and Nevin D. Young provided the 

SNP information for DEFLs used in this research. 
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genes. The nucleotide diversity at non-synonymous and synonymous sites 

in coding region was estimated using Nei and Gojobori method. 

• Significant expression and nucleotide variation was observed among 

nodule DEFLs in the ecotypes of M. truncatula. The mature peptides of 

orthologous nodule DEFLs had signatures of both purifying and 

diversifying selection pressures, unlike the seed DEFLs, which 

predominantly exhibited purifying selection. 

• The expression, sequence variation and the presence of diversifying 

selection in nodule DEFLs within the Medicago species indicates rapid 

and recent evolution and suggests that this family of genes is constantly 

evolving to adapt to different environments and acquiring new functions.  

 

 

 Introduction 

 Recent advances in genomic analysis of model plants and availability of 

their sequences have facilitated new prospects for understanding plant function 

and evolution. Medicago truncatula was chosen as a model species for study of 

legume symbiotic nitrogen fixation because of its relatively small, diploid genome, 

rapid generation time and self-pollination (Cook 1999). Through an international 

collaborative effort, multiple tools and resources are currently available for 

molecular, genetic and evolutionary studies in M. truncatula (Young and Udvardi 

2009).  
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 Availability of sequence information facilitates the study of large and 

diverse gene families. A large diverse family of cysteine-rich proteins was 

discovered in the nodules of M. truncatula (Fedorova et al., 2002; Mergaert et al., 

2003; Graham et al., 2004), and subsequently found to be expressed in other 

developmental stages, including seeds, of legumes and other dicots (Silverstein 

et al., 2005; Silverstein et al., 2007). Because of the similarity of the gene 

sequence and structure of these cysteine-rich proteins to defensins, this gene 

family has been called Defensin-Like genes (DEFLs) (Graham et al., 2004; 

Silverstein et al., 2005; Silverstein et al., 2007). Using the Affymetrix M. 

truncatula Genome Array and later a more comprehensive DEFL array, the 

majority of the DEFLs were found to be expressed in the nodules of M. truncatula 

(Benedito et al., 2008; Chapter 2). Nodule DEFLs have unique expression and 

regulatory patterns (Chapter 3). Using a custom DEFL array for expression 

profiling across various nodule developmental stages and in response to different 

rhizobial mutants, we observed the nodule DEFL expression levels to be 

dependent on the volume of rhizobia present in the nodule. We also reported the 

presence of unique conserved regulatory elements in the 1 Kb upstream region 

of nodule DEFLs.  

 Nodule DEFLs have a distinctive phylogenetic lineage among legumes. To 

date, they have been found only in legumes belonging to the Inverted Repeat 

Loss clade (IRLC) within the subfamily Papilionoideae, and appear to be absent 

from Lotus japonicus and Glycine max, which occur in other clades within the 

Papilionoideae (Graham et al., 2004; Alunni et al., 2007), and which are 
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estimated to have diverged from the IRLC approximately 39 million years ago 

(Cannon et al., 2009). When rhizobia are released into the symbiosome 

compartment in determinate nodules of L. japonicus and G. max, the rhizobia 

retain the cell and genome size of free-living rhizobia, whereas in M. truncatula 

and related indeterminate nodule-forming legumes, the rhizobia terminally 

differentiate into enlarged bacteroids with an amplified genome (Mergaert et al., 

2006). The correlation between DEFL expression in nodules and bacteroid 

differentiation appears to be causally related.  Recently it was demonstrated that 

when one of the nodule DEFL (called nodulin cysteine rich peptide (NCR) in their 

study) was expressed in L. japonicus, terminal bacteroid differentiation resulted 

(Van de Velde, et al., 2010).  

  Since known nodule DEFLs are restricted to a single clade within legumes 

and paralogs show evidence of diversification (Graham et al., 2004; Alunni et al., 

2007), we initiated a study to examine the expression and genomic 

polymorphism of nodule DEFLs within the ecotypes of M. truncatula. In the last 

decade, studies have addressed DNA polymorphisms within species using DNA 

markers like micro satellites, single nucleotide polymorphisms (SNPs) and single 

feature polymorphisms (SFP) in Arabidopsis thaliana (Zhu et al., 2003; Schmid et 

al., 2005; Borevitz et al., 2007) and M. truncatula (Ronfort et al., 2006). However, 

identifying sequence variation is only the first step in studying the evolutionary 

patterns of gene families. Availability of technology in recent years has prompted 

researchers to correlate the DNA variation with variation in the transcriptome and 

metabolome. 
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  Gene expression variation among ecotypes can be caused by host-

environment effects, sequence polymorphism in coding region, cis and trans 

regulatory elements and transcription factor binding sites. There are various 

reports correlating cis and trans acting promoter polymorphisms with expression 

differences (Cowles et al., 2002; Rockman et al., 2002; Caicedo et al., 2004). 

Nucleotide variation in the binding sites of mi- and siRNAs or in the 3’-UTR of the 

gene can also affect the gene expression levels (Mignone et al., 2002; Wilkie et 

al., 2003). Nucleotide polymorphism in coding regions leads to synonymous and 

non-synonymous substitutions in amino acids. There have been various studies 

on the intraspecific variation in the loci belonging to the NBS-LRR gene family in 

A. thaliana (Tian et al., 2002; Mauricio et al., 2003; Rose et al., 2004). Nucleotide 

diversity measurements in different regions of the NBS-LRR loci have been 

helpful to understand the selection pressures and evolutionary mechanisms of 

this large family of defense genes.  

 In this study, we evaluated expression and sequence polymorphisms of 

nodule DEFLs among four different ecotypes of M. truncatula. We also used two 

different rhizobial strains to assess the nodule DEFL expression differences 

caused by host-symbiont specificity. The nodule DEFLs displayed significant 

expression differences among the ecotypes but had subtle differences in gene 

expression because of strain difference. The sequence variation was estimated 

in terms of SFPs and SNPs. The pattern of DNA variation among the ecotypes 

correlated with the pattern observed in expression polymorphism. In addition to 

polymorphisms in the coding region that may lead to expression differences there 



104 

 

was variation observed in the upstream 1 kb putative promoter, downstream 1 kb 

putative 3’UTR and in a few introns. When examined closely some of the 

upstream SNPs mapped to the earlier reported cis-acting elements in upstream 

regions of nodule DEFLs. By estimating the nucleotide diversity of nodule DEFLs 

among the four ecotypes and comparing them to the seed DEFLs, we observed 

that the mature peptide of nodule DEFLs has signatures of both diversifying and 

purifying selection in M. truncatula. 

 

Materials and Methods 

Plant material and growth conditions  

 Seeds of Medicago truncatula ecotypes Jemalong A17 (hereafter called 

A17), DZA315-16, F83005-5 and R108-C3 were sterilized and germinated as 

described previously for A17 (Lohar et al., 2006). One day old germinated 

seedlings were grown on sterile plates (Corning 245mm * 245mm dishes) 

containing buffered nodulation medium (BNM, Ehrhardt et al., 1992), at pH 6.5, 

and 1.2% agar (plant tissue culture grade, Sigma). The radicals were placed on a 

moist, sterile germination paper on the surface of the medium and covered with a 

sterile black cotton cloth (Cotton Club Black, #074300603820, Wal Mart).  Plates 

were maintained vertically in a growth chamber set at 16 h light / 8 h day, 25 to 

21 oC, 200 to 300 µmol m-2 s-1 and 50% relative humidity. At 5 d after planting, 

plants were inoculated with 100 µL/root of a washed suspension of 

Sinorhizobium meliloti, Sm1021 (Meade et al., 1982) or Sinorhizobium medicae 

A321 (Rome et al., 1996) culture (OD600 = 0.05) in sterile water. Approximately 
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5 cm-long nodule-bearing root segments were harvested from inoculated plants 

at 14 days post-inoculation (dpi), root tips were removed from all plants at the 

time of harvest to reduce transcript contribution from the root tip. The root 

segments from all treatments were collected from three biological replicates, with 

a pool of multiple plants in each replicate, were frozen immediately in liquid 

nitrogen and stored at -80oC for subsequent RNA extraction. Total RNA 

extraction, probe preparation and array hybridization was performed as 

described in Chapter 2. 

 

Microarray data analysis   

 Data were normalized across the different nodule treatments using SBQ 

normalization (Sato et al., 2007, Chapter 2). For all further analysis, only probes 

with at least one present call among the treatments were considered as nodule 

DEFLs. The ecotypes, ecotype-strain interaction and strain effects on nodule 

DEFL expression were calculated using 2-way ANOVA (P <= 0.01) using 

GeneSpring GX11 software from Agilent.  

 Genes that were differentially expressed among the four M. truncatula 

ecotypes and amongst or within a ecotype between inoculation treatments were 

identified using the Emperical Bayes for variance shrinkage (Cui et al., 2005) 

within the LIMMA (Smith, 2005) package distributed with R/Bioconductor 

(Gentleman, RC et al., 2004). Both a 2 fold-change cut off and Storey’s False 

Discovery Rate (FDR) correction (P < = 0.01) were applied. 
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Single feature polymorphism (SFP) detection 

 The Probe Affinity Shape Power (PASP) method (Xu et al., 2009, 

https://dbw10.msi.umn.edu:8443/sfp) was used to detect SFPs from the probes 

of nodule DEFLs. Briefly, the normalized signal intensities were used to calculate 

the Perfect Match (PM) affinities for each probe and the expression index of the 

probe set was based on the affinity model (Li and Wong, 2001; Hubbell et al., 

2002; Irizarry et al., 2003; Cui et al., 2005). SFP weight scores was calculated as 

described in Xu et al. (2009). A more stringent cut off was applied by filtering off 

all the SFPs with weight scores lower than 2.5 and finally only the common SFPs 

calls from the two strains between the pairs of ecotypes was reported. 

  

Single Nucleotide Polymorphism (SNP) detection  

 The coding sequences of nodule DEFLs were mapped onto MT3.0 using 

BLAT (Kent 2002) with a 90% identity threshold. Using the mapped coordinates, 

SNPs were extracted in the coding region, 1 Kb upstream region, 1 Kb 

downstream region and introns of DEFL genes for ecotypes DZA315-16, 

F83005-5 and R108-C3 against the reference genome A17 Jemalong 

(www.medicagohapmap.org) using Perl scripts.  

 Perl scripts were also used for validation of a few random SFPs against 

SNPs, to map SFPs and SNPs to coding regions of differentially expressed 

nodule DEFLs and to map the SNPs to cis-regulatory elements in the 

differentially expressed nodule DEFLs.   
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Estimation of nodule DEFLs nucleotide diversity   

 All of the mapped DEFLs (as explained in SNP detection) were 

categorized as nodule and seed DEFLs if they had a present call in at least one 

treatment across the different nodule treatments (Chapter 3) and seed 

treatments (Chapter 2). The complete coding sequences of the nodule and seed 

DEFLs from the four ecotypes were recovered from the A17 reference sequence 

(Mt3.0) using SNP and Indel data (www.medicagohapmap.org). The sequences 

were aligned using Perl scripts. A total of 157 nodule DEFLs and 33 seed DEFLs 

with at least 75% sequence information were used to estimate the total (θ) and 

average (π) nucleotide diversity. The coding sequences of nodule and seed 

DEFLs were divided into signal peptide and mature peptide regions by SignalP 

3.0 (Bendtsen et al., 2004). The (θ) and (π) values were estimated using the Nei-

Gojobori method (Nei and Gojobori, 1986) from DnaSP v5.10 (Librado and 

Rozas 2009). To test the statistical significance of the differences in θ values 

among different regions in nodule and seed DEFLs, all the genes with θnon/ θsyn 

>1 were assigned as 1, θnon= θsyn as 0 and θnon/ θsyn < 1 as -1 and examined with 

Mann-Whitney U-test. All the steps were repeated for testing the statistical 

significance of the π values. 

 

Results 

 

Nodule DEFL expression is polymorphic among different ecotypes  of M.  

truncatula. 
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 To characterize the difference in expression levels of nodule DEFLs, we 

selected four different ecotypes of M. truncatula: the reference genome 

Jemalong A17, plus DZA315-16, F83005-5 and R108-C3. They were inoculated 

with strains of two rhizobial species: S. meliloti Sm1021 (Meade et al., 1982) and 

S. medicae A321 (Rome et al., 1996) to evaluate the expression differences 

caused due to host-symbiont interaction. The other strain, S. medicae was also 

chosen on the basis of an earlier report that S. meliloti 1021 is a poor nitrogen 

fixing partner for A17(Terpolilli et al., 2008). A two factorial analysis of variance 

(2-way ANOVA) indicated expression differences in nodule DEFLs as an effect of 

ecotype, ecotype x strain interaction and a subtle effect of strain alone (Fig. 4-1). 

Using the variance shrinkage method (Cui et al., 2005) we further assessed 

differentially expressed genes in the ecotype x strain effect, and found that the 

differentially expressed genes had subtle fold changes (all very close to a fold 

change of 2), supporting a conclusion that a difference in strains used for 

inoculation contributes minimally  to expression differences among nodule 

DEFLs. 

 To assess the number of nodule DEFLs that were differentially expressed 

among M. truncatula under each of the inoculation regimes, we performed the 

variance shrinkage analysis on different pairs of ecotypes. R108-C3 showed the 

highest number of differentially expressed genes in comparison to A17 under 

both inoculation regimes followed by F83005-5 and the least differentially 

expressed genes are seen in DZA315-16 (Fig. 4-2).  

 



109 

 

Coding sequence polymorphisms among orthologous nod ule DEFLs. 

 We used the 25-bp oligonucleotide features of the custom DEFL chip to 

estimate sequence polymorphisms in nodule DEFL coding sequences in pair-

wise comparisons among the four ecotypes. A common set of genes with SFPs 

was extracted from the analysis of the two inoculation regimes for each ecotype 

pair. As seen in the case of expression polymorphism patterns, R108-C3 

exhibited the highest sequence polymorphism followed by F83005-5 and the 

least sequence polymorphism seen in DZA315-16 in comparison to A17 (Table 

4-1). From the current M. truncatula hapmap project, we were able to extract 

information on coding region SNPs for 242 nodule DEFLs for DZA315-16, 

F83005-5 or R108-C3 in reference to the A17 genome. The pattern of sequence 

polymorphism seen with SNP analysis was consistent with the pattern observed 

by SFP detection and expression polymorphism. R108-C3 again exhibited the 

highest occurrence of polymorphisms in comparison to A17 (Fig. 4-3). A random 

set of 20 nodule DEFLs with SFPs from A17 vs. DZA315-16 ecotype comparison 

were selected to confirm the SFP method of detection. We were able to confirm 

68% of SFP calls by comparing them to the available SNP data (Table 4-S1). 

However, the 32% of SFPs which could be not validated do not represent the 

true false discovery rate (FDR). The Medicago hapmap project is in progress and 

there are a few missing sequence gaps especially in highly duplicated genes like 

nodule DEFLs. Hence, with the availability of updated sequence information 

there is a possibility of validating a higher percentage of SFPs. In addition, even 
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with the above mentioned limitations, our FDR is lower than the previously 

reported 40% FDR (Rostoks et al., 2005; Xu et al., 2009). 

 

Sequence polymorphisms in cis-regulatory regions of nodule DEFL genes. 

 The expression polymorphisms observed among the pairwise 

comparisons of the ecotypes could be true expression level polymorphisms 

(ELPs) (Doerge 2002) or could be due to sequence polymorphisms that cause a 

probe mismatch between the ecotypes used and the probe sequence on the 

DEFL array, which results in a signal difference that inaccurately predicts 

expression differences. We categorized the nodule DEFLs into 4 groups: a) 

differentially expressed genes with SFPs b) differentially expressed genes with 

no SFPs c) genes with SFPs but not differentially expressed and d) genes with 

no SFPs and no differential expression for pairwise comparisons of ecotypes to 

A17, when inoculated with two different strains (Table 4-2). We further filtered the 

group of differentially expressed genes with no SFPs using the SNP data. The 

results from the DEFL array should be the most accurate representation of gene 

expression for the group of DEFLs that lack evidence of sequence 

polymorphisms in their coding regions.  For those nodule DEFLs that are 

differentially expressed but have no SFPs or SNPs in their coding regions, we 

mapped the occurrence of SNPs onto their 1 kb upstream, downstream regions 

from the start and stop translational sites of the nodule DEFLs respectively and 

also included the intronic regions if present in the genes. This set of differentially 

expressed genes exhibited SNPs and Indels in other regions of the gene. We 
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had earlier reported the presence of conserved putative cis-acting regulatory 

elements in the upstream region of nodule DEFLs that are required for nodule-

specific expression (Chapter 3). Some of the SNPs in the upstream regions of 

the nodule DEFLs were mapped onto the cis-acting regulatory elements 

suggesting that these nucleotide changes in the regulatory motifs might be one of 

the reasons for the observed differential expression of nodule DEFLs (Fig. 4-4, 

Table 4-S2). 

 

Nucleotide diversity  of nodule DEFLs in M. truncatula 

 The DEFLs were classified as nodule and seed DEFLs sets based on 

expression patterns, following the criteria described in materials and methods. To 

determine the evolutionary pressures acting on nodule DEFLs, the total 

nucleotide diversity (θ) and the average nucleotide diversity (π) were estimated 

at synonymous and nonsynonymous sites for the four ecotypes of M. truncatula. 

Since the Medicago hapmap project is in progress, the SNP data especially for 

highly duplicated genes like DEFLs is incomplete. We obtained sequence 

information for a total of 157 nodule DEFLs and 33 seed DEFLs, a significant 

representative set of genes for each group. The θnon, πnon and θsyn, πsyn were 

calculated for the entire coding region, and separately for regions that code for 

the signal and mature peptides of the nodule and seed DEFLs. From the 

nonsyn/syn ratios observed in different regions of nodule and seed DEFLs, the 

signal peptides of both the nodule and seed DEFLs were conserved with more 

than half displaying no substitutions and the majority of the other half exhibiting 
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purifying selection (Fig. 4-5a). Mature polypeptides of nodule DEFLs exhibit 

evidence of both purifying and diversifying selection whereas the mature 

polypeptides of seed DEFLs are mostly under purifying selection (Fig. 4-5b). To 

test the statistical significance of the differences in rates of substitutions among 

different regions in nodule and seed DEFLs, we designated all the genes with 

nonsyn/syn >1 as 1, nonsyn=syn as 0 and nonsyn/syn < 1 as -1 and employed 

the Mann-Whitney U-test. We could not use the raw nonsyn/syn values for 

analysis because many of the genes had no synonymous substitutions and in 

such cases nonsyn/syn would give an undefined number. The Mann-Whitney U 

tests indicated a significant difference within the full coding regions and the 

mature polypeptides of nodule vs. seed DEFLs. There was no significant 

difference in substitution rates observed between the signal peptides of nodule 

vs. seed DEFLs, or between the signal peptides vs. mature polypeptides of the 

seed DEFLs. Among nodule DEFLs, the mature polypeptides were significantly 

different in their selection pressures from the signal peptides (Table 4-3). 

 

Discussion 

 

Nodule DEFLs have similar trends in expression and sequence 

polymorphism in M. truncatula 

  The four ecotypes used in this study were selected because they were 

from different ecological zones (Ronfort et al., 2006). A17 is the reference 

genome for M. truncaula sequencing project (http://www.medicago.org/genome/), 
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R108 has been the common choice for generating Medicago insertion mutants 

and both DZA315-16, F83005-5 along with A17 have been used as parents for 

Recombinant Inbred Lines (RILs). Additionally all the four ecotypes were 

resequenced under the Medicago Hapmap Project 

(http://www.medicagohapmap.org). We found a significant number of 

differentially expressed nodule DEFLs among the four ecotypes of M. truncatula. 

 A difference in nodule DEFL gene expression patterns in M. truncatula 

ecotypes could possibly result from differences in host/endophyte specificity, 

resulting in global differences in nodule effectiveness and nodulin expression, 

rather than specific differences in DEFL regulation. To address this possibility, 

we inoculated each ecotype with two different strains of rhizobia to evaluate the 

difference in expression patterns of nodule DEFLs in response to different 

symbiotic partners. S. meliloti 1021 has been a common strain of study for 

symbiosis in M. truncatula, due to extensive analysis of symbiotic genes in this 

genetic background, and with an available genome sequence (Galibert et al., 

2001). S. meliloti 1021 strain was recently reported to be a poor partner 

compared to two other Sinorhizobium strains for nitrogen fixation in M. truncatula 

(Terpolilli et al., 2008). We therefore chose S. medicae A321 as a second strain 

for inoculation of the four ecotypes.  Inoculation with these two strains resulted in 

minimal differences in the expression patterns of nodule DEFLs, suggesting 

either that the two strains are equally effective in nodulation of M. truncatula 

under our experimental conditions, or that strains differing in nitrogen fixing 

abilities are not a significant factor in nodule DEFL induction.  In support of the 
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second possibility, we have previously seen in Chapter 3 that the nodule DEFL 

expression levels differ little between nodules infected by wild type Sm1021 and 

nodules infected with a nifH mutant that is deficient in fixing nitrogen (Hirsch et 

al., 1983). 

 In addition to expression polymorphisms among the ecotypes, we 

hypothesized that the DEFLs would also demonstrate sequence polymorphism 

among the ecotypes. We used two approaches to evaluate DEFL sequence 

polymorphism. Single-Feature Polymorphism (SFP) is a rapid and cost-effective 

technique for scanning genomic polymorphism, especially for the species whose 

genomic sequence is unknown or under construction (Hazen and Kay et al., 

2003). First, we used the hybridization results from our analysis of DEFL 

expression using the custom DEFL array to scan for SFPs among the four 

ecotypes. Secondly, we used available genome sequence from the Medicago 

HapMap project for the four ecotypes. Among the four ecotypes, R108-C3 had 

the highest sequence variation in comparison to A17 under both inoculation 

regimes followed by F83005-5 and the least sequence variation was seen with 

DZA315-16. This trend was similar to that observed in expression polymorphism. 

As of date, there are no reports available on the evolutionary distances among 

the four ecotypes. By examining the trends in expression and sequence variation 

of nodule DEFLs, it can be speculated that the reference genome A17 is closest 

to DZA315-16 followed by F83005-5 and R108-C3. R108-C3 probably has the 

highest evolutionary divergence from the other three ecotypes while, DZA315-16 

and F83005-5 are the closest in evolutionary distance.  
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 Borevitz et al. (2007) examined the genomic DNA diversity in 23 wild 

strains (accessions) of A. thaliana and reported that the frequency of sequence 

variation (SFPs) is higher in gene families like NBS-LRR (R genes), receptor-like 

proteins (RLP) and S-locus protein kinase genes (SRK) compared to basic Helix-

Loop-Helix (bHLH) transcription factor gene family, RING-type E3 Ubiquitin 

ligase proteins and F-box-containing subunits of the SCF proteasome. Members 

of R and RLP gene families are involved in disease resistance with a pathogen-

recognition domain that is a well documented target of diversifying selection and 

rapid evolution (Mondragon-Palomino and Gaut, 2005). The SRK genes are 

receptors for  S-locus cysteine rich (SCR) genes that are a sub family of DEFL 

genes expressed in inflorescences and siliques in A. thaliana and are involved in 

reproductive regulatory roles (Nasrallah et al., 2002; Chapter 2). Since these 

families of genes are closely related to nodule DEFLs in gene structure, genome 

organization and potential functional roles, it can be suggested that nodule 

DEFLs probably are rapidly evolving in M. truncatula. Comparison of nucleotide 

diversity to other gene families in M. truncatula would help in further testing of the 

hypothesis. 

 

Polymorphism is observed in regulatory elements of nodule DEFLs 

 Expression variation within a species may correlate with nucleotide 

heterozygosity (Ronald et al., 2005, Kliebenstein et al., 2006). However, in 

addition to expression variation due to true expression level polymorphisms 

(ELPs) (Doerge 2002), sequence differences between the target cDNA from 
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various ecotypes and the probe set on the array can result in a probe mismatch.  

In the latter case, array hybridization may not be an accurate report of expression 

differences among ecotypes. We defined a subset of differentially expressed 

nodule DEFLs that had no evidence of sequence polymorphism (no SFPs and 

SNPs) in their coding regions, these set of nodule DEFLs were likely to be true 

ELPs and were used to identify putative regulatory differences. Our report of the 

presence of SNPs in the cis-acting regulatory elements in the 1 Kb upstream 

region of nodule DEFLs (Chapter 3) is in agreement with the studies showing the 

importance of cis elements in regulation of expression of genes (Cowles et al., 

2002, Rockman et al., 2002) though additional research is required to establish 

the effect of SNPs in these conserved regulatory elements on the expression 

patterns of nodule DEFLs.  

 We also observed substantial levels of nucleotide polymorphism in the 1 

kb downstream region which is a putative 3’UTR of nodule DEFLs. The 3’UTR 

contains binding sites for miRNAs and AU-rich elements which affect the mRNA 

stability and thus influence the gene expression (Wilkie et al., 2003). A recent 

report identified 100 novel miRNA in roots and nodules of M. truncatula and two 

of the nodule DEFLs (called NCR in the study) were found to be putative targets 

for a few miRNA’s (Lelandais-Briere et al., 2009).  We predict that in addition to 

the upstream regulatory elements found in nodule DEFLs there are additional 

binding sites found in the 3’UTR regions of nodule DEFLs, which could not be 

predicted by the methods used in our earlier report on regulation of nodule 

DEFLs (Chapter 3). 
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Nodule DEFLs differ from seed DEFLs in evolutionary rates 

 DEFLs are closely related to the diverse defensin family of genes 

(Graham et al., 2004). The evolutionary patterns within the paralogous 

subgroups of β-defensins in mammals indicate patterns of purifying or 

diversifying selection (Maxwell et al., 2003, Semple et al., 2003, Semple et al., 

2006). Another functionally related NBS/LRR family of R genes also show similar 

trends in selective pressures within the paralogous subgroups (Baumgarten et 

al., 2003, Meyers et al., 2003) as well as orthologous groups in A. thaliana 

(Bakker et al., 2006). We observed that equal proportion of orthologous groups of 

nodule DEFLs exhibit patterns of diversifying or purifying selection in their coding 

regions, which is in contrast to nearly 73% of seed DEFLs exhibiting purifying 

selection. Further analysis of the mature peptide regions of nodule and seed 

DEFLs had similar results as observed with the entire coding region. However, 

the signal peptides of both the nodule and seed DEFLs were under purifying 

selection. Previously, it has been reported that paralogous clusters of DEFLs in 

A. thaliana (Silverstein et al., 2005) and M. truncatula (Alunni et al., 2007) show 

patterns of diversifying or purifying selection in the mature peptide region of the 

gene whereas the signal peptide is predominantly under purifying selection. 

Nodule DEFLs (called NCRs in their study) are targeted into the secretory 

pathway by their signal peptides (Mergaert et al., 2003), and were later found to 

be targeted specifically to the bacterial membrane and cytosol (Van de Velde et 

al., 2010). Absence of DNF1-1, a signal peptidase expressed in M. truncatula 
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nodules (Wang et al., 2010) in the dnf1-1 mutant disrupted the localization of the 

nodule DEFLs (NCRs) indicating the importance of signal peptide in proper post 

translational processing and subcellular localization of the nodule DEFL peptides. 

The presence of purifying selection in signal peptides among orthologous nodule 

and seed DEFLs indicates that the signal peptide is the most conserved part of 

DEFLs irrespective of the species.   

 The differences in the selection pressures exhibited by the mature 

peptides of nodule and seed DEFLs may reflect their different times of origin and 

diverse path of gene duplications. Seed DEFLs are seen in different clades of 

legumes and non-legumes (Graham et al., 2004, Silverstein et al., 2007), 

whereas nodules DEFLs are reported only in a narrow clade within the legume 

family (Mergaert et al., 2003, Graham et al., 2004). Because the seed DEFLs 

have a more ancient lineage and more conserved sequences, their functions 

may have become fixed before the diversification of the legumes.  Nodule DEFLs 

have been reported only in the legumes with swollen bacteroids, a trait where the 

rhizobia are differentiated into swollen and branched nitrogen fixing forms. They 

are found to be absent in legumes with non swollen bacteroids. It has been 

recently reported that the swollen bacteroid is a derived trait and non swollen 

bacteroid is an ancestral trait (Oono et al., 2010). This suggests that nodule 

DEFLs, though extremely numerous in the M. truncatula genome, are a recently 

derived innovation in legumes. Our analysis of orthologous nodule DEFLs in four 

ecotypes of M. truncatula indicates that many loci are under purifying selection, 

while a large proportion of others exhibit patterns of diversifying selection, which 
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may result in new functions by introducing non synonymous substitutions into the 

coding region for the mature polypeptide. There are different ways a gene pair 

may evolve following duplication, such as through partitioning the original 

function between the two paralogs (subfunctionalization) or by acquisition of a 

new function by one copy while the other retains the original function 

(neofunctionalization). It has been reported that subfunctionalization and 

neofunctionalization can coexist, a condition referred to as 

subneofunctionalization (He and Zhang 2005, Rastogi and Liberles 2005). We 

predict from our observations of purifying and diversifying selection signatures in 

the mature peptide regions of orthologous nodule DEFLs that these genes are 

one of the good examples for subneofunctionalization. The set of orthologous 

nodule DEFLs under purifying selection probably share the same function 

(subfunctionalization) and the other set under diversifying selection probably 

acquired new functions (neofunctionalization) though additional functional studies 

on nodule DEFLs are necessary to establish it. 
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