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Summary  

● While Brachypodium distachyon is an emerging model for grasses, no expression atlas 

and gene coexpression network is available. Such tools are of high importance to provide 

insights into the function of Brachypodium genes. 

● We present a detailed Brachypodium expression atlas, capturing gene expression in its 

major organs at different developmental stages. The data was integrated into large-scale 

coexpression database (www.gene2function.de), enabling identification of duplicated 

pathways and conserved processes across ten plant species, thus allowing genome-wide 

inference of gene function.  

● We highlight the importance of the atlas and the platform through the identification of 

duplicated cell wall modules, and show that a lignin biosynthesis module is conserved across 

angiosperms. We identified and functionally characterized a putative ferulate 5-hydroxylase 

gene through overexpression of it in Brachypodium, which resulted in an increase in lignin 

syringyl units and reduced lignin content of mature stems, and led to improved 

saccharification of the stem biomass. 

● Our Brachypodium expression atlas thus provides a powerful resource to reveal 

functionally related genes, which may advance our understanding of important biological 

processes in grasses. 

 

Key words: Brachypodium distachyon, coexpression, comparative coexpression, expression 

atlas, functional modules, gene function, lignin. 

 

Introduction  

Grasses provide the bulk of human nutrition and serve as important feedstock for animals. In 

addition, grass crops constitute an emerging source for lignocellulosic biofuels (Sanderson, 

2011). However, the major grass species used as crops are poor experimental models, as they 

tend to have large and complex genomes, long life cycles, demanding growth conditions 

and/or intellectual property restrictions (International Rice Genome Sequencing Project et al., 

2005; Mayer et al., 2012; The International Wheat Genome Sequencing Consortium, 2014). 

On the other hand, Brachypodium (Brachypodium distachyon), a wild annual member of the 

Pooideae subfamily, has one of the smallest known grass genomes (270 Mbp) (Vogel et al., 

2010), similar number of gene families as rice and sorghum, small stature, short life cycle, 
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self-fertilization and undemanding growth conditions. Thus, Brachypodium has all the 

desirable features to serve as a model system for grasses (Draper et al., 2001). In addition, 

physiological traits, such as root and grain development, biotic and abiotic stress tolerance, 

cell wall composition and yield, can be easily studied in Brachypodium and outcomes may 

subsequently be transferred to improve other grasses. These advantages have intensified the 

development of efficient transformation and crossing protocols, and the establishment of 

mutant (T-DNA and chemically-mutagenized lines) and natural accession collections, a 

microarray platform, DNA clone libraries (cDNA, BAC, and transformation plasmids) and a 

large number of accessions (Brkljacic et al., 2011). 

Despite these resources, the majority of genes in monocots are annotated only by 

sequence similarity and functional domain detection methods, such as BLAST2GO and 

Interproscan (Quevillon et al., 2005; Conesa & Götz, 2008). Identification of orthologous 

genes across multiple species is made difficult by evolutionary events such as whole-genome 

or segmental duplications and consequently, improved annotations via other means are clearly 

needed to uncover the functions of the many grass-specific gene families. Combining 

sequence and expression profile similarity can be devised by determining equivalent tissues 

between species, with the best expression profile match being termed the ‘expressolog’ (Patel 

et al., 2012). Analysis of transcriptomes of Oryza sativa, B. distachyon and Sorghum bicolor 

revealed that genes with properties such as high expression in many tissues and conserved 

synteny tend to evolve more slowly than genes not showing these properties (Davidson et al., 

2012). Since genes involved in related biological processes tend to have similar expression 

patterns across organs, developmental stages and biotic and abiotic perturbations, 

identification of transcriptionally co-regulated (coexpressed) genes has been used to identify 

functionally related genes (Stuart et al., 2003; Yu et al., 2003; Persson et al., 2005; Itkin et al., 

2013; Proost & Mutwil, 2016). In plants, coexpression analyses have been used to find genes 

relevant for plant viability (Mutwil et al., 2010), seed germination (Bassel et al., 2011), shade 

avoidance (Jiménez-Gómez et al., 2010), cyclic electron flow (Takabayashi et al., 2009), cell 

division (Takahashi et al., 2008) and others. In coexpression networks, nodes (or vertices) 

correspond to genes and edges (or links) connect genes that display similar expression profiles 

(Lee et al., 2004). To facilitate user-friendly access to these networks, several web-based tools 

have been generated (Lee et al., 2010; Mutwil et al., 2010, 2011; Ficklin & Feltus, 2011; 

Movahedi et al., 2011; Obayashi et al., 2011; Tzfadia et al., 2012; De Bodt et al., 2012; Proost 

& Mutwil, 2017). 
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Apart from predicting gene function, coexpression networks can be used to identify 

gene modules, that is, groups of coexpressed genes, that may be conserved across species and 

even across different kingdoms of life, as exemplified by cell cycle, ribosome biogenesis, and 

proteasome gene modules (Stuart et al., 2003; Zarrineh et al., 2014; Gerstein et al., 2014). 

Such conserved gene modules are useful to transfer knowledge about pathways or co-

functional processes from better characterized model species to crop plants, as functionally 

equivalent genes are found by combining DNA sequence and coexpression contexts (Ruprecht 

et al., 2011; Mutwil et al., 2011; Park et al., 2013; Tzfadia et al., 2016). Several tools, 

including PlaNet, ATTED-II, PlantGenIE, CoExpNetViz are available to detect conserved 

modules (Mutwil et al., 2011; Aoki et al., 2015; Sundell et al., 2015; Serin et al., 2016; 

Tzfadia et al., 2016; Proost & Mutwil, 2017). It is important to note that analysis of 

coexpression networks faces several limitations. First, coexpression relationships are 

dependent on the used expression data. For example, if pollen expression data is absent from 

the dataset, pollen-specific modules will not be detected. Second, the conserved modules could 

obtain new expression patterns and functions during plant evolution. Third, c. 40% of protein 

coding genes are not represented on many microarrays, which could result in certain modules 

not being detected (Mutwil et al., 2011). 

Recent studies revealed that gene modules can also duplicate within one organism 

(Ruprecht et al., 2016, 2017b). This implies that if the gene module is associated with a certain 

function, the duplicated gene modules may perform related functions in different parts of a 

plant. To study conserved and/or duplicated gene modules, we recently updated the PlaNet 

platform with tools that allow their identification and analysis (Ruprecht et al., 2016). 

Furthermore, by combining comparative genomic analyses with coexpression networks, we 

showed that it is possible to deduce when certain gene modules appeared in plant evolution 

(Ruprecht et al., 2017a,b).  

Broad patterns of gene expression and the identity of gene modules in Brachypodium 

are largely unknown. To address this knowledge gap, we generated a comprehensive 

expression atlas for Brachypodium that captures gene expression in major organ types and 

developmental stages, and incorporated it into the coexpression database PlaNet 

(www.gene2function.de). We used these tools together with transgenic approaches to identify 

and characterize a putative ferulate 5-hydroxylase gene and show that overexpression of this 

gene affected lignin architecture in Brachypodium, and led to improved saccharification of the 

corresponding biomass. 
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Materials and Methods 

Experimental growth conditions and organ sampling 

The collected samples were grown in three locations (Table 1). Toulouse, France (T) growth 

chamber: seeds of Brachypodium distachyon (L.) P. Beauv line Bd21 were maintained in the 

dark in a wet chamber at 4°C during 4 d to favor a homogeneous germination. Seeds were then 

sowed in a Tref H4 compost (Jiffy France SARL, Trévoux, France). They were put in a 

growth chamber with the following day : night conditions: 16 h 25°C : 8 h 22°C and 80% 

humidity. Pots were covered with Saran® wrap until the first leaves reached a size of c. 3 cm. 

Two month-old plants were used for the experiments. Two types of organs at two different 

developmental stages were sampled: young leaves (from 3 to 6 cm in length) and fully-

expanded mature leaves; apical internodes (first internodes at the top of the culm) and basal 

internodes (first lignified internodes at the basis of the culm). The plants were not flowering at 

the time of sampling and contained five to seven internodes per culm. Versailles, France (P) 

growth chambers: seeds were maintained at 4°C for 3 d, germinated in soil and grown in a 

Phytotron with the following day : night conditions: 20 h 23°C : 4 h 21°C and 65% humidity. 

Versailles glasshouse (V) material was grown in soil, with the following day : night 

conditions: 20 h 23°C : 4 h 21°C. Samples were collected, immediately placed in liquid 

nitrogen and then stored at -80°C until RNA extraction. The plants contained two to three 

internodes at 10 d after germination (DAG), three to four internodes at 17 DAG, five to seven 

internodes at 27 DAG and five to nine internodes at 30–100 DAG. The plants flowered 25 

DAG. 

 

RNA preparation, labelled cDNA synthesis, and microarray hybridization 

Samples from Versailles: the plant material was ground in liquid nitrogen and extracted with 

RNeasy QIAGEN kit with a DNase step as recommended by instructions. Samples from 

Toulouse: preparation of total RNAs was performed using the SV Total RNA isolation system 

(Z3100, Promega, Charbonnières-les-Bains, France). The material was treated with RQ1 

RNase-Free DNase according to manufacturer’s instructions (Promega) before being 

precipitated with ethanol (2 vol) and 3 M sodium acetate pH 5.2 (0.1 vol) for storage at -80°C. 

To assess RNA quantity and purity, NanoDrop™ 2000C Spectrophotometer was used to 

measure 260–280 nm ratio, where the ratio close to 2.0 was considered suitable for microarray 

analysis. Quality and quantity of each RNA sample was further checked by Agilent 2100 

Bioanalyzer and the RIN (RNA integrity number) values were above 6.8. cDNA synthesis, 
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array hybridisation, scanning were done by AtlasBiolabs (http://www.atlas-biolabs.com) 

according to Affymetrix’ GeneChip™ technology. 

 

Microarray data analysis  

The microarray platform used in this study was the BrachypodiumV1 chip from Affymetrix 

(Priest et al., 2014). The chip contains 2142558 probes, whose nucleotide sequences we 

mapped over the Brachypodium CDS (coding sequence) database v1.2 (Vogel et al., 2010) 

using blastn-short with default parameters. Only perfect matches were kept (25 nucleotides. 

BLAST bit score 50.1). The analysis showed that 1561378 probes had at least one perfect 

match to a Brachypodium CDS. A total of 333072 probes with ambiguous matches to more 

than one CDS were discarded [Author, please confirm inserted text ‘A total of’ is correct]. 

The surviving probes covered a total of 23564 Brachypodium CDS models (out of a total of 

31029 described in the Brachypodium v1.2 transcriptome). A list of probesets (one per CDS) 

was generated and stored into a new binary CDF annotation file that was generated using the 

makecdfenv R package 

(https://bioconductor.org/packages/release/bioc/html/makecdfenv.html) and is available as 

Supporting Information Notes S1. The microarrays were RMA (Robust Multi-Array Average) 

normalized (Irizarry et al., 2003) with Affymetrix Power Tools 

(http://www.affymetrix.com/estore/partners_programs/programs/developer/tools/powertools.af

fx). To infer similarities between the samples, we have calculated the euclidean distance 

between the expression vectors (samples), performed hierarchical clustering with complete 

linkage method and visualized the sample clustering as a dendrogram.  

 

Functional annotation of Brachypodium genes 

Gene annotations, pfam domains and gene ontology (GO) terms for genome version 1.2 were 

obtained from Phytozome V11 (Goodstein et al., 2012) 

(http://genome.jgi.doe.gov/pages/dynamicOrganismDownload.jsf?organism=PhytozomeV11). 

Gene families for Brachypodium were downloaded from PLAZA2.5 

(http://bioinformatics.psb.ugent.be/plaza/versions/plaza_v2_5/, Proost et al., 2009). 

 

Sequence homology search 

To identify Brachypodium homologs of ferulate 5-hydroxylase (AtF5H, At4g36220) and 

caffeoyl coenzyme A O-methyltransferase 1 (CCoAOMT1, At4g34050), we blasted their 
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protein sequences against Brachypodium proteome at Phytozome 

https://phytozome.jgi.doe.gov/pz/portal.html#!search?show=BLAST.  

 

Construction and clustering of highest reciprocal rank coexpression networks 

The normalized expression matrix (Table S1) was used to generate highest reciprocal rank 

(HRR) coexpression network with standard edge cut-off of 30 (Table S2; Mutwil et al., 2010) 

The edges in the HRR network indicate how strongly coexpressed the connected genes are, 

with value of 0 showing higher coexpression, while value of 30 indicating lower coexpression. 

To obtain the clusters, we used heuristic cluster chiseling algorithm (HCCA), which is 

optimized for HRR-based networks, with standard parameters (step-size = 3, Mutwil et al., 

2010). The coexpression networks and clusters were uploaded into PlaNet (Mutwil et al., 

2011). 

 

Data availability 

The raw microarray data is available from EMBL ArrayExpress as accession E-MTAB-5491. 

The RMA-normalized data can be found in Table S2. 

 

Tissue specificity measure  

For each gene’s expression profile, we calculated the specificity measure (SPM) value based 

on the formula shown later, where x is the list of a gene’s expression values in all samples, and 

xi

 

 indicates the expression value in sample i (Xiao et al., 2010). The value can range from 0 to 

1, where 0 indicates that a gene is not expressed in a given sample, while value of 1 indicates 

that the gene is expressed specifically in a given sample.  

To set the cutoff required to ensure a gene is expressed specifically in a given sample, we 

generated 100000 random expression profiles with the same mean and SD as a randomly 

selected existing profile. Then, for each of the 100000 profiles, the maximum SPM value was 

determined. The resulting distribution of the maximum SPM values was then used to 

determine the cutoff above which <5% of the randomly generated profiles were found. Genes 

with SPM > 0.41 in a given sample were deemed to be preferentially expressed in the sample. 
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The preferentially expressed genes were used to calculate MapMan enrichment analysis of the 

samples. 

 

MapMan and GO enrichment analyses 

MapMan terms for Brachypodium were obtained from 

http://mapman.gabipd.org/web/guest/mapmanstore, while GO annotations for Brachypodium 

v1.2 genome were downloaded from Phytozome (https://phytozome.jgi.doe.gov) (Goodstein et 

al., 2012). MapMan and GO enrichment analysis of a module/neighbourhood/cluster/sample 

was performed by using hypergeometric distribution, which estimates the probability of 

finding a number of genes with a given ontology term, in a collection of a given size (e.g. all 

genes in a cluster), when considering the number of genes that are assigned to the given 

ontology term. To account for multiple hypothesis testing, we have applied false discovery 

rate (FDR) correction to the P-values (Benjamini & Hochberg, 1995).  

 

Detection of conserved, duplicated and overlapping modules in PlaNet 

To detect similar modules, we applied the FamNet pipeline, which identifies coexpression 

neighbourhoods that contain same gene families and Pfam domains (Ruprecht et al., 2016). 

Briefly, when two neighbourhoods of sizes A and B are compared, the number of pfam 

domains and gene families (labels) in common between the two neighborhoods is counted. To 

estimate if the neighbourhoods are significantly similar, an empirical P-value is obtained by 

comparing the observed number of labels with the number of labels obtained when comparing 

two random neighbourhoods of size A and B. The number of permutations was set to 10000, 

and the FamNet pipeline rejected conserved/duplicated modules with P-value>0.05. 

Overlapping modules were found by identifying neighbourhoods that have at least one gene in 

common. PlaNet indicates if similar neighbourhoods can be found in other species (conserved 

modules) or within same species (duplicated modules) and visualizes these relationships as a 

module network (Ruprecht et al., 2016). The nodes in the module network correspond to 

modules (i.e. groups of coexpressed genes), while the edge colours (blue, green and orange) 

indicate conserved, duplicated and overlapping modules, respectively. 

 

Brachypodium genetic transformation 

Brachypodium plants were genetically transformed using a method adapted from (Vogel & 

Hill, 2008) which is outlined in Methods S1. 
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Quantitative RT-PCR analysis 

Quantitative PCR were performed as described in (Bouvier D’Yvoire et al., 2013). Total RNA 

were extracted from Brachypodium leaves using Qiagen RNeasy mini kit 

(http://www.qiagen.com). One microgram of RNA was retro-transcribed using a SuperScript 

II reverse transcriptase kit (Invitrogen, http://fr-fr.invitrogen.com). Quantitative RT-PCR 

[Author, please insert expansion for ‘RT-PCR’]  was performed on the Eppendorf 

Realplex2 Mastercycler using the SYBR Green kit (Bio-Rad) and the following program: one 

activation cycle for 10 min at 95°C, 40 amplification cycles for 10 s at 95°C, 15 s at 60°C and 

20 s at 72°C, and one melting curve cycle from 65 to 95°C. Quantitative RT-PCR data for 

Bradi3g30590 were normalized with the housekeeping gene SAMDC encoding a S-

adenosylmethionine decarboxylase (Hong et al., 2008). Primers used are BdSamDCfw: 

CGGCAAGCTTGCTAATCTGCTGGAAT, BdSamDCrev: 

CAGAGCAACAATAGCCTGGCTGGC and BdF5Hfw: 

TCGACATGGGCGACGTCTTCGG and bdF5Hrev: 

GCGTCACCGTCGGCGTTCTGCAGGG. 

 

Determination of lignin monomer levels by thioacidolysis 

The material consisted of green plants before flowering (20 DAG) and mature dried plants 

(100 DAG). The analysis was performed as outlined in (Lapierre et al., 1985) and Methods S1. 

 

Determination of ferulic acid and p-coumaric acid levels 

The analysis  was performed on extractive-free samples as previously described (Sibout et al., 

2016) and outlined in Methods S1.   

 

Klason lignin content determination 

Klason lignin content was measured from extractive-free samples by the Klason method 

(Dence, 1992; Méchin et al., 2014) which is outlined in Methods S1.   

 

Saccharification assay  

Saccharification assays were performed as described by (Berthet et al., 2011) and outlined in 

Methods S1.    

 

Microscopy and histochemistry 

Staining of the cross-sections are outlined in the Methods S1. 
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Statistical analysis of thioacidolysis results, Klason lignin content and saccharification 

efficiency 

Statistics used for chemistry data analysis were made with PAST3 (Hammer et al. (2001) 

[Author, please confirm amended citation ‘Hammer et al. (2001)’ is correct] http://palaeo-

electronica.org/2001_1/past/issue1_01.htm). One-way ANOVA was used to detect significant 

differences. Homogeneity of variance was tested using Levene’s test. Pairwise comparisons 

were tested with Tukey's HSD test. 

 

Results and Discussion 

Generation of a Brachypodium expression atlas 

We used an Affymetrix Brachypodium Genome Array (BradiAR1b520742) microarray 

platform to construct a gene expression atlas for Brachypodium (Priest et al., 2014). We 

analysed 117 microarrays covering nine organ types during different developmental stages 

(given as DAG, days after fertilization (DAF), days after heading (DAH), or years) of 

Brachypodium grown in growth chambers in Versailles (P samples), in glasshouse in 

Versailles (V), in in vitro culture (I) and in glasshouse in Toulouse (T, Table 1; Fig. 1). To 

provide easy access to the expression data, we created a Brachypodium eFP browser instance 

(http://bar.utoronto.ca/efp_brachypodium/cgi-bin/efpWeb.cgi), which visualizes gene 

expression by colour coding organs in an image corresponding to the average gene expression 

level in these organs (Winter et al., 2007). 

The normalized expression data (Table S1) was used to generate a sample similarity 

dendrogram (Fig. S1), which revealed an expected clustering of replicates. To visualize 

transcriptomic profile similarities among the sampled organs, we generated another 

dendrogram based on averaged replicates (Fig. S2). The dendrogram revealed that organ 

identity and growth conditions had strong influence on clustering of the samples. The 

influence of organ identity was observed by clustering of leaf developmental series (V: leaf 

10-60 DAG) and the seed developmental series (V: whole grain and endosperm). Growth 

conditions influenced clustering as well, as leaves grown in the growth chamber in Toulouse 

(T: young leaf, T: mature leaf), were more similar to other samples grown in the same 

conditions (T: first internodes), than to leaves grown in growth chamber in Versailles (P: Leaf 

10-60 DAG, Fig. S2). While growth condition-dependent clustering of samples is surprising, a 

study of grapevine transcriptome revealed that samples clustered according to organ maturity, 

rather than organ identity  (Fasoli et al., 2012).To identify genes that are preferentially 
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expressed in the sampled organs and developmental stages, we used the specificity measure 

(SPM), which can range from 0 (gene not expressed in a given sample) to 1 (gene expressed 

exclusively in a given sample, Xiao et al., 2010). By identifying the sample with the highest 

SPM value for a given gene, we could infer which genes were preferentially expressed in a 

given organ and developmental stage (Table S3). To determine a threshold above which a 

gene is specifically expressed in a given sample, we have calculated maximum SPM values for 

randomized gene expression profiles with the same mean and standard deviation as 100000 

randomly selected genes. The resulting distribution of SPM values revealed that 95% the 

randomized profiles had the maximum SPM value below 0.41 (Fig. S3), which we have used 

as a threshold to determine the specificity of gene expression. We observed the highest amount 

of specifically expressed transcripts in seeds (3966 preferential transcripts), leaves (1302 

transcripts) and internodes (1176, Table 1). Different developmental stages of an organ also 

showed specific expression, as roots at 35 DAG contained more specifically expressed 

transcripts (838) than 10 DAG roots (303, Table 1).  

To uncover which biological processes are preferentially expressed at the different 

developmental stages, we undertook MapMan ontology enrichment analysis, which revealed 

specific expression of numerous biological processes in the captured organs and 

developmental stages (Table S4). Among others, we observed that the transcript level of 

photosynthesis-related genes was low in etiolated shoots, but was strongly increased upon shift 

to light, while the wax biosynthesis pathway was expressed in young spikelets (FDR adjusted 

P-value < 0.05, Table S4). To conclude, the gene expression atlas can reveal spatio-temporal 

gene expression and activity of biological processes in Brachypodium. 

 

Integration of Brachypodium transcriptome into PlaNet database 

Biological networks, including those based on expression data, typically show a scale-free 

topology (also called power law behaviour), where many nodes have few connections, and few 

nodes have many connections (Barabási & Bonabeau, 2003). Scale-free biological networks 

also show a small-world effect, where any two nodes are connected with a path of few edges 

only (Barabási & Oltvai, 2004). To investigate if the generated expression data produces the 

expected scale-free networks, the data was used to construct a coexpression network based on 

the Pearson correlation coefficient (PCC), with the PCC cut-off set to 0.7 (Usadel et al., 2009). 

Indeed, the Brachypodium coexpression network followed a scale-free topology (Fig. 2a), 

which is represented by points forming a line with a negative slope. Since scale-freeness is a 

good common topology of biological networks (Langfelder et al., 2008), and the plot 
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resembles those observed for other species (Zhang & Horvath, 2005; Mutwil et al., 2010), we 

concluded that the Brachypodium expression data reflects an appropriate network topology. 

The expression data was uploaded into the PlaNet database (Mutwil et al., 2011), which offers 

a variety of tools to mine co-expression networks of four monocot species (B. distachyon, 

Hordeum vulgare, O. sativa, Triticum aestivum), five dicot species (Arabidopsis thaliana, 

Medicago truncatula, Populus trichocarpa, Glycine max, Nicotiana tabacum) and one 

bryophyte species (Physcomitrella patens). The gene expression, coexpression relationships 

and GO enrichment analyses for each gene’s coexpression neighbourhood can be accessed by 

a search box via the front page of PlaNet.  

We exemplify these functionalities with Bradi4g40780, a photosystem I reaction center 

subunit N (PsaN, http://aranet.mpimp-golm.mpg.de/responder.py?name=gene!bdi!1039). As 

expected for a gene involved in photosynthesis, PsaN was lowly expressed in roots, but highly 

expressed in de-etiolated shoots (eFP browser output: Fig. 1, PlaNet output: Fig. 2b). Genes 

coexpressed with PsaN are shown as an interactive coexpression network, containing all genes 

within two steps away from the query gene (i.e. second neighbourhood). Nodes in this network 

represent genes, while edges connect coexpressed genes (Fig. 2c). PlaNet indicates which 

genes belong to the same gene family and contain same domains by a node colour/shape 

combination, for example, all genes represented by a beige circle belong to the family 

HOM086919. A more detailed description of the genes can be obtained by moving the mouse 

pointer over a node. The first neighbourhood of PsaN (i.e. genes directly connected to PsaN) 

identified other genes involved in photosynthesis (Psi_PsaK, PsbQ and PsaD pfam domains; 

Fig. 2c; Allen et al., 2011), while GO enrichment analysis indicated that PsaN neighbourhood 

was significantly (FDR adjusted P-value < 0.05) enriched for genes involved in 

photosynthesis. As the neighbourhood of PsaN is involved in photosynthesis, genes belonging 

to the uncharacterized gene family HOM086919 are also likely to be involved in the same 

biological process and are thus good candidates for further functional analysis in the context of 

photosynthesis.  

 

Functional analysis of network clusters 

Coexpression networks contain groups of densely connected genes (clusters), that can 

represent distinct biological processes (Stuart et al., 2003). Coexpression relationships of a 

gene can be viewed by investigating the neighbourhood (module) of the gene (e.g. PsaN in 

Fig. 2b), or the cluster the gene belongs to. While a neighbourhood is centred on a single gene, 

clusters are identified from global topological properties of the networks, and can associate 
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genes that are not directly coexpressed. PlaNet uses the HCCA which was optimized to cluster 

HRR-based co-expression networks used in PlaNet (Mutwil et al., 2010). 

The HCCA algorithm partitioned the Brachypodium coexpression network into 182 

non-overlapping clusters (Table S5). To elucidate biological functions of these clusters, we 

calculated the MapMan ontology term enrichment of the genes found in the clusters. The 

analysis revealed that 24 out of 35 of the major biological categories defined by MapMan are 

significantly enriched in at least one cluster (FDR adjusted P-value < 0.05), with exception of 

C1 metabolism, S-assimilation and micro-RNA categories (Fig. 3a, black arrows; Table S5). 

Considering the importance for Brachypodium as model organism for second-generation 

biofuel crop species, we examined the content of cluster 48 (http://aranet.mpimp-

golm.mpg.de/responder.py?name=gene!bdi!c48), which is significantly enriched for cell wall 

biosynthetic process (Fig. 3a; Table S5). This module contains known components of cellulose 

biosynthesis, such as cellulose synthases (brown squares, CESA, McFarlane et al., 2014), 

COBRA (light-green square, Brown et al., 2005), POM2/CSI1 (blue triangle, Bringmann et 

al., 2012), CTL (yellow square, Sánchez-Rodríguez et al., 2012), exostosins (cyan hexagon, 

EXO, Madson et al., 2003), KORRIGAN (green triangle, KOR, Vain et al., 2014) [Author, 

please ensure that all references to coloured symbols are given with the associated figure 

number, if appropriate] , and others (Fig. 3b; Ruprecht et al., 2011; McFarlane et al., 2014). 

Presence of MYB and NAM/NAC transcription factors suggested that they are also regulating 

secondary cell wall deposition in Brachypodium (Nakano et al., 2015). Furthermore, the 

presence of several key lignin biosynthesis enzymes (PAL/PTAL, dark green circles; C3H, 

violet triangles; and 4CL, violet diamond; reviewed in Vanholme et al., 2012 [Author, please 

ensure that all references to coloured symbols are given with the associated figure 

number, if appropriate] ) indicated that synthesis of cellulose and lignin is coordinated in 

Brachypodium. This finding is in line with a previous analysis, which revealed a 

transcriptional association between cellulose and lignin biosynthesis in seven angiosperms 

(Ruprecht et al., 2011). Similar to gene pages, the cluster pages also contain information about 

gene IDs, annotations, enriched GO terms, pfam domains and families of the genes found in 

the clusters. Thus, when combined with MapMan enrichment analysis, these clusters are a 

good starting point for discovery of genes relevant for many biological processes and 

pathways in Brachypodium (Table S5). 

 

Duplication of cell wall modules in Brachypodium 
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Previous studies showed that cell wall biosynthesis modules are duplicated in Arabidopsis 

(Ruprecht et al., 2016). To investigate whether Brachypodium modules are duplicated, we 

analysed the second neighbourhood of several genes that are central to cell wall synthesis. We 

exemplify this approach by using Bradi2g16560 belonging to a fasciclin arabinogalactan 

(FLA) gene family (http://aranet.mpimp-golm.mpg.de/responder.py?name=gene!bdi!18410), 

which is often transcriptionally associated with cell wall biosynthesis (Fig. 3; Ruprecht et al., 

2011; Tan et al., 2012). GO enrichment analysis found on the gene page of Bradi2g16560 

revealed that the gene is part of a module involved in an aspect of cell wall biosynthesis 

(GO:0044036: cell wall macromolecule metabolic process). PlaNet detects whether there are 

other neighbourhoods (modules) within the genome-wide Brachypodium coexpression 

network that are similar to the Bradi2g16560 neighbourhood (see http://aranet.mpimp-

golm.mpg.de/publications.html for examples of such analyses). We refer to these similar 

neighbourhoods within one species as duplicated modules. Indeed, we observed other 

duplicated modules similar to Bradi2g16560, supporting that the cell wall biosynthesis module 

is duplicated in Brachypodium (Fig. 4a, duplicated modules connected by green edges). The 

genes Bradi4g34420, Bradi1g76630, Bradi2g16570, Bradi2g46120 and Bradi2g23270, which 

represent centres of the modules, show similar expression profiles to each other (Fig. 4b), and 

these genes are connected in the coexpression network (Fig. S4). Consequently, the second 

neighbourhoods of the five genes are overlapping and constitute one large module (Fig. 4a, 

orange edges). Since Bradi4g34420 module showed the highest similarity to Bradi2g16560 

(15 gene families and pfam domains in common), and GO enrichment analysis suggested its 

function in cell wall biosynthesis (GO:0016762: xyloglucan:xyloglucosyl transferase activity, 

http://aranet.mpimp-golm.mpg.de/responder.py?name=gene!bdi!19800), we selected it as a 

representative of this large module and used PlaNet’s NetworkComparer tool to compare it 

with Bradi2g16560 (Fig. 4a, black boxes). 

While both modules are expressed in shoots, first and second internodes, 

Bradi2g16560 is also expressed in peduncle and spikelet internode (Fig. 4b). The gene module 

contents revealed presence of cell wall biosynthesis-related families (Fig. 4c), such as 

cellulose synthases (white circles), glycosyl hydrolases 9 (red circles, glucanase, Sánchez-

Rodríguez et al., 2012), glycosyl hydrolases 1 (glucan endo-1,3-β-glucosidase, orange circle), 

DUF579 (violet square, involved in xylan synthesis, Brown et al., 2011), exostosins (beige 

circle, xyloglucan synthesis, Madson et al., 2003) and peroxidases (light green circle, 

modifying cell wall polymers, Francoz et al., 2015) [Author, please ensure that all 
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references to coloured symbols are given with the associated figure number, if 

appropriate] .  

To suggest a biological role of these modules, we checked the annotation of the 

cellulose synthases (CESA) genes by moving the mouse pointer over the nodes in the 

interactive coexpression network, and found that Bradi2g16560 module contained primary 

(CESA1, 5, 6 and 9, Persson et al., 2007) and secondary (CESA 4, 7 and 8, Brown et al., 

2005; Persson et al., 2005) cell wall cellulose synthases, suggesting that this module is 

involved in biosynthesis of both cell wall types. Interestingly, both modules contained 

cellulose synthase-like F family protein (CSLF, a mixed-linkage glucan synthase, Burton et 

al., 2006), indicating that the duplicated cell wall modules might be involved in biosynthesis 

of this polymer in different organs and developmental stages of Brachypodium. While the 

exact function of these modules in grasses is currently unknown, the genes found in these 

modules are likely involved in an aspect of cell wall biosynthesis. 

 

Lignin biosynthesis module is conserved in Arabidopsis and Brachypodium 

Lignins are recalcitrant cell wall biopolymers that hamper hydrolysis of cellulose into 

fermentable glucose. The knowledge of key molecular players involved in lignification of 

biofuel crops is a prerequisite to engineer the lignocellulosic biomass (Vanholme et al., 2012).  

To gain insights into lignin biosynthesis in Brachypodium and to demonstrate how 

PlaNet can be used to find conserved modules and to transfer knowledge between species, we 

queried the PlaNet database with a known phenylalanine ammonia-lyase (PAL) gene from 

Brachypodium (BdPAL2, Bradi3g49260, http://aranet.mpimp-

golm.mpg.de/responder.py?name=gene!bdi!8486, Cass et al., 2015). PAL is the first enzyme 

involved in the phenylpropanoid pathway that eventually leads to lignin formation. The gene 

page of BdPAL2 contains a gene module network, which showed other modules similar to 

BdPAL2. As lignin can be found in all flowering plants, we found lignin gene modules in 

Arabidopsis, barley, poplar, rice, soybean and wheat (Fig. 5a, for brevity, only Arabidopsis, 

Brachypodium and rice are shown). Since the lignin biosynthesis pathway has been thoroughly 

studied in Arabidopsis (Vanholme et al., 2012), we chose to compare BdPAL2 with the 

Arabidopsis At2g37040 (AtPAL1), At3g53260 (AtPAL2) and At3g10340 (AtPAL4) modules. 

As AtPAL1, 2 and 4 modules overlap (Fig 5a, connected by orange lines [Author, please 

confirm amended text ‘lines’ is correct]), we can consider these genes part of the same large 

module as these genes are coexpressed. 
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The analysis revealed that all of the genes involved in lignin biosynthesis can be found 

within the selected gene modules (Fig. 5b,c), with the exception of genes encoding caffeoyl 

coenzyme A O-methyltransferase 1 (CCoAOMT1) and ferulate 5-hydroxylase (F5H) in 

Brachypodium module. Interestingly, a gene encoding Tyrosine Ammonia-Lyase 1 (BdTAL1) 

that converts tyrosine into p-coumaric acid as an alternative to the PAL activity in 

Brachypodium (TAL, Fig. 5b; Barros et al., 2016) was present in the module (Bradi3g49250, 

turquoise circle). In addition, we found a gene encoding a 2-deoxy-D-arabino-heptulosonate 7-

phosphate synthase, which acts as the first step of the shikimate pathway (At4g39980 and 

Bradi1g60750, yellow triangles [Author, please ensure that all references to coloured 

symbols are given with the associated figure number, if appropriate] , Entus et al., 2002). 

This further highlights the metabolic link between phenylalanine/tyrosine and lignin 

biosynthesis. 

We found three putative copies of CSE homologs (Bradi3g13420, Bradi3g29970, 

Bradi3g31440) in the PAL module (Fig. 5, beige triangle, At1g52760, hydrolase_4), despite 

the fact that crude protein extracts from stems of Brachypodium and corn (Zea mays) 

exhibited only weak caffeoyl shikimate esterase (CSE) activity with caffeoyl shikimate (Ha et 

al., 2016). We also found genes encoding dirigent proteins in the Brachypodium module 

(green square, Pickel et al., 2010 [Author, please ensure that all references to coloured 

symbols are given with the associated figure number, if appropriate]). These proteins are 

involved in biosynthesis of lignans and coexpression of dirigent proteins with lignin 

biosynthetic genes was previously observed in Arabidopsis (Wang et al., 2013). Furthermore, 

a gene encoding p-coumaroyl-CoA monolignol transferase (Bradi2g36910, PMT1) involved in 

the acylation of sinapyl alcohol by p-coumaric acid (CA) in Brachypodium lignin was present 

in the module (Fig. 5; Petrik et al., 2014). 

Genes encoding transcription factors that are referred to as master regulators of 

lignification were also present. For instance, AtMYB63 (At1g79180, blue circle), coding for a 

R2R3 MYB domain transcription factor, is a known regulator of lignin biosynthesis in 

Arabidopsis) (Zhou et al., 2009), and the Brachypodium lignin module contained three 

uncharacterized AtMYB63 homologues (Bradi2g17982, Bradi5g20130, Bradi2g47590). The 

modules also contained various transporters, among which an ABC transporter (dark blue 

triangle, At3g16340) is involved in p-coumaryl alcohol transport (Alejandro et al., 2012). 

Other uncharacterized transporters were present, such as amino acid transporter (light blue 

triangle, At3g56200), amino acid exporter (gray triangle, At2g40900, Mueller et al., 2015) and 

various major intrinsic proteins (purple square) [Author, please ensure that all references to 
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coloured symbols are given with the associated figure number, if appropriate]. The 

uncharacterized genes present in these conserved modules can serve as candidates for further 

functional analysis of their possible involvement in lignin biosynthesis in angiosperms. 

 

Identification of a putative F5H gene involved in lignin formation in Brachypodium  

The absence of clear homologs of F5H and CCoAOMT1 in the BdPAL2 module was 

surprising as they perform important steps in the biosynthesis of lignins. This might likely be 

due to the fact that the expression of the genes are slightly different compared with the other 

genes in the pathway. To see if we could find the F5H and CCoAOMT1 genes associated with 

lignin synthesis in Brachypodium we first identified potential F5H genes by sequence 

homology searches. We found four proteins (Bradi1g77740, Bradi1g36790, Bradi1g77597, 

Bradi3g30590) that showed >50% sequence identity to the AtF5H (Table S6). We then used 

PlaNet’s expression analysis to identify which of the corresponding four genes is expressed 

highly in Brachypodium stem, as the PAL1 module genes are highly expressed in this tissue 

(Fig. S5). Querying PlaNet with the first three genes revealed expression profiles that were not 

stem-specific: Bradi1g77740 (strongly expressed in the developing seed and the endosperm), 

Bradi1g77597 (endosperm) and Bradi1g77597 (35 DAG roots, de-etiolated shoots, 

endosperm, Fig. S4a). Conversely, by comparing the expression profile of Bradi3g30590 and 

BdPAL2 (Bradi3g49260), we observed that Bradi3g30590 showed expression in specific 

developmental stages of the lignified tissues, such as mature root system (35 DAG), first and 

second internodes (35 DAG), while BdPAL2 was more ubiquitously expressed (Fig. 6a, full 

expression profiles found in Fig. S5b). Based on the expression profile, we assumed that 

Bradi3g30590 was not present in the BdPAL module (Fig. 5), because it was only expressed 

in a subset of developmental stages. However, we also observed that Bradi3g30590 

neighbourhood contained a CAD gene that is associated with the BdPAL module (Figs S6, 5, 

dark green circle; Bouvier D’Yvoire et al., 2013), suggesting that Bradi3g30590 and the 

BdPAL2 module are partially coexpressed. Taken together, based on the sequence similarity 

and high expression in stems, we hypothesized that Bradi3g30590 was the most likely F5H-

encoding gene to be involved in sinapyl alcohol synthesis. To identify gene candidates for 

CCoAOMT activity in lignin biosynthesis, we applied a similar homology search and arrived 

at nine putative CCoAOMT genes. However, we could not identify a clear candidate, as none 

of these genes showed specific expression in stems (data not shown).  

To corroborate that Bradi3g30590 is associated with lignin formation, and thus 

illustrate how PlaNet can identify functionally relevant genes, we transformed wild-type 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

Brachypodium (WT, accession Bd21-3) with a cDNA clone of Bradi3g30590 under the 

control of the maize ubiquitin promoter. Despite several studies in dicots (Meyer et al., 1998; 

Franke et al., 2000; Stewart et al., 2009; Weng et al., 2010; García et al., 2014), the impact of 

F5H overexpression has not been investigated in grasses. We selected two transgenic lines, 

which showed 30- and 68-fold higher expression of the transgene in the T3

Since overexpression (OE) of F5H can dramatically increase the amount of S units in 

poplar or Arabidopsis lignin (Stewart et al., 2009), we studied lignin structure by 

thioacidolysis. This method provides H, G and S thioethylated monomers from H, G and S 

units that are exclusively involved in arylglycerol-β-ether structures (Bouvier D’Yvoire et al., 

2013). Not unexpectedly, the analysis revealed an average increase of 25% of the S 

thioacidolysis monomers in the overexpressors, leading to an increase of the S : G unit ratio on 

average from 2.3 (WT) to 8.1 (OE) (Table 2). Curiously, we also observed a slight but 

significant increase of H units in the Bradi3g30590-OE lines. To identify where the S units are 

deposited in the stem, we stained Brachypodium stem cross-sections with Maüle method 

(Bouvier D’Yvoire et al., 2013), which colours S and G units with red and orange, 

respectively. At mature stage, the staining did not discriminate the transgenics from the WT 

(data not shown), but we observed an increased red staining in the mestome and intra-

fascicular fibres of vascular bundles of the Bradi3g30590-OE lines at heading stage (Fig. 

6c,d). Interestingly, the 25% increase of S-unit lignins was only accompanied by a very 

modest increase of 5-hydroxy-guaiacyl (5-OH-G, from 0.8% in WT to 1.1% in mature dried 

transgenics). This compound, which results from F5H activity, is often detected in F5H 

overexpressors or when caffeic acid O-methyltransferase (COMT) becomes limiting to 

produce sinapyl alcohol (Ralph et al., 2001a,b; Weng et al., 2010).  

 progenies, as 

compared with WT (Fig. 6b), and studied lignin content and structure before and after 

flowering (Table 2). Surprisingly, we observed a decrease of Klason lignin content by 18% in 

the Bradi3g30590-OE lines when compared with WT (Table 2). A decrease of lignin was 

similarly observed in Arabidopsis and poplar upon F5H overexpression (Franke et al., 2000; 

Stewart et al., 2009; Weng et al., 2010; Vanholme et al., 2012), but the biological cause 

behind these results (higher metabolic cost of sinapyl alcohol synthesis, shunt of the pathway) 

remains unknown. 

In contrast to most common dicots, grass cell walls are abundantly decorated with 

hydroxycinnamic acids which stem from the lignin pathway. Ferulic (FA) and p-coumaric 

acids (CA) can be linked both to lignins and to arabinoxylans (Hartley & Ford, 1989; Ralph, 

2010; Withers et al., 2012; Petrik et al., 2014; Karlen et al., 2016; Sibout et al., 2016). We 
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quantified hydroxycinnamic acid content in cell wall of WT and Bradi3g30590-OE lines by 

mild alkaline hydrolysis. While CA is mainly ester-linked to S lignin units in Brachypodium 

(Withers et al., 2012; Petrik et al., 2014), the increased frequency of S units in Bradi3g30590-

OE did not induce a higher CA level (Table 2). This result strongly suggests that the sinapyl 

alcohol accumulation in our transgenics is uncoupled from some genetic elements necessary 

for the acylation of sinapyl alcohol by coumaric acid. Furthermore, we detected significantly 

higher FA content in the mature dried stems of Bradi3g30590-OE when compared with WT 

(Table 2). This result might be related to the decrease of lignin content in the Bradi3g30590-

OE. Indeed, increase of FA content (released mild alkaline hydrolysis) was often associated 

with less lignin content in mutants of Brachypodium (Bouvier D’Yvoire et al., 2013; Wang et 

al., 2015), because FA ester-linked to arabinoxylans are thus less involved in ether bonds with 

lignins (Ralph, 2010).  

As a probable consequence of the decrease in lignin content, the saccharification yield 

of the extractive free mature stems increased on average by 31.6% in the Bradi3g30590-OE 

(Table 3). To conclude, despite the absence of an enzymatic assay or knockout analyses of 

Bradi3g30590, the enrichment of S units in lignin of Bradi3g30590-OE strongly suggests that 

this gene is a functional ferulate 5-hydroxylase.  

 

Conclusion 

By quantifying gene expression in nine major organs at different developmental stages, the 

Brachypodium gene expression atlas can provide a foundation to assess gene activity and 

function in Brachypodium and grass-related crop species. The true potential of the atlas, 

however, can be further unlocked by identifying modules of transcriptionally co-regulated 

(coexpressed) genes. To this end, we have included the atlas in the PlaNet database 

(www.gene2function.de), which contains interactive, user-friendly tools to mine the 

expression profiles, coexpression network, and gene modules of Brachypodium. The 

comparative features of PlaNet provide an easy means to identify conserved and duplicated 

modules, enabling efficient transfer of functional information between species and discovery 

of duplicated pathways, respectively. 

We underscore the importance of the expression atlas and coexpression based tools by 

identifying the F5H ortholog involved in lignin synthesis in Brachypodium. Furthermore, 

increasing S units, decreasing lignin content, and making cell wall more susceptible to 

enzymatic digestion by overexpression of F5H presents an achievable goal in grass crops.  
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Fig. 1 eFP browser of the sampled organs of Brachypodium distachyon. Expression values in 

the sampled organs are indicated by a colour gradient, where yellow indicates no detectable 

expression, while red signifies highest expression. The age of sampled organs is given as days 

after germination (DAG), days after fertilization (DAF), days after heading (DAH), or years. 

The legend describing the colour gradient and expression values is shown in the bottom right 

corner. Photosystem I reaction center subunit N (PsaN) gene Bradi4g40780 is used as an 

example. P, growth chamber in Versailles; V, glasshouse in Versailles [Author, please 

confirm inserted text ‘P, growth chamber in Versailles; V, glasshouse in Versailles’ is 

correct].   

 

Fig. 2 PlaNet instance of Brachypodium. (a) Power-law behaviour of Brachypodium Pearson 

correlation coefficient (PCC) coexpression network. The network was generated by setting 

threshold of PCC > 0.7. The plot shows the relationship between the number of coexpression 

edges a given gene has (node degree, x-axis) vs the number of genes with the given node 

degree (node frequency, y-axis). Note that both axes have been log10-transformed. (b) 

Expression profile of Bradi4g40780, where x-axis and y-axis indicate organ samples and 

expression values, respectively. The green points indicate expression values from the 

individual microarrays, while the red points show average expression. For brevity, expression 

data from only five sampled organs are shown. P, growth chamber in Versailles; V, glasshouse 

in Versailles [Author, please confirm inserted text ‘P, growth chamber in Versailles; V, 

glasshouse in Versailles’ is correct]. (c) Coexpression neighbourhood of PsaN 

(Bradi4g40780, large light green circle). Nodes represent genes, while edges connect 

coexpressed genes. The edge colour shows how strongly two genes are coexpressed, with 

green, orange and red edges indicating strong (HRR < 10, highest reciprocal rank), medium 

(HRR < 20) and weak (HRR < 50) coexpression, respectively. Coloured shapes represent label 

co-occurrences, which are used to bin genes that contain same Pfam domains and gene 

families. For example, genes Bradi1g24760 and Bradi2g61500 (beige circles) belong to the 

same gene family (HOM086919). The annotation of label co-occurrences is shown to the right 

of the network. Functional annotation of PLAZA2.5 gene families can be found at 

http://bioinformatics.psb.ugent.be/plaza/versions/plaza_v2_5/, while the description of pfam 

domains can be found at http://pfam.xfam.org/. For simplicity, only one representative pfam 

domain (e.g. PsaD) or gene family (e.g. HOM001413) per label co-occurrence is shown.  
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Fig. 3 MapMan enrichment analysis of coexpression clusters. (a) Rows represent MapMan 

terms, while columns represent heuristic cluster chiseling algorithm (HCCA) clusters. Clusters 

that are enriched (false discovery rate adjusted P-value < 0.05) for a given MapMan term are 

indicated by red boxes. For brevity, only 35 MapMan terms and 15 clusters are shown. Cluster 

48 is highlighted by the blue rectangle. (b) Coexpression network of cell wall cluster 48. 

Similarly to Fig. 1(c), nodes represent genes, edges connect coexpressed genes, while coloured 

shapes indicate label co-occurrences. For brevity, identifiers of genes not involved in cellulose 

and lignin biosynthesis gene are hidden.  

 

Fig. 4 Duplicated cell wall modules in Brachypodium. (a) Gene module network of 

Bradi2g16560 (large node). Nodes represent gene modules, while line colours indicate 

duplicated modules (green lines), and overlapping modules (orange lines). Line styles depict 

the degree of similarity of the module pairs, as shown in the legend. [Author, pl ease confirm 

amended text ‘lines’ are correct.] The similarity is represented by label co-occurrences, 

which indicates how many gene families and Pfam domains the modules have in common. 

Black boxes indicate gene modules selected for further analysis. (b) Representative expression 

profiles of the genes selected for the comparative analysis. White and blue colours indicate 

low and high expression, respectively. (c) Gene contents of the selected modules. Abbreviated 

description of the label co-occurrences is shown below. 

 

Fig. 5 Lignin modules in Arabidopsis, Brachypodium and rice. (a) Gene module network of 

Bradi3g49260 (large, central node). Blue lines connect conserved modules, orange lines 

indicate overlapping modules, while black boxes indicate gene modules selected for further 

analysis. [Author, please confirm amended text ‘lines’ are correct.] (b) Lignin biosynthesis 

pathway outlining the different steps of coniferyl and sinapyl alcohol biosynthesis. The 

coloured shapes are used to indicate the enzymes found in (c, d). (c, d) Gene contents of the 

selected (c) Arabidopsis and (d) Brachypodium gene modules. For brevity, only one 

representative pfam domain is shown per label co-occurrence.  

 

Fig. 6 Analysis of Bradi3g30590-OE lines. (a) Heatmap showing expression profiles of 

BdF5H and BdPAL1, where dark blue colour indicates high expression. (b) Expression levels 

of Bradi3g30590 cDNA in leaves of transgenic lines and wild-type (WT) plants. The data 

represent means and SD from four biological replicates. (c) Cross-section of WT stem. Orange 
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and red colours indicate G and S units stained by Maüle method. Vascular bundles are 

indicated by arrows. (d) Cross-section of BdF5H-OE stem.  

 

 

 

 

Table 1 Description of sampled organs and developmental stages of Brachypodium distachyon 

Organ No. of 

preferential

ly 

expressed 

genes 

Developmental 

stage/part/treatment 

Age, growth condition No. of 

stage-

specific 

expressed 

genes 

Root 1141 Root 10 DAG (P); 35 DAG (V) 303; 838 

Shoot 610 Etiolated 3 DAG (I) 326 

De-etiolated 3 DAG (I) 284 

Node 787 First node 10 DAG (P)*; 17 DAG (P); 27 

DAG (P)*; 60 DAG (P)* 

123; 15; 

7; 21 

First node + adventitious roots 35 DAG (P) 198 

Last node 35 DAG (V) 370 

Lower part of inclined node 42 DAG (V)* 41 

Upper part of inclined node 42 DAG (V)* 12 

Internode 1176 First internode 10 DAG (P); 17 DAG (P)*; 27 

DAG (P); 35 DAG (P)*; DAG 60 

(T)*  

33; 17; 8; 

208; 295; 

36 

Second internode 17 DAG (P); 27 DAG (P)* 19; 20 

Last internode 35 DAG (V)*; 60 DAG (P)*; 60 

DAG (T) 

237; 34; 

269 

Leaf 1302 Leaf 10 DAG (P)*; 17 DAG (P); 27 

DAG (P); 60 DAG (P) 

59; 13;  

37; 37 
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Young leaf, <6 cm 60 DAG (T) 551 

Mature leaf, fully expanded 60 DAG (T) 605 

Peduncle 268 First 2 cm 42 DAG (V)*  73 

Second 2 cm 42 DAG (V)* 73 

Third 2 cm 42 DAG (V) 94 

Last 2 cm 42 DAG (V) 18 

Spikelet pedicel 42 DAG (V) 10 

Spikelet 381 Young spikelet 3 DAH (P)* 297 

First spikelet internode 42 DAG (V)* 51 

Last spikelet internode 42 DAG  (V) 33 

Seed 3966 Endosperm 11 DAF (V); 31 DAF (V)** 527; 840 

Whole grain 11 DAF (V); 31 DAF (V); 2 yr (V) 1561; 

611; 427 

Coleoptil

e 

283 Coleoptile 10 DAG(P); 17 + 27 DAG(P) 22; 261 

The second column indicates how many genes are preferentially expressed in a given organ. The third 

column describes the part of the organ that was sampled, while the fourth column gives the age of the 

organ, as days after germination (DAG), days after fertilization (DAF), days after heading (DAH) or 

years. Growth facilities are indicated: P, growth chamber in Versailles; V, glasshouse in Versailles; I, 

in vitro culture in Versailles; T, growth chamber in Toulouse. The fifth column indicates how many 

genes are preferentially expressed in a given sample. For example, 1036 and 1749 genes are 

preferentially transcribed in endosperm 11 DAF and 31 DAF, respectively. Samples marked with * and 

** were taken in duplicates or as single sample, respectively. Otherwise, samples were taken in 

triplicates. 

Table 2 Analyses of lignins, p-OH cinnamic acid (p-coumaric acid (CA) and ferulic acid (FA) 

ester-linked to the cell walls) and glucose yield in the mature stems of Brachypodium samples 

Genotype Lignin 

content 

Relative frequency of lignin-derived thioacidolysis 

monomers 

Ester-linked p-OH cinnamic acids 
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(%) %H %G %S %5-OHG CA (mg g-

1

FA (mg g

) 

-1) 

Culture 1: Mature dried plants (100 DAG) 

WT 19.57 ± 

0.30 

3.1 ± 0.2 29.3 ± 1.2 66.9 ± 1.1 0.8 ± 0.0 8.88 ± 

0.41 

5.25 ± 0.48 

Bradi3g30

590-OE 

line 1 

16.48 ± 

0.84

4.1 ± 0.3
b 

10.4 ± 0.8b 84.4 ± 1.0b 1.1 ± 0.0b 8.18 ± 

0.35 

b 7.19 ± 0.30b 

Bradi3g30

590-OE 

line 2 

16.10 ± 

0.82

4.2 ± 0.2
b 

11.2 ± 1.1b 83.6 ± 1.2b 1.1 ± 0.0b 8.60 ± 

0.54 

b 6.96 ± 0.48b 

Culture 2: Green plants before flowering (20 DAG) 

WT 15.15 ± 

0.23 

4.4 ± 0.2 33.6 ± 0.9 61.4 ± 0.8 0.6 ± 0.0 12.04 ± 

0.57 

5.68 ± 0.18 

Bradi3g30

590-OE 

line 1 

13.73 ± 

0.19

5.7 ± 0.2
b 

11.8 ± 0.4 b 81.5 ± 0.5 

b 

0.9 ± 0.1 b 12.49 ± 

0.39 

b 5.86 ± 0.04 

Bradi3g30

590-OE 

line 2 

13.74 ± 

0.47

 

b 

5.5 ± 0.2

 

b 12.3 ± 0.4

 

b 81.2 ± 0.4 1.1 ± 0.0b 

 

b 12.01 ± 

0.23 

 

5.47 ± 0.23 

 

The lignin content and structure are evaluated by the Klason and thioacidolysis methods. The CA or 

FA levels ester-linked to the cell walls are measured by mild alkaline hydrolysis. Values are means ± 

SD from individually analyzed plants (n = 3 or 4). aAll the plants were obtained from the same culture 

experiment in the glasshouse. b

Table 3 Saccharification efficiency of extractive-free mature stems from Brachypodium 

distachyon 

Significantly different from the corresponding wild type (WT) sample 

(one way ANOVA, Tukey’s HSD) at P < 0.05. H, p-hydroxyphenyl; G, guaiacyl; S, syringyl; 5-OH-G, 

5-hydroxy-guaiacyl; DAG, days after germination. 

Genotype Glucose yield (mg g-1) 

WT 63.9 ± 2.9 

BdF5H-OE line1 80.1 ± 4.2a 

BdF5H-OE line2 83.9 ± 3.2a 

Saccharification was evaluated by the glucose release induced by hydrolysis with a commercial cellulase 

preparation and without any pretreatment. Values are means ± SD from individually analysed plants (n = 3). All 
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the plants were obtained from culture 1. aSignificantly different from the corresponding wild-type (WT) sample 

(one way ANOVA, Tukey’s HSD) at P < 0.05.  
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