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Abstract 

To identify switchgrass homologs of rice genes predicted to control biomass-related 

traits, we screened 96,000 clones from two switchgrass BAC libraries. Full-length 

sequencing of 311 selected BAC clones revealed sequence for ~3.2% (51.7 Mb) of 

the switchgrass genome, coding for 3948 genes (4217 gene models). The targeted cell 

wall and stress response-related genes, including 350 kinase, 203 glycosyltransferase, 

109 glycoside hydrolase and 33 ethylene responsive transcription factor genes, are 

particularly enriched among the annotated genes. Using a phylogenomic and 

structural approach, we demonstrate that most of the switchgrass glycosyltransferase 

2 (GT2) gene subfamily members cluster into previously established subfamilies. 

However, five of these genes, together with predicted orthologs from maize, Sorghum 

and poplar form a separate clade, that are absent in rice and Arabidopsis. Comparative 

expression analysis using microarrays and qPCR-based assays revealed high 

correlation in expression profiles of GT2 homologs in rice and switchgrass suggesting 

that rice genes are predictive of the switchgrass gene functions. 
 

Keywords: BAC library, biofuel, cellulose synthase, glycoside hydrolase, kinase, 

screening, switchgrass 

Introduction 

Switchgrass is a candidate feedstock crop for biofuel production [1]. Due to its 

low input requirements and adaptability to a wide range of growing conditions, 

switchgrass stands can be grown on marginal lands not suitable for production of 

most food and feed crops [2-4]. Yet unlike sugars, starches and oils from first 

generation biofuel crops such as corn and sorghum, the source of energy in 

switchgrass is the less tractable lignocellulosic biomass [5-8]. Another point is that 

like any crop grown on large scales for extended periods of time, switchgrass stands 

will be exposed to diverse biotic and abiotic stresses. For these reasons, research 

directed at optimizing switchgrass for biofuel production has focused on two fronts. 

First, the saccharification efficiency must be improved to make energy extraction cost 

effective [9,10]. Secondly, varieties that can withstand diverse stresses must be 

developed to help stands thrive on marginal soils and in face of a variety of pests and 



diseases [11]. 

Genetic studies on switchgrass have been limited due to its complex genomic 

structure and perennial, outcrossing habit [12,13]. For this reason, researchers have 

utilized genetic resources from rice, a model grass species, to advance understanding 

of switchgrass biology. For example, rice experimental studies using phylogenomic, 

transcriptomic and other genetic analyses have identified glycosyltransferase (GT), 

glycoside hydrolase (GH), kinase and ethylene responsive transcription factor (ERF) 

gene families and demonstrated an important role for these genes in cell wall 

biosynthesis, and modification and tolerance to stress [14-19] [20-23]. In this study, 

we sought to identify switchgrass homologs of rice genes belonging to these four (GT, 

GH, kinase and ERF) gene families.  

Leveraging the switchgrass BAC library resources available, we organized 

96,000 clones from two libraries into pools and superpools and established a qPCR-

based screening workflow to identify BAC clones carrying the targeted genes. Using 

this screen, we selected and sequenced 311 BAC clones corresponding to 51.7 Mb of 

the switchgrass genome. We identified 3948 unique genes from this sequence, 695 

belonging to the targeted families (GT, GH, kinase and ERF). Further, we compared 

gene organization between the sequenced switchgrass BAC clones and the 

corresponding regions in the rice genome, finding significant colinearity. Lastly, we 

compiled a list of 65 switchgrass orthologs of rice genes having demonstrated roles in 

bioenergy-relevant traits using genetic and biochemical approaches. This list includes 

14 cellulose synthase and cellulose synthase-like genes, a glycoside hydrolase gene, 

two lignin biosynthetic genes, four genes regulating flowering time, and 32 genes 

central to the plant biotic and abiotic stress responses.  

Results and Discussion 

In this study, we sought to identify full-length sequences of switchgrass genes 

predicted to control cell wall biosynthesis and modification and stress-response 

related traits. 

BAC library pooling and superpooling enables quick and accurate screening of 

large libraries 

BAC libraries are a valuable resource for target gene identification, however, 

conventional screening of large libraries is an expensive and time-consuming process.  



Pooling BAC clones is an efficient strategy to minimize false positive hits and reduce 

the effort required for screening a large number of clones [24,25]. We used seven-

plate matrix pool & superpool technology developed by Amplicon Express 

(http://ampliconexpress.com/) to organize 96,000 clones from two switchgrass BAC 

libraries [26]. Taking into account the size of the switchgrass genome (1600 Mb) and 

average BAC length (144 and 110 Kb) in each library, we estimate ~4X and 3X 

coverage of the genome in respective pools and superpools (P&SPs). Based on the 

Clarke-Carbon’s formula [27], there is a 99.9% probability of finding a specific 

sequence in our pooled collection. Our collection comprises 18 superpools (SPs) and 

23 matrix pools (MPs). Each SP contains pooled DNA from 2688 BAC clones. The 

MPs include five plate pools (PP), eight row pools (RP) and ten column pools (CP) 

[24,28]. The screening scheme used in this study is comprised of two rounds of PCR. 

The first round involves 20 reactions to screen the 18 SPs along with positive and 

negative controls. The second round screens 23 MPs and controls. Therefore, a set of 

45 PCR reactions (20 with SPs and 25 with MPs) is sufficient to find a BAC clone 

carrying the gene-of-interest (Supplementary figure 1; see methods for details). 

Instead of conventional PCR followed by gel electrophoresis, we used real-time qPCR 

and melt curve analysis to screen the matrices. [29].  

 

Cell wall and stress response-related genes were targeted for BAC library 

screening 

Over the past two decades, researchers have identified genes regulating biomass 

quality, sugar yields, abiotic stress tolerance and defense response in grasses using 

rice as an experimental model. Here, we targeted switchgrass homologs of rice genes 

belonging to GT, GH, kinase and ERF families that have roles in cell wall 

composition, saccharification efficiency and stress tolerance [14,15,17,20,21]. In rice, 

a total of 2654 annotated genes belong to these families (609 GT, 437 GH, 1467 

Kinase and 145 ERFs). To narrow this list of gene targets, we focused on those with 

known functions in rice or genes exhibiting high expression in above ground organs. 

We also hunted for several defense-response related genes comprising the rice stress 

response interactome elucidated in our laboratory [30]. 

Several studies have reported clustering of gene family members in plant 

genomes as well as marked colinearity between grass genomes [26,31]. Therefore, to 

avoid selecting multiple BACs from the same genomic region, we localized our target 



genes on the rice chromosomes. Wherever, our target genes were clustered on rice 

chromosomes, only one set of primers was designed from a 200 Kb block, thereby 

avoiding the selection of multiple BAC clones representing identical genomic regions 

(Figure 1). Because qPCR primers targeted to rice gene sequences only had a 10% 

success rate in amplifying the switchgrass ortholog, we generated switchgrass-specific 

primers for 427 genes based on sequences in public repositories. For this purpose we 

used unique transcript sequences (http://switchgrassgenomics.noble.org/) and EST 

sequences of switchgrass (http://wheat.pw.usda.gov/panicum/blast/, accessed March 

2010). The efficiency and specificity of the primers were tested using switchgrass 

genomic DNA as a template followed by melt curve analysis. Of the 427 primer pairs, 

106 either did not amplify or gave multiple amplification peaks. The remaining 321 

primer pairs were used for screening the BAC collection. During the screen 55 of the 

321 primer pairs amplified sequences from more than two matrix pools therefore, a 

specific BAC address could not be determined. Amplification signals from multiple 

pools may be due to the presence of multiple copies of the genes-of-interest in the 

switchgrass genome, high sequence similarity among members of a gene family or 

high enrichment of the targeted genomic fragment in the BAC libraries. Using this 

screen, a total of 266 BAC clones carrying targeted genes were identified. 

To identify more BACs carrying the targeted genes-of-interest, we computationally 

screened 330,297 BAC-end sequences (BESs) derived from the switchgrass BAC 

libraries for our targeted genes [26]. Forty-five of these BESs contained partial 

sequences for our genes-of-interest and were chosen for full-length sequencing. 

Ultimately, a total of 311 BACs were sequenced to full-length using Sanger 

sequencing. 

Analysis of 311 BAC clone sequences provided information for 51.7 Mb 

switchgrass genome encoding 4217 predicted transcripts 

The sequence from 311 BAC clones comprises 51.7 Mb that represents ~3.2% of the 

switchgrass genome. Insert size of the selected BAC clones ranged from 46 to 357 Kb 

with an average insert size of 166.2 Kb (Supplementary table 1). The GC content of 

the sequenced BACs ranged from 43 to 53.5%, with an average of 47.3% across the 

51.7 Mb of sequence analyzed (Supplementary table 1). 

 A total of 4217 transcripts (gene models) corresponding to 3948 genes 

(Supplementary table 2) were annotated from the sequence obtained in this study. 



Full-length genomic, cDNA and protein sequences as well as the annotation 

information file (.gff file) of the predicted genes are provided in supplementary files 1 

to 4. Although the gene density varies from BAC to BAC, the average gene density is 

estimated to be one gene per 13.1 Kb (Supplementary table 1). For 68% of the 

predicted genes, we could identify at least one of the UTRs, whereas, 109 genes 

located at the BAC ends were incomplete. The average number of exons and introns 

per mRNA is 4.6 and 3.6 respectively (Supplementary table 1). 

When analyzed for SSRs and known plant repeat elements, we identified 

10,334 SSRs (Supplementary table 3). The average density of SSRs was one SSR per 

5 Kb of the sequence analyzed. About 52% of SSRs are trimers and ~76% of these are 

GC rich. 30,810 repeat elements were identified corresponding to ~28% of the 

sequence analyzed (Supplementary table 4). 509 small RNAs, 131 satellites and 2094 

low complexity regions were identified (Supplementary table 4). 

 

Targeted BAC screening and sequence analysis revealed full-length sequences of 

695 genes belonging to GT, GH, Kinase and ERF families 

Alamo switchgrass and rice differ in their genome sizes (1600 vs 373 Mb), ploidy 

levels (tetraploid vs diploid), breeding systems (outcrossing vs inbreeding) as well as 

life cycles (perennial vs annual). Despite dramatic differences in habit and genetic 

organization, rice and switchgrass have significant synteny and colinearity [26,31,32].  

  

In this study, we leveraged the conservation between the rice and switchgrass 

genomes to identify switchgrass homologs of rice genes belonging to the GT, GH, 

kinase and ERF families. Out of the 311 BAC clones analyzed here, 274 contained 

genes-of-interest (88%). As many of the BACs were selected to target clusters of 

genes-of-interest, 185 BACs contained more than one gene-of-interest. About 24 

BACs did not contain the specific targeted gene but did contain another member of 

the same family. The high degree of sequence similarity among members of a gene 

family might explain this off-target identification. 

Gene Ontology analysis highlighted the high representation of the cell wall and stress-

related genes among the annotated genes (Figure 2). Out of 3948 unique genes 

annotated in this study, 695 belong to GT, GH, kinase and ERF gene families. Among 

these, 350 encode kinases, 203 GT, 109 GH and 33 ERF family genes. Many of these 

genes are predicted to exhibit alternative splicing and therefore, correspond to 374 



Kinase, 214 GT, 123 GH and 38 ERF gene models. The conserved domains in the 

translated genes were confirmed by Pfam domain analysis. Further information about 

the respective subfamilies has been provided in supplementary table 5. 

 

Comparative analysis of switchgrass genes with genes in other plant genomes 

We used discontinuous Mega BLAST (designed to find long alignments between 

similar but not identical sequences for cross-species comparisons) to determine the 

homology of switchgrass genes annotated in this study with other species including 

rice, Sorghum, foxtail millet, maize, Brachypodium and Arabidopsis. Out of 3948 loci 

annotated from switchgrass, we found corresponding homologs of 3770 (95.5%) in 

rice, 3619 (91.7%) in foxtail millet, 3611 (91.5%) in Sorghum, 3575 (90.6%) in 

maize, 3546 (89.8) in Brachypodium and 3128 (79.2%) genes in Arabidopsis 

(Supplementary Table 5). In several instances, two or more switchgrass genes had 

homology to the same gene in other grass species. These cases are likely due to 

multiple alleles in the polyploid switchgrass genome associated with a single locus in 

diploid relatives.  

A total of 118 genes from the switchgrass sequences we analyzed did not show 

significant homology with genes from any of the other genomes used in this study. 

Five of these genes have Pfam domains corresponding to CCHC zinc finger, 

ribosomal L39, BED zinc finger, Tify and UBN2 domains. Thirty-three of these genes 

are located at the BAC ends. Out of these, fifteen are smaller than 300 nt in length and 

therefore, might be partial genes.  

We also compared genomic organizations between the switchgrass BAC clones 

characterized and the corresponding regions in the rice genome. Out of 274 BAC 

clones containing genes-of-interest, 233 share significant colinearity and synteny with 

rice (Figure 1). The remaining 41 BACs either had too few genes to be included in the 

analysis or did not share significant synteny with rice.  

Comparative phylogenetic analysis of GT2 family genes in switchgrass 

The cell wall composition in grasses is quite different compared with the dicots 

[33,34]. Some of these differences are apparent from the evolutionary expansion and 

diversification of GT2 family cellulose synthase and cellulose synthase-like proteins 

in plants [34-37]. To investigate these relationships further and track the molecular 

evolution of GT2 family in switchgrass, we performed a comparative phylogenomic 



analysis of GT2 family proteins from six grass and two eudicot genomes (Figure 3; 

Supplementary figure 2). Out of 87 GT2 family genes identified from switchgrass, 11 

were <300 nt in length and therefore, not used for phylogenetic construction. A total 

of 506 GT2 proteins including 118 from maize, 76 from switchgrass, 64 from poplar, 

55 from foxtail millet, 54 from Sorghum, 50 from rice, 47 from Brachypodium and 42 

from Arabidopsis were used for phylogenetic analysis (Supplementary File 5).  

Previous phylogenetic classification of GT2 proteins in plants has categorized this 

family into eleven major functional and evolutionary lineages including cellulose 

synthases (CesA), cellulose synthase-like groups (CslA, B, C, D, E, F, G, H and J) 

and dolichyl-phosphate beta-glucosyltransferases [37,38]. CesAs play central roles in 

cellulose biosynthesis. CslA genes encode mannan synthases, CslC are xyloglucan 

synthases, and CslF and H comprise mixed-linkage glucan synthases. The precise 

functions of other Csl families are not yet known, but they also have predicted roles in 

the synthesis of cell wall polysaccharides. Eleven of the switchgrass proteins, used for 

phylogenetic analysis, grouped with cellulose synthases, five with CslA, one with 

CslC, four with CslD, five with CslE and twenty-five with CslF proteins. As reported 

before, CslB and G groups were not represented in any of the grass genomes 

including switchgrass. We did not identify any switchgrass proteins representing CslH 

and CslJ clades in our study. However, nine gene models clustered with dolichyl-

phosphate beta-glucosyltransferase proteins.  

In several clades, proteins split into eudicot and grass-specific subgroups due to 

lineage-specific divergence in their gene structures (Supplementary Figure 2). In 

addition, we identified a separate clade with representative members from maize, 

Sorghum, poplar, and five switchgrass proteins that do not include proteins from the 

model systems, rice and Arabidopsis (Figure 3). Though these proteins showed 

ambiguous clustering between different phylogenetic trees, this clade likely represents 

highly-diverged, lineage-specific sequences. 

To further strengthen our analyses, we combined phylogenetic grouping with 

conserved motif identification using Multiple Em for Motif Elicitation (MEME) tool 

ver. 4.9.0 (Supplementary Figure 3). Consensus sequences of the 20 conserved motifs, 

identified from GT2 genes are given in supplementary table 7. While motifs 2, 10, 11, 

12, 17, 18 and 19 represent the conserved domain of cellulose synthases, all other 

motifs represent the conserved domain (PLN02893) of cellulose synthase-like 

proteins. Although the GT2 domain is present in all the groups based on MEME motif 



analysis, we noticed sequence divergence in the GT2 domain between different GT2 

subfamilies. As expected, most of the switchgrass genes had a similar domain 

distribution as the other grass genomes. Twenty-nine GT2 proteins of switchgrass, 

annotated as the first or last protein on a BAC clone, lacked some of the motifs, likely 

due to incomplete protein sequence. However, as illustrated in supplementary figure 

3, several switchgrass GT2 proteins mostly belonging to the CesA clade and the new 

group identified in this study lacked the motifs identified from other genomes 

indicating the loss of a structural domain. The functional significance of these 

differences is unknown. 

Microarray-based comparative expression analysis of cellulose synthase and 

cellulose synthase-like genes in rice and switchgrass 

To determine if the expression patterns of CesA and Csl genes are conserved between 

rice and switchgrass, we analyzed publically available microarray-based data for both 

species [39,40]. The expression data for rice CesA and Csl genes from six organs 

(root, leaf blade, leaf sheath, stem and two stages of inflorescence development) were 

downloaded from the meta-data portal of the Rice Oligonucleotide Array Database 

(http://www.ricearray.org/expression/meta_analysis.shtml) [39]. Similarly, the 

expression data for switchgrass homologs in comparable stages of development was 

downloaded from the Switchgrass Functional Genomics Server at The Noble 

Foundation (http://switchgrassgenomics.noble.org/). Switchgrass homologs of 

fourteen rice genes are represented on the arrays, and four of these fourteen genes 

have two or more homologous sequences from switchgrass. Eight of the homologous 

gene pairs including CesA1, CesA2, CesA9, CslA2, CslA11, CslC1, CslD4, and CslE6 

of rice showed a Pearson correlation coefficient ≥0.7 with their switchgrass orthologs 

indicating conservation in expression and possible conserved function (Figure 4). On 

the other hand, six gene pairs including rice CesA5, CesA6, CslC7, CslE2, CslF2 and 

CslF8 did not show significant correlation with their switchgrass orthologs implying 

functional divergence. 

Organ-specific expression profiling of GT2 genes in switchgrass using qPCR 

To further deduce gene functions, we selected 24 genes representing different 

subfamilies of the GT2 family and checked their transcript accumulation patterns in 

six organs including root, panicle, mature leaf, young leaf, internode and node using 



quantitative real-time PCR (Figure 5). Five genes encoding cellulose synthases 

(CesA) are preferentially expressed in panicle and stem tissues conforming to their 

expected role in secondary cell wall biosynthesis. Members of CslA group exhibit 

varied expression patterns with tissue-specific enrichment for different genes. For 

instance, 12694.m00008 transcripts are enriched in panicles and leaves, 

13177.m00005 transcripts accumulate in roots, whereas, transcripts of 13177.m00004 

were mainly detected in stems indicating functional diversity. CslD genes express in 

roots, panicles and stems. The CslE family genes are particularly enriched in leaf 

tissues with 15659.m00001 and 12733.m00006 expressing specifically in leaves while 

13230.m00005 transcripts were also detected in roots and panicles. Among CslF 

genes encoding grass-specific mixed-linkage glucan synthases, two expressed in roots 

and panicles, whereas, one gene 15655.m00003 was specifically detected in stem 

internodes. Of the remaining three genes 15647.m00005 and 13175.m00013 encoding 

dolichyl-phosphate beta-glucosyltransferase express highly in leaf and stem tissues, 

respectively. Another gene, 13154.m00010, not belonging to any of the 

aforementioned groups, is also strongly expressed in stem tissues. Each selected gene 

model here is transcribed in at least one of the organs analyzed suggesting functional 

activity specific to that organ and developmental stage. 

Thirteen of the 24 genes analyzed by qPCR were also represented on the switchgrass 

microarray. Most of these genes had comparable expression profiles between qPCR 

and microarray experiments in the stages analyzed except in roots. Three CesA genes 

(12060.m00014, 12061.m00004 and 12696.m00012) that were detected at very low 

levels in the mature roots in the qPCR analysis, express at high levels in root tissue 

used in the microarray experiments. This discrepancy between microarray and qPCR-

based expression in roots may be due to the different developmental stages at which 

the samples were collected: mature roots for qPCR and elongation stage roots for 

microarray. These results corroborate the developmental-stage specific expression 

known to be a regulatory feature of cellulose synthases. 

Bioenergy-relevant switchgrass genes with characterized rice orthologs 

Because orthologous genes trace back to a common ancestor and are predicted to 

carry out biologically equivalent functions, orthology is a very powerful tool for 

transferring the functional information from experimentally-characterized genes in 



model species to non-model organisms [41]. In this study, we have made an attempt 

to identify the switchgrass orthologs of rice genes with demonstrated functions in 

bioenergy-relevant traits using genetic and biochemical analysis. Out of the 3948 

genes annotated in this study, rice orthologs of 65 genes have been previously 

characterized for their prominent roles in cell wall biosynthesis and stress response 

(Table 1). These include CesA1, CesA2, CesA3, CesA5, CesA6, CesA8 and CesA9 

encoding cellulose synthases [35,42-44], CslD4 involved in synthesis of 

hemicellulose [45,46], CslF2, CslF3, CslF4, CslF6, CslF8 and CslF9 playing central 

role in biosynthesis of mixed-linkage glucans [47][48]. We have also identified the 

switchgrass homolog of OsGH9B5 that regulates cellulose biosynthesis and 

crystallinity [49] as well as OsOMT1 (Caffeic acid O-methyltransferase) and CAD2 

(Cinnamyl alcohol dehydrogenase 2), genes involved in lignin biosynthesis [50-53]. 

We also identified switchgrass homologs of several other genes associated with 

saccharification yield  including OsSUT2, a sucrose transporter [54], IRX10-L 

(Irregular Xylem 10-L) and IRX14 (Irregular Xylem 14) regulating xylan biosynthesis 

[55,56] and two genes, OsBC1L4 (Oryza sativa brittle culm 1 like 4) and bc10 (brittle 

culm 10), regulating mechanical strength [57,58] (Table 1). Rice homologs of four of 

the targeted genes regulate flowering time (Table 1). Because, earlier studies have 

demonstrated increase in biomass by delayed flowering, these genes have potential to 

increase biomass yields by delaying reproductive growth in bioenergy grasses [59,60].  

Earlier, we had reported construction of a stress response interactome around three 

rice proteins that control biotic and abiotic stress responses [30]. Subsequently, most 

of these interactions were found to be conserved in wheat indicating that this network 

has promise to advance the knowledge of stress responses in other grasses as well 

[61]. Also, many of the proteins comprising this interactome govern crosstalk 

between biotic and abiotic stresses and are promising targets for engineering broad-

spectrum stress tolerance [16]. We have identified the switchgrass homologs of 13 

genes from this interactome. These include OsMPK6, OsMPK8, XB15, OsWAK25, 

SnRK1A, WRKY13, NH2, XB2IP-1, SAB4, SAB8, SAB9, SAB10 and SCB3 (Table 1). 

Further analysis would reveal if they have conserved functions in switchgrass as well. 



Finally, the switchgrass genome analysis reported here provides a foundation for 

detailed characterization, breeding and engineering of genes that regulate bioenergy-

related traits in switchgrass. 

Methods 

Gene selection and primer designing 
The meta-profiles of GT, GH, kinase and ERF family genes were downloaded from 

Rice Oligonucleotide Array Database 

(http://www.ricearray.org/expression/meta_analysis.shtml). Those exhibiting higher 

accumulation in above ground organs or implicated in cell wall biosynthesis/stress 

response, based on previous literature, were prioritized for screening.  

We used nucleotide sequences of prioritized rice genes to extract corresponding 

assembled switchgrass unique transcript sequences 

(http://switchgrassgenomics.noble.org/; [40] and EST sequences of switchgrass from 

public repositories (http://wheat.pw.usda.gov/panicum/blast/, accessed March 2010) 

using blast search tool. The corresponding switchgrass sequences were BLAST 

searched in the Rice Genome Annotation Project Database 

(http://rice.plantbiology.msu.edu/analyses_search_blast.shtml) to identify unique 

regions for primer design. We used Beacon Designer 7.51 to design qPCR primers 

with default parameters specific for the SYBR® Green assay. If default parameters did 

not suggest potentially good primers, the annealing temperature was adjusted (±30C) 

to find an optimal primer pair. We tested qPCR primers with genomic DNA (gDNA) 

of switchgrass and performed melt curve analysis to confirm the specificity of the 

primer pair. Primer pairs that produced specific amplicons with gDNA were used for 

screening.  

Construction and screening of Pools and Superpools 

Seven-plate Pool and Superpool (P&SP) system of Amplicon express 

(http://ampliconexpress.com) was used to identify BAC clones containing genes of 

interest. For each library, about 48,000 independently grown and then separately 

pooled clones were organized into seven-plate matrix pools and superpools. Each set 

comprised of 18 SPs with individual SP representing BAC DNA from 2688 clones. 

Each SP was divided into 23 matrix pools that comprised of five plate pools, eight 

row pools and ten column pools.  



We used gene-specific qPCR primers to screen SPs and MPs as described 

(http://ampliconexpress.com/products-services/screening-services/pools-and-

superpools) followed by melt curve analysis. Briefly, two rounds of qPCR were 

performed to identify BAC clones containing genes-of-interest. In round I, twenty 

qPCR reactions were performed on 18 SPs plus controls. Since the positive control 

nucleotide sequence is represented by single copy, SP giving amplification signal (Ct 

value) comparable to the positive control was selected for round II screening. In round 

II qPCR, 25 reactions were performed on 23 MPs plus controls. We also analyzed the 

melting curve profiles of the amplicons during both rounds of screening to confirm 

amplicon specificity. An online tool from Amplicon Express 

(http://puffer.ampliconexpress.com/) was used to analyze qPCR results and identify 

the selected BAC address in the library. When an accurate BAC address could not be 

determined from the first SP chosen, we selected another SP with a higher 

amplification signal in round I and repeated the second round of qPCR.   

All the qPCR reactions were performed with SsoFastTM EvaGreen® mix using 

CFX96TM Real-Time PCR Detection System (Bio-Rad Laboratories, Inc. USA). The 

reaction conditions were as follows: 950C for 30 s followed by 40 cycles at 950C for 3 

s and 54-600C for 3 s. Temperature-dependent dissociation characteristics of DNA 

amplicons were recorded at ramp from 650C to 950C, raising temperature by 0.50C at 

each step, pausing for 5 s followed by plate reading.  

Full-length BAC sequencing and gene annotation 

BAC clones were sequenced to full-length at the HudsonAlpha Institute of 

Biotechnology (www.hudsonalpha.org) by Sanger’s method as described before [26]. 

We used Mreps (http://bioinfo.lifl.fr/mreps/) to screen for simple sequence repeats 

with the following parameters: 1-3 nt repeats at least 12 nt in length and 4-6 nt repeats 

with at least 4 unit repetition [62]. The known repeat elements were identified using 

RepeatMasker 4.0.2 (http://repeatmasker.org), [63,64] and AB-BLAST v3 based on 

the Viridiplantae section of the RepBase repeat database (release 

20110419)(http://blast.advbiocomp.com/). All identified repeat elements were masked 

to produce high-quality genomic sequences. Gene models were identified using 

GenomeScan (http://genes.mit.edu/genomescan.html) from masked full-length BAC 

sequences. Further, PASA (Program to Assemble Spliced Alignments) 

(http://pasa.sourceforge.net/) and NCBI EST sequences were used to update 



GenomeScan predictions. BLAST analysis in rice and Arabidopsis databases 

(http://rice.plantbiology.msu.edu/, http://www.arabidopsis.org/) and Pfam domain 

analysis (http://pfam.janelia.org/search) were performed to identify conserved 

domains.  

Identification of homologs 

Genomic sequences of rice, Sorghum, maize, foxtail millet and Brachypodium were 

downloaded from Phytozome v6.0 (http://www.phytozome.net/). The genomic 

sequence of Arabidopsis was downloaded from TAIR database V9 

(http://www.arabidopsis.org/). Discontiguous Mega BLAST with a cutoff of 1e-5 was 

used to identify homologs of switchgrass gene models in the selected genomes. 

Phylogenetic analysis 

Based on our BLAST search results, we extracted GT2 family protein sequences from 

Arabidopsis, poplar, rice, Sorghum, maize, Brachypodium and foxtail millet using 

TAIR V9 and Phytozome V6.0. The GT2 protein sequences were aligned using 

ClustalX (http://www.clustal.org/) [65] with gap opening/extend penalty 15/0.1 for 

pairwise alignments and 15/0.2 for multiple alignments. The phylogenetic tree was 

constructed using the neighbor joining method [66] with 500 bootstrap replicates 

using clustalX. We used Figtree (http://tree.bio.ed.ac.uk/software/figtree/) to visualize 

the phylogenetic tree and exported the graphics for formatting in Adobe Illustrator 

CS4.  

Meme motif analysis 

The conserved motifs in GT2 family proteins were identified using MEME Suite 

release 4.9.1 [67] with the following parameters: optimum width 5-50 amino acids, 

any number of repetitions of a motif and maximum number of motifs set to 15. All the 

motifs were checked in the NCBI’s conserved domain database for significance.  

Plant materials, RNA isolation and qPCR analysis 

We used greenhouse grown ten-week-old switchgrass cv. Alamo plants for gene 

expression analysis. We harvested two biological replicates of ~100 mg from six plant 

organs including root, internode, node, young leaf, mature leaf and panicle. The 

tissues were frozen in liquid nitrogen and stored at -70ºC until use. RNA was 

extracted using TRIzol reagent (Invitrogen) following the manufacturer’s instructions. 

Total RNA was treated with DNase I and purified with NucleoSpin RNA II kit 

(Macherey-Nagel). RNA quantity was measured on a Nanodrop (ND-1000 

spectrophotometer) from Thermo Scientific. We used Superscript® VILO™ cDNA 



synthesis kit (Invitrogen) for cDNA synthesis following the manufacturer’s 

instructions. After quantification and dilution, about 100 ng of cDNA was used as the 

template for each qPCR reaction using SsoFast EvaGreen Supermix (Bio-Rad) on a 

Bio-Rad CF96 Real-Time system coupled to a C1000 Thermal Cycler (Bio-Rad). For 

gene expression normalization, the switchgrass gene encoding for elongation factor 

was used as an internal control. Relative transcript abundance was measured using 

comparative delta Ct method [68]. qPCR primer information is provided in 

supplementary table 8. 

Expression data for switchgrass genes was downloaded from the switchgrass 

functional genomics server (http://switchgrassgenomics.noble.org/index.php). The 

homologous rice genes were extracted by doing blast search of switchgrass sequences 

in rice genome annotation project database 

(http://rice.plantbiology.msu.edu/analyses_search_blast.shtml). The metadata for rice 

genes was downloaded from the rice array database   

(http://www.ricearray.org/expression/meta_analysis.shtml).  
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Figures Legends: 
Figure 1. Localization of rice glycosyltransferse (GT), glycoside hydrolase (GH), 
kinase and ethylene-responsive transcription factor (ERF) family genes and the 
corresponding switchgrass BAC clones on rice chromosomes  
Rice genes belonging to GT, GH, Kinase and ERF families were localized on rice 
chromosomes based on the chromosomal coordinates given in the rice annotation 
project database (http://rice.plantbiology.msu.edu/). Colored horizontal bars represent 
rice genes. Orange, RD kinases; Pink, non-RD kinases; Green, glycosyltransferase; 
Blue, glycoside hydrolase. The clone IDs of switchgrass BAC clones selected for the 
targeted genomic regions of rice have been marked. The BAC clones which did not 
exhibit significant synteny with a corresponding region in rice are marked with a red 
asterisk.  
Figure. 2. Gene ontology analysis of the 3948 genes identified in this study. 



Gene ontology terms for the 3948 genes identified in this study were used to generate 
a 3D pie charts for a) Biological functions; b) Molecular functions and c) Cellular 
locations categories.  Notable categories targeted in this study have been sliced out.  
Figure. 3. Phylogenetic analysis of GT2 family genes. 

Protein sequences of 506 GT2 family genes from switchgrass, rice, maize, foxtail 
millet, Sorghum, Brachypodium, Arabidopsis and poplar were used for constructing a 
phylogenetic tree. The red lines represent proteins from grass genomes, whereas, the 
green lines represent the eudicot proteins. The accession numbers of GT2 genes from 
rice (red), Arabidopsis (black) and switchgrass (blue) have been provided. The 
monocot-specific clades are given red background, whereas, eudicot specific clades 
are shaded green. The names of all clades are given, CesA: Cellulose synthases, Csl: 
Cellulose synthase-like, Dol: Dolichyl-phosphate beta-glucosyltransferases. 

Figure. 4. Microarray-based comparative expression analysis of rice and switchgrass 
glycosyltransferase 2 family genes 

The heat map displays microarray-based expression data of homologous genes of rice 
and switchgrass in six developmental tissues. The given names of rice genes and 
accession numbers of homologous switchgrass genes are provided on the left. The 
numbers on the right indicate Pearson’s correlation coefficient values between 
expression patterns of homologous genes of rice and switchgrass. The developmental 
stages are given at the top. The expression data for root, leaf blade, leaf sheath and 
stem tissue in switchgrass were taken at the elongation stage. The inflorescence 1 
stage represents inflorescence meristem and inflorescence 2 represents inflorescence 
with floret development. The metadata for comparable tissues in rice, based on the 
Agilent 44K platform, was downloaded from the Rice Oligonucleotide Array 
Database, www.ricearray.org. The legend for relative expression values for both color 
schemes is given at the base of the heat map. The red-black-green color scheme 
represents expression of switchgrass genes with red indicating high expression, black 
medium expression and green showing low-level expression. The yellow-black-blue 
color scheme indicates expression patterns of rice genes with yellow indicating high 
expression, black medium expression and blue low-level expression. 

Figure. 5. QPCR-based expression analysis of representative GT2 family genes of 
switchgrass. 

The bar graphs present the expression patterns of 24 selected GT2 family genes of 
switchgrass in six developmental tissues using qPCR. The values on the Y-axis 
indicate relative expression. Developmental stages are given on the X-axis as follows: 
R Root, P Panicle, ML Mature leaf, YL young leaf, In Internode and N Node. The 
error bars represent standard error for two biological replicates. 
Table 1. List of switchgrass genes homologous to rice genes involved in bioenergy-
relevant traits. 
 

Supplementary Files: 
Supplementary Figure 1.  Flow chart showing the complete BAC library screening 

strategy used in this study. 



Supplementary Figure 2.  Dendrogram showing phylogenetic relationship between 
GT2 genes from switchgrass, rice, maize, Sorghum, foxtail millet, 
Brachypodium, poplar and Arabidopsis. 

Supplementary Figure 3.  Results of MEME motif analysis of protein sequences used 
for constructing the phylogenetic tree. 

 

Suppl Table 1.  BAC statistics 
Suppl Table 2. List of genes annotated from switchgrass BAC clones.  

Suppl Table 3. List of Simple Sequence Repeats identified from full-length BAC 
sequences.  

Suppl Table 4. List of known repetitive elements identified from full-length BAC 
sequences.  

Suppl Table 5. List of GT, GH, kinase and ERF family genes annotated from 
switchgrass BAC clones.  

Suppl Table 6. Homologs of genes annotated from switchgrass full-length BAC 
sequences from five grass genomes and Arabidopsis. 

Supp Table 7. Consensus sequences of MEME motifs identified from GT2 proteins. 
Supp Table 8. List of qPCR primers designed from GT2 genes.  

 
Suppl File 1. Genomic sequences of switchgrass genes annotated from full-length 

sequences of BAC clones.  
Suppl File 2. cDNA sequences of switchgrass genes annotated from full-length BAC 

clones. 
Suppl File 3. Peptide sequences of switchgrass proteins annotated from full-length 

BAC clones. 
Suppl File 4. gff file – annotation information. 

Suppl File 5. Sequences of GT2 proteins from switchgrass, foxtail millet, Sorghum, 
maize, rice, Arabidopsis and poplar used for phylogenetic analysis. 
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