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ABSTRACT 

 

 

Sorghum bicolor is a subtropical grass grown throughout the world for human 

consumption, animal feed and for the growing biofuels industry.  In this thesis I 

characterize sorghum stem growth and chemical composition, and identify QTL and 

candidate genes which may regulate stem development.  In addition, I attempt to 

correlate variation in stem composition with saccharification efficiency in two sorghum 

populations.  Under greenhouse conditions, stem length in the vegetative phase typically 

accelerated starting with the 10th internode, possibly reaching a maximum elongation 

rate by the time the 20th internode stopped growing.  The rate of stem diameter growth 

increased steadily and achieved a maximum diameter growth rate by the time the 11th 

internode stopped growing.  Under these growth conditions, the plateau for the internode 

diameter growth rate occurred at 60 days after seedling emergence.   

Variation in internode growth was driven primarily by cell division, though 

differences in cell size began to play a significant role as cell number increased.  

Internode growth was positively correlated with GRAS, bHLH and B3 transcription 

factor expression and was negatively correlated with AP2/EREBP, MYB and WRKY 

transcription factors.  In addition, the outer rind of the internode had gene expression 

that resembled expression in young tissue while the central tissue had gene expression 

that resembled expression in mature tissue.  Sorghum accessions displayed a wide range 

of internode chemical compositions and saccharification efficiencies.  However, no clear 



 

 iii 

patterns were present between variation in composition from the NIR spectra and 

variation in saccharification efficiency on the iWALL system.  Multiple linear regression 

analysis, however, revealed that high biomass density appeared to inhibit 

saccharification in these populations. 

Overall, sorghum stem growth mirrors that seen in other monocots.  The gene 

expression information presented here should be useful for future studies on the roles of 

various transcription factors in plant development and for the identification of 

transcription factor binding sites within the genome.  Such information will be important 

for future success in molecular breeding and marker assisted selection.  This information 

will also be invaluable for designing genotypes with novel transcripts that can be 

activated at specific times, in specific organs and under specific conditions.  



 

 iv 

  

 

To my wife, Jenn.  Thank you for always believing in me. 

 



 

 v 

ACKNOWLEDGEMENTS 

 

 

I would like to thank my advisor, Dr. John Mullet, for his tremendous patience 

during my thesis research and for his enthusiasm for the research process.  I would also 

like to thank all of the students, staff and workers in Dr. William Rooney’s lab for 

planting and maintaining field populations, and for allowing me to use their seed vault 

and other instruments.  I am truly indebted to Susan Hall and the student workers of the 

Mullet lab, without whom I would not have been able to collect enough data to perform 

many of these studies. I must also acknowledge Joseph Evans and Dustin Herb for 

allowing me to use the NIR data that they collected as part of my thesis work.  In 

addition, I would like to thank all the other members of the Mullet lab, but in particular 

Brian McKinley, for many interesting and thought-provoking conversations over the 

years. 



 

 vi 

TABLE OF CONTENTS 

 

 

 Page 

ABSTRACT ......................................................................................................................ii 

DEDICATION ..................................................................................................................iv 

ACKNOWLEDGEMENTS ...............................................................................................v 

TABLE OF CONTENTS .................................................................................................vi 

LIST OF FIGURES .........................................................................................................vii 

LIST OF TABLES ............................................................................................................ix 

 1.   INTRODUCTION ......................................................................................................1 

 2.   MATERIALS & METHODS .....................................................................................6 

          Plant Material and Growth Conditions ....................................................................6 
          Microscopy ..............................................................................................................7 
          RNA-seq ..................................................................................................................7 
          Near-Infrared Spectroscopy .....................................................................................8 
          iWALL High-Throughput Conversion of Biomass to Monosaccharides ................8 
          Multiple Regression Analysis ..................................................................................9 

3.   THE TIME COURSE OF INTERNODE GROWTH IN S. BICOLOR ...................10 

 4.   CELL EXPANSION & DIVISION IN SORGHUM STEM TISSUE .....................15 

 5.   INTERNODE GROWTH GENE EXPRESSION IN S. BICOLOR .........................33 

 6.   CELL WALL COMPOSITION AND SACCHARIFICATION EFFICIENCY ......48 

 7.   CONCLUSIONS ......................................................................................................58 

REFERENCES ................................................................................................................60 



 

 vii 

LIST OF FIGURES 

 

 

 Page 

 Figure 1    Histograms for stem length and diameter variation among energy 
      sorghum accessions ......................................................................................3 

 
 Figure 2    Correlation between stem morphology and 
                  either stem dry weight (DW) or stem water content (FW-DW) ...................4 

 
 Figure 3    Effect of plant spacing on internode size .....................................................5 

 
 Figure 4    Juvenile stem growth in ES5200, BTx623, Rio and 58M .........................11 

 
 Figure 5    Time course of internode development in ES5200, BTx623, Rio 

      and 58M ......................................................................................................12 
 

 Figure 6    58M (left), SM100 (center) and 100M (right) at 50 DAE in GH   
                  204A ...........................................................................................................16 

 
 Figure 7    Distribution of internode length and diameter in genotypes SM100,  
                  100M and 58M ...........................................................................................17 

 
 Figure 8    Confocal microscopy of internode transverse cross sections in 58M,  
                  SM100 and 100M .......................................................................................19 

 
 Figure 9    Confocal microscopy of internode longitudinal cross sections in 58M,  
                  SM100 and 100M .......................................................................................20 

 
 Figure 10  Cell transverse area distributions in the genotypes 100M, SM100 and  
                  58M ............................................................................................................21 

 
 Figure 11  QQ plots for the residuals of the multiple regressions of  
                  (100M+SM100) and 58M internode growth ..............................................28 

 
Figure 12  Graphical representation of the linear models of stem growth ...................31 

 
 Figure 13  Total gene expression within each sample of field-grown ES5200 ...........34 

 
 Figure 14  Ordination of gene expression principle coordinates 1 & 2 for samples  



 

 viii 

                  of field-grown ES5200 ...............................................................................35 
 

 Figure 15   PageMan analysis of gene expression across internode development in  
                   field grown ES5200 ...................................................................................37 

 
 Figure 16   PageMan analysis of gene expression differences in pith and rind 
                  tissue from internodes of field grown ES5200 ...........................................38 

 
 Figure 17   Seven cytochrome p450 monooxygenase homologues in Sorghum 
                  bicolor that are differently expressed across internode development ........45 

 
 Figure 18   Hypothetical pathways influencing stem growth in Sorghum bicolor ......46 

 
 Figure 19   Variation in saccharification efficiency of the E-SAP panel via  
                   conversion on the iWALL platform ..........................................................50 

 
 Figure 20   Variation in saccharification efficiency of the BTx642*Tx7000  
                   biparental mapping population via conversion on the iWALL platform ..51 

 
 Figure 21   Lack of correlation between wall crosslinking compounds and 

      monosaccharide yield .................................................................................53 
 

 Figure 22   Quantile-Quantile plots and histograms of the residuals of the glucose 
                   yield and pentose yield multiple regressions .............................................55 



 

 ix 

LIST OF TABLES 

 

 

 Page 
Table 1    Correlations between cell size and cell number in the genotypes 100M,  
                SM100 and 58M...............................................................................................23 

 
Table 2    Variance-inflation factors for the independent variables in the internode   
                growth linear models........................................................................................24 

 
Table 3    Multiple regression of internode growth in 100M and SM100........................25 

 
Table 4    Multiple regression of internode growth in 58M..............................................26 

 
Table 5    Shapiro-Wilk tests for deviation from normality.............................................29 

 
Table 6    Partial F tests to determine whether variables can be dropped from the  
                analysis.............................................................................................................29 

 
Table 7    Transcripts with significant differences in expression across internode  
                development in both the CLC genomics and Tuxedo suite pipelines..............42 

 
Table 8    Variance-inflation factors for the independent variables in the multiple 
                regression..........................................................................................................53 

 
Table 9    Root-mean-squared error of cross validation for the glucose and pentose 
                yield multiple regressions.................................................................................54 

 
Table 10  Multiple linear regression of internode morphology and compositional  
                traits on the yield of glucose and pentoses following conversion on the 
                iWALL platform...............................................................................................56



 

 1 

1. INTRODUCTION  

 

 

Sorghum bicolor (L) Moench is a subtropical grass that originated in the African 

subcontinent over 6000 years ago (Smith & Frederiksen, 2000).  The species is divided 

into five races: Durra, Kafir, Caudatum, Guinea and Bicolor (House, 1985).  These races 

are classified based on specific physical characteristics as well as their regions of origin 

and domestication.  Sorghum is a photoperiod sensitive short day plant, although 

varieties differ in their critical photoperiod to induce floral initiation.  However, all 

genotypes will delay flowering until a predetermined number of days (or thermal degree 

days), set by the maturity genes (House, 1985).  All cultivated varieties of Sorghum 

bicolor are annual, though many closely related species are perennial (Price et al., 2005). 

Sorghum is a well-established crop species that is grown for a variety of end 

uses.  In Africa, sorghum grain is ground into meal and is a staple crop for human 

consumption.  In the United States, sorghum has been grown historically for either 

animal feed or for molasses (House, 1985).  Plants grown for animal fodder are bred for 

high digestibility and low concentration of antiquality compounds (Casler, 2001).  For 

sorghum, this is mainly accomplished by lowering the concentration of lignin and 

cyanide, respectively, in the leaf biomass.  Sorghum grown for molasses has a high 

concentration of soluble sugars in the plant stalk after grain maturity (Smith & 

Frederiksen, 2000). Regardless of the particular end use, sorghum is the crop of choice 

for high yield under semi-drought conditions.  Sorghum also requires less fertilizer than 
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corn, and these factors make sorghum desirable as a lower-input alternative to corn for 

silage (House, 1985).   

The sorghum germplasm collection (n=43,000) contains a relatively high amount 

of genetic diversity (Menz et al., 2004; GRIN).  In addition, sorghum accessions can 

vary widely in many phenotypic traits of agronomic and biological interest (Menkir et 

al., 1997).  Stem morphology in particular is quite variable within the species.  Figure 1 

shows the variation in internode length and diameter observed within a survey of 200 

photoperiod sensitive, late flowering bioenergy-type sorghum accessions.  In general, 

sorghum genotypes can appear either ‘bushy’ or tree-like, depending mainly on the 

length, diameter and number of stalks or tillers per plant. 

Stem diameter growth is critical to maintain the plant in an upright position.  

Very tall genotypes are especially vulnerable to stalk breakage (stalk lodging) and root 

lodging, especially in wet soil or after a heavy rain.  I expect that breeding sorghum for 

increased stem diameter could improve stalk-lodging resistance, which will increase 

agronomic yield per field plot.  In addition, the stem is a reservoir of water that can be 

accessed during periods of drought.  In fact, small fluctuations in stem diameter have 

been used as a biological assay for water status in many tree species (Simonneau et al., 

1993).  Breeding for increased stem diameter might increase the reserve supply of water 

and prevent cellular dehydration in prolonged periods of drought, when stomata close 

and the plant stops fixing carbon dioxide. 
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Figure 1.  Histograms for stem length and diameter variation among energy sorghum 

accessions.  Data were collected from 200 diverse lines of the E-SAP panel grown for 

130 days in the College Station research field during the summer of 2012.  Data of each 

accession represents the average of six biological replicates collected from two different 

field plots. 

 
 
 

The pith parenchyma in the ground tissue of the stem can accumulate significant 

quantities of sucrose and low levels of starch (Tarpley & Vietor, 2007; Wilson et al., 

1993).  This energy reserve can be accessed in times of stress, during tiller outgrowth, or 

during ratooning (Hattori et al., 2008).  In sweet sorghum, sucrose and other soluble 
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sugars accumulate to very high levels in stems at grain maturity, making up as much as 

19% of the stem fresh weight in the genotype ‘Rio’ in some environments (Wang & Liu, 

2009).  In the energy sorghum collection, stem water content was more highly correlated 

with internode diameter than internode length (Figure 2).  Therefore, if stem sugar is the 

economically desirable product, selecting for increased stem diameter has the potential 

to improve sucrose yield per plant by increasing stem sucrose sink volume. 

 

 

 

 

Figure 2.  Correlation between stem morphology and either stem dry weight (DW) or 

stem water content (FW-DW).  Data were collected from the E-SAP panel grown in the 

College Station research field during the summer of 2012. 
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The stem primarily evolved as a conduit for water and nutrient flow between 

roots and shoots, and as means of structural support for increased canopy height in land 

plants.  Competition between plants for sunlight is one reason for the evolutionary drive 

to increase plant height.  The shade avoidance syndrome (SAS) is an example of the 

response to such plant competition.  The SAS response is a morphological shift that 

includes inducing the plant to develop longer and thinner internodes (Figure 3) under 

shade conditions than it would without the response (reviewed by Smith & Frederiksen, 

2000).   

 
 
 

 

Figure 3.  Effect of plant spacing on internode size.  Stem segments were collected from 

the base of the stalk of three plants of the energy hybrid ES5200 grown at three different 

effective plant spacing.  The bottom segment was collected from a plant at the edge of 

the plot, spaced far apart from neighboring plants. 
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2. MATERIALS & METHODS 

 

 

Plant Material and Growth Conditions 

Seed of genotypes 100M, SM100, 58M, ES5200, Rio & BTx623 were obtained 

from the lab of Dr. William Rooney at Texas A&M University.  Plants of these 

genotypes were grown in a 2:1 mixture of coarse vermiculite (Sun Gro Horticulture) to 

Brazos County silty loam soil.  Approximately 30mL of Osmocote 14-14-14 fertilizer 

(Scotts) was then mixed into the topsoil by hand.  A 6cm layer of Metro-Mix (Sun Gro 

Horticulture) was poured into each pot prior to adding the mixed soil in order to prevent 

soil loss.   

Greenhouse temperature was 330C during the day and 230C at night.  Average 

light intensity in the greenhouse at 10AM and 2PM was 450 and 670 microeinsteins 

respectively between January and April, during the period in which the cell size 

experiment was conducted.  The energy sorghum hybrid ES5200 was grown in the 

outdoor research field in the summer of 2012 at very wide plant spacing (3 ft) under high 

light intensity (1500-1800 microeinsteins).  All tissue harvests for gene expression and 

confocal microscopy studies started promptly three hours post dawn and ended no later 

than five hours post dawn. 

Both the E-SAP association panel and the BTx642*Tx7000 mapping population 

were grown in the outdoor research field in the summer of 2012 and 2010, respectively, 

at approximately 7 inch plant spacing from stem to stem.  Following harvest, plant stem 
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tissue was dried at 710C and ground to a powder in a Wiley Mill (Thomas Scientific).  

This powder was then passed through a 2mm sieve and stored at room temperature in 

Ziploc bags prior to composition analysis. 

 

Microscopy 

Internode cross-sections were treated with Pontamine Fast Scarlet 4B (Sigma-

Aldrich) for five minutes to stain cellulose microfibrils.  Cross section images were 

collected with a C-4040 zoom digital camera (Olympus) mounted to a MVX10 Macro 

Zoom Stereomicroscope (Olympus) or with a FV1000 Confocal microscope (Olympus).  

I estimated cell size and cell number using ImageJ image analysis software (Schneider et 

al., 2012).   

 

RNA-seq 

Fresh tissue samples were flash frozen in liquid nitrogen and stored a -800C prior 

to RNA extraction.  Frozen samples were ground into a powder in a heat sterilized 

mortar and pestle, and total RNA was extracted from samples using the TRIzol protocol 

(Molecular Research Center).   All subsequent steps of cDNA library preparation 

followed the Truseq protocol v2.0 for mRNA sequencing (Illumina). 

cDNA libraries were sequenced on a Hiseq 2500 system (Illumina).  Sequence 

cluster identification, quality prefiltering, base calling and uncertainty assessment were 

performed in real time using Illumina's HCS 1.5.15.1 and RTA 1.13.48.0 software with 

the default parameter settings by the Genomics and Bioinformatics Services group at 
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Texas A&M.  The sequence was aligned to the Sorghum v2.1 genome (Gramene) and 

analyzed for gene expression differences using both the CLC genomics workbench 

(CLC bio) and the Tuxedo Suite (Trapnell et al., 2012).  I then visualized gene 

expression differences using MapMan v3.5.1 (Thimm et al., 2004) and PageMan 

(Usadel et al., 2006). 

 

Near-Infrared Spectroscopy 

Ground stem powder from the E-SAP panel and the BTx642*Tx7000 mapping 

populations was analyzed for gross compositional variation in key yield components via 

Near-Infrared Spectroscopy (NIR) by Dustin Herb and Joseph Evans, respectively.  

Samples were placed in quartz sample cups and scanned on a grating-monochrometer 

type NIR instrument (XDS, Foss North America, Eden Prairie, MN) in reflectance 

mode.  All samples were scanned twice and duplicate spectra were averaged prior to 

analysis.  Quality-control spectra were also collected after every 50 scans to check 

instrument stability.  Sample spectra were analyzed for relevant yield components using 

the sorghum NIR models published by Wolfrum et al. (2013). 

 

iWALL High-Throughput Conversion of Biomass to Monosaccharides 

Dried, ground stem tissue from the E-SAP panel and the BTx642*Tx7000 

mapping populations was analyzed for enzymatic conversion efficiency by Dr. Nicholas 

Santoro at the Great Lakes Bioenergy Research Center (GLBRC) using the iWALL 

system (Santoro et al., 2010).  In this system, solid samples are pretreated with dilute 
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(6.25 mM) NaOH solution in order to break crosslinking between hemicellulose and 

lignin, and to reduce cellulose crystallinity (Mosier et al., 2005).  Following 

pretreatment, the biomass is then treated with the Accellerase 1000 enzyme, which has 

broad hydrolytic activity on cellulose and hemicellulosic polymers.  After incubation at 

500C for 20 hours, the digested sugars are isolated, and glucose and xylose quantity are 

measured in independent enzymatic assays. 

 

Multiple Regression Analysis 

Multiple linear regression analysis was performed in Rstudio v(0.98.490) using 

the lm( ) function.  Variance-inflation factors were calculated with vif( ) using the car R 

package.  Histograms and Q-Q plots of the residuals were performed with hist( ) and 

qqnorm( ), respectively.  Input variable standardization was performed with the 

standardize( ) function in the arm R package (Gelman, 2008).  Cross validation was 

performed with the cvFit( ) function in the cvTools package using the default settings 

(Alfons, 2012).  All other analyses were performed in Microsoft Excel, 2010. 
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3. THE TIME COURSE OF INTERNODE GROWTH IN S. BICOLOR 

 

 

During the early growth of a sorghum seedling, the stem forms an elliptical mass 

of tissue.  After 21 days of growth, nodes are visible and the stem morphology resembles 

that seen in the adult plant (Figure 4, upper right).  Stem tissue corresponding to 

internodes 1-5 is very small, buried underground and covered in nodal roots.  Because 

this tissue is small and relatively inaccessible, it was not measured in the time course, 

though it is likely important for setting the foundations of later stem and nodal root 

growth.  Figure 4 shows the pattern of stem growth of sorghum genotypes grown for up 

to 100 days in the greenhouse.  Internode length remained relatively short in early 

development.  In most genotypes the length of internodes started to increase significantly 

starting ~30 DAE (Figure 4, center left).  In contrast, stem diameter steadily increased 

throughout early development, reaching a plateau at 50~60 DAE (Figure 4, center right). 

Internodes of ES5200 and BTx623 displayed similar growth patterns during 

vegetative growth.  After BTx623 became florally induced, the rate of internode growth 

slowed down as the plant diverted more photosynthetic resources to the developing 

panicle/grain.  The difference in internode growth rate between ES5200 and BTx623 

became apparent starting at 40 DAE, which is ~35 days prior to anthesis in BTx623.  

Rio began stem elongation earlier than either ES5200 or BTx623, growing rapidly 

starting at ~30 DAE.  58M displayed highly precocious stem elongation, and rapidly  
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Figure 4.  Juvenile stem growth in ES5200, BTx623, Rio and 58M.  ES5200 stem tissue 

split longitudinally at 8 DAE (upper left) and stem tissue with leaf sheaths removed at 21 

DAE (upper right).  Time course of stem elongation (center left) and internode diameter 

growth (center right).  Leaf (lower left) and collar (lower right) appearance rates in the 

greenhouse conditions surveyed.  
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elongated after 15 days of growth.  However, stem elongation ceased in 58M once the 

plant transitioned to flowering. 

Leaf and collar appearance rates were constant throughout plant development in 

the greenhouse. Plants produced a new phytomer after approximately every three days of 

growth (Figure 4, lower left & right).  Using this steady rate of phytomer production, I 

was able to relate plant age in days to internode age.  I then evaluated the relationship 

between internode development and plant age by plotting the growth of each internode 

relative to the largest internode observed at 90 DAE (Figure 5).   

In ES5200 and Rio, internode diameter increased rapidly starting with internode 

5 and reached a maximum diameter by internode 10~15 (Figure 5, upper left & right).   

Internode length increased rapidly starting about internode 8~9 and may have reached a 

maximum length by internode 20 (Figure 5, upper left & right).  BTx623 showed a 

similar pattern of internode growth, however the decreased rate of internode growth at 

internodes eight to ten suggest that some of these plants experienced environmental 

conditions which inhibited the growth of these internodes (Figure 5, lower left).  58M 

displayed very sporadic internode elongation, though internode diameter growth was 

more consistent across internodes (Figure 5, lower right).  This growth pattern is typical 

of 58M, which often has very short internodes interspersed between highly elongated 

internodes.   
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Figure 5.  Time course of internode development in ES5200, BTx623, Rio and 58M. 

Data were obtained from plants grown in the greenhouse under 14 hour days and an 

average mid-day light intensity of  ~1100 umol m
-2

 s
-1

.  Internode (INT) numbering is 

based on leaf numbering, which includes the cotyledon as leaf #1.  Individual data 

points represent the average of at least three biological replicates.  DAE = days after 

seedling emergence. 

 

 

 

The genotype 58M is known to have a nonfunctioning allele of the light-sensing 

protein phytochrome B (Childs et al., 1997).  Because phytochrome B is always inactive 

in 58M, this genotype constitutively expresses the shade avoidance response, and this 

response causes the altered growth pattern in this genotype. Phytochrome B regulates the 
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response to red and far red light; it should be noted that the shade avoidance response 

can also be induced by a change in the ambient blue light, controlled by the activity of 

cryptochromes and phototropins (Keuskamp et al., 2012). 
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4. CELL EXPANSION & DIVISION IN SORGHUM STEM TISSUE 

 

 

Figure 6 shows the shoot architecture of genotypes 58M (Ma1, ma3R), 100M 

(Ma1, Ma3) and SM100 (ma1, Ma3) at DAE 50 in the three genotypes surveyed.  These 

genotypes are closely related grain type sorghums.  The main source of genetic variation 

between these lines is the presence or absence of functional maturity (flowering time) 

loci Ma1 and Ma3.  Ma3 was previously shown to correspond to the Sorghum 

phytochrome B (PhyB) gene (Childs et al., 1997) and influences both flowering time and 

the shade avoidance response in many plant species (Lopez-Juez et al., 1992).  Ma1 

delays flowering under long days (>14 hrs light) but has less impact on flowering time in 

short days (Murphy et al., 2011).  Ma1 was shown to correspond to PRR37, a gene that 

is regulated by the circadian clock and light (Murphy et al., 2011). The consistent 

difference in vegetative growth between 100M and SM100 suggests that Ma1 has 

additional effects on plant growth apart from floral signaling (Figure 6).  
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Figure 6.  58M (left), SM100 (center) and 100M (right) at 50 DAE in GH 204A. 

 
 
 
 Figure 7 shows the distribution of internode length and diameter observed within 

the three genotypes.  As in Section 3, 58M again displayed highly elongated internodes, 

as long as 335mm in one internode.  In addition, 58M displayed sporadic internode 

elongation, with adjacent internodes varying widely in length.  Internode diameter was 

also extremely thin compared to most sorghum genotypes, and compared to SM100 and 

100M in particular.  Internode growth was highly similar between genotypes SM100 and 

100M, and data from both lines were combined in subsequent analyses. 
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Figure 7.  Distribution of internode length and diameter in genotypes SM100, 

100M and 58M. 

 
 
 
Figures 8 & 9 show confocal images of parenchyma cell size in the growing 

internodes of 58M, 100M and SM100.  From the confocal data, I measured the average 

cell size and cell densities at various positions along the radial axis of the internode.  

Cell size was typically much smaller near the rind compared to the center of the 
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internode (Figure 8, lower left vs. upper left).  In addition, parenchyma cells typically 

lost their radial symmetry during growth; likely due to variation in the pressures induced 

by the growth of the surrounding cells (Figure 9, upper left vs. upper right).  58M 

always had cells that were noticeably longer than those in internodes of SM100 and 

100M (Figure 9, bottom).  Gibberellic acid (GA) is known to stimulate cellular 

elongation, and so the observation that a phytochrome B mutant contains highly 

elongated cells fits with the known relationship between GA, DELLA and phytochrome 

B in sorghum and other plant species (Childs et al., 1997; de Lucas et al., 2008). 

Additional studies will be necessary to establish the relationship between phyB 

signaling and cellular growth.  However, the pattern that has emerged from this data is 

one in which the absence of phytochrome B directs pith parenchyma cells to rapidly 

elongate at the expense of radial cell division in the stem.  One possibility is that the 

inactive form of phytochrome B directly shuts off cell division, and that the hydrostatic 

pressure in the stem tissue could then only be relieved through vacuolar expansion and 

elongation of the cells.    
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Figure 8.  Confocal microscopy of internode transverse cross sections in 58M, SM100 

and 100M.  100M INT 14 transverse section (upper left), 100M INT 17 transverse 

section (upper right), 100M INT 14 transverse section near the rind (lower left), 58M 

INT 10 transverse (lower center), SM100 INT 9 transverse section (lower right). 
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Figure 9.  Confocal microscopy of internode longitudinal cross sections in 58M, SM100 

and 100M.  100M internode 14 longitudinal (left), SM100 internode 9 longitudinal 

(right), 58M internode 10 longitudinal (bottom). 
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I predict that in genotypes with a functional phytochrome B, cell division 

proceeds primarily near the outer rind of the internode, and that many of the smaller 

cells near the rind will eventually expand to the size of the parenchyma cells throughout 

the inner pith tissue.  This hypothesis is supported by the fact that the phyB mutation 

narrowed the variation in cell transverse area primarily by increasing the minimum size 

of the cells (Figure 10).  It should also be noted that the cell division promoting plant 

hormone cytokinin has been shown previously to inhibit the reversion of phytochrome B 

to the inactive form in the dark through the action of ARR4 (Fankhauser, 2002).  The 

direct connection between a cell division promoting hormone and phytochrome B 

activity in Arabidopsis thaliana provides some tentative support for a role of 

phytochrome B in cell cycle regulation in Sorghum bicolor. 

 
 
 

 

Figure 10.  Cell transverse area distributions in the genotypes 100M, SM100 and 58M. 
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 Next, I wanted to determine the relative importance of cell size and cell number 

in determining the size of mature internodes.  However, cell size and number are not 

independent of each other (Table 1), so I could not simply study the bivariate 

relationship between each cellular trait and internode size.  In order to parse out the 

different influences of these traits, I took a multiple regression approach.  To determine 

internode morphology based on cell size and cell number, I used the following 

relationships: 

H = cH * cL 

A = cA * cT 

V = H * A 

 

Where H = internode length (height), cH = average cell height, cL = cell number in the 

longitudinal plane, A = internode transverse area, cA = average cell transverse area, cT = 

cell number in the transverse plane, and V = internode volume.  In order to perform 

multiple regression analysis with this data, I first linearized the equations using a log-

transformation: 

log(H) = log(cH) + log(cL) 

log(A) = log(cA) + log(cT) 

log(V) = log(cH) + log(cL) + log(cA) + log(cT) 
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Table 1.  Correlations between cell size and cell number in the genotypes 100M, SM100 

and 58M. 

 
 
 

The relatively high bivariate correlations in Table 1 suggest that there may be 

multicollinearity between the independent variables in our linear model.  It is important 

to identify these effects, since multicollinearity that is not accounted for in the model 

will lead to unstable estimates of the model parameters (Graham, 2003).  In order to test 

for genuine multicollinearity between the independent variables, I calculated the 

variance-inflation factors for each cellular trait (Graham, 2003).  Table 2 shows that all 

the traits in the 100 & SM100 dataset had low enough variance-inflation factors to 

conclude that the variables were not significantly collinear.  

 
 
 
 
 
 

log (cell height) log (trans area) log (cell # long) log (cell # trans) 100M & SM100 Correlations

0.65 0.59 -0.32 log (cell height)

0.53 -0.61 log (trans area)

-0.45 log (cell # long)

log (cell # trans)

log (cell height) log (trans area) log (cell # long) log (cell # trans) 58M Correlations

0.75 0.23 -0.88 log (cell height)

0.10 -0.81 log (trans area)

0.14 log (cell # long)

log (cell # trans)
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Table 2.  Variance-inflation factors for the independent variables in the internode 

growth linear models. 

 
 
 
 Tables 3 and 4 show the results of the multiple regressions for internode 

morphology in genotypes 100M, SM100 and 58M.  As was expected, cell size and cell 

division were both positively correlated with internode growth in all models.  In cases 

where the coefficients for these trends were negative, the p-values of the relationship 

were not statistically significant.  A negative coefficient within these models would 

translate to a logarithmic decay relationship in the untransformed data.  A lack of 

negative coefficients here suggests that our model may represent biologically 

meaningful information. 

 

 

100M & SM100 log (cell height) log (cell trans area) log (cell number long) log (cell number trans)

variance-inflation factors 2.1 2.5 1.8 1.7

58M log (cell height) log (cell trans area) log (cell number long) log (cell number trans)

variance-inflation factors 9.6 3.5 2.6 13.6
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Table 3.  Multiple regression of internode growth in 100M and SM100. 

 

100M+SM100  INT Volume MLR Coefficient Std. Error t-stat p-value

(Intercept) -4.92 1.83 -2.69 1.76E-02 *

log (Cell height) 0.65 0.42 1.57 1.39E-01

log (Cell transverse area) 1.03 0.22 4.61 4.07E-04 ***

log (Cell number long) 1.18 0.17 6.87 7.66E-06 ***

log (Cell number trans) 1.27 0.28 4.48 5.20E-04 ***

Multiple R-squared 0.93

Adjusted R-squared 0.91

F-statistic 45.98

p-value 6.65E-08

100M+SM100  INT Length MLR Coefficient Std. Error t-stat p-value

(Intercept) -2.43 1.52 -1.60 1.32E-01

log (Cell height) 0.75 0.35 2.17 4.75E-02 *

log (Cell transverse area) 0.31 0.18 1.70 1.11E-01

log (Cell number long) 0.95 0.14 6.69 1.02E-05 ***

log (Cell number trans) 0.16 0.23 0.67 5.15E-01

Multiple R-squared 0.92

Adjusted R-squared 0.89

F-statistic 38.77

p-value 1.98E-07

100M+SM100  INT Diameter MLR Coefficient Std. Error t-stat p-value

(Intercept) -1.20 0.37 -3.23 6.11E-03 **

log (Cell height) -0.05 0.08 -0.57 5.80E-01

log (Cell transverse area) 0.36 0.05 7.90 1.59E-06 ***

log (Cell number long) 0.11 0.03 3.29 5.42E-03 **

log (Cell number trans) 0.56 0.06 9.70 1.36E-07 ***

Multiple R-squared 0.91

Adjusted R-squared 0.88

F-statistic 35.24

p-value 3.62E-07
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Table 4.  Multiple regression of internode growth in 58M. 

 
 
 
 

58M INT Volume MLR Coefficient Std. Error t-stat p-value

(Intercept) -0.09 0.64 -0.14 8.94E-01

log (Cell height) 0.71 0.31 2.27 6.41E-02 .

log (Cell transverse area) 0.16 0.30 0.52 6.24E-01

log (Cell number long) 0.95 0.17 5.54 1.46E-03 **

log (Cell number trans) -1.61E-03 0.34 -0.01 9.96E-01

Multiple R-squared 0.97

Adjusted R-squared 0.94

F-statistic 42.33

p-value 1.56E-04

58M INT Length MLR Coefficient Std. Error t-stat p-value

(Intercept) 0.93 0.64 1.46 1.95E-01

log (Cell height) 0.69 0.31 2.22 6.85E-02 .

log (Cell transverse area) 0.17 0.30 0.55 5.99E-01

log (Cell number long) 0.99 0.17 5.79 1.16E-03 **

log (Cell number trans) -0.73 0.34 -2.13 7.70E-02 .

Multiple R-squared 0.98

Adjusted R-squared 0.97

F-statistic 81.43

p-value 2.34E-05

58M INT Diameter MLR Coefficient Std. Error t-stat p-value

(Intercept) -4.55E-01 1.47E-01 -3.09 2.13E-02 *

log (Cell height) 7.98E-03 7.24E-02 0.11 9.16E-01

log (Cell transverse area) -5.64E-03 7.00E-02 -0.08 9.38E-01

log (Cell number long) -2.07E-02 3.95E-02 -0.53 6.19E-01

log (Cell number trans) 3.66E-01 7.97E-02 4.59 3.72E-03 **

Multiple R-squared 0.98

Adjusted R-squared 0.96

F-statistic 69.48

p-value 3.72E-05
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 While independent and dependent variables need not be normally distributed in 

this analysis, multiple linear regression assumes that the residuals are distributed 

normally.  Figure 11 shows the Quantile-Quantile plots for the normality of the 

residuals.  In general, the volume regressions had the most normally distributed 

residuals, and regressions incorporating the genotype 58M deviated highly from 

normality.  In particular, the Q-Q plots for length and diameter regressions in 58M both 

appear to resemble step functions, indicating that the trait data in this genotype is 

discrete (SAS Institute Inc, 2010).  This may reflect both the small number of samples 

and the low variation within the 58M cellular trait data.   

The Q-Q plots in genotypes 100M and SM100 were much closer to normality 

than in 58M.  The slight deviations at the ends of the Q-Q plot in the volume and length 

regressions are due to shortened tails and deviations in the diameter regression are due to 

longer tails than that found in normal distributions.  Shapiro-Wilk tests for non-

normality in these datasets were all non-significant (Table 5).  Therefore, we can 

conclude that the 100M & SM100 regressions have residuals that appear normal, and 

there is not enough evidence in these data to reject that the residuals come from a normal 

distribution. 
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Figure 11.  QQ plots for the residuals of the multiple regressions of (100M+SM100) and 

58M internode growth. 
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Table 5. Shapiro-Wilk tests for deviation from normality 

 
 
 
 Because some traits within each regression had non-significant p-values, it may 

be possible to drop these traits from the model without significantly impacting prediction 

ability.  In fact, dropping these potentially irrelevant traits may noticeably improve the 

predictive capacity of the model.  Table 6 shows the results of partial F tests for variable 

removal in the linear models of 100M & SM100 internode growth.  Based on the results 

in Table 6, I decided to drop variables from each model if the p-value for the ANOVA 

between the full and reduced model was greater than 0.05. 

 
 
 

 

Table 6.  Partial F tests to determine whether variables can be dropped from the 

analysis. 

 

W p-value

100M & SM100 Volume MLR 0.94 2.74E-01

100M & SM100 Length MLR 0.95 3.78E-01

100M & SM100 Diameter MLR 0.96 6.14E-01

58M Volume MLR 0.96 7.82E-01

58M Length MLR 0.89 1.45E-01

58M Diameter MLR 0.83 2.12E-02

Regression model variable dropped DF Sum of Squares F p-value

100M & SM100 Volume cell height 1 4.06E-02 2.46 1.39E-01

100M & SM100 Volume cell trans area 1 3.50E-01 21.23 4.07E-04 ***

100M & SM100 Length cell trans area & trans cell number 2 3.36E-02 1.48 2.60E-01

100M & SM100 Diameter cell height 1 2.17E-04 0.32 5.80E-01

100M & SM100 Diameter longitudinal cell number 1 7.29E-03 10.79 5.42E-03 **
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 From the reduced models I calculated the expected gains in internode growth 

based on the selection of the cellular traits.  To do this, I fixed each independent variable 

at the median value, and then tracked the predicted internode growth as one variable 

approached the maximum value observed in the data.  This allowed me to evaluate the 

influence of each cellular trait on internode growth.   

Figure 12 shows the results of this analysis for the 100 & SM100 dataset.  

Internode volume was approximately equally influenced by the three cellular traits.  

However, the cellular traits clearly had different effects within the internode length and 

diameter models.  In the internode length model, increasing longitudinal cell number 

from the median to the maximum value corresponded to a predicted doubling of 

internode length.  However, increasing cell height to the maximum observed value only 

led to a 1.5-fold increase in internode length.  The same pattern was also shown for 

internode diameter growth, with cell division in the transverse plane changing internode 

diameter more than any other factor.   

Given the trends in 58M, some might find it surprising that cell height does not 

have a greater impact on internode elongation in 100M & SM100.  Though the ma3R 

mutant, 58M, had highly elongated internodes and highly elongated cells, this clearly 

had a negative impact on internode volume and biomass.  This tradeoff, and the various 

other pleiotropic effects of the allele, means that the ma3R phenotype should be treated 

as a unique case and not necessarily as representative of the species as a whole. 
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Figure 12. Graphical representation of the linear models of stem growth.  Values for cell 

size and cell number were chosen to bracket the median and maximum values observed 

in the real data.  
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In discussions on plant organ size control, many potential factors have been 

proposed to play important roles.  In particular, wall loosening enzymes and cell division 

promoting transcription factors have been labeled as highly significant to organ growth 

(Bögre et al., 2008).  From the internode growth models, it is clear that changing the 

extent of cell division has a greater impact on internode growth than changing the degree 

of cellular expansion.  Therefore, breeders working within sorghum or similar species 

should select parents to maximize the expression of cell division promoting genes in 

order to increase biomass yields.  Examples of regions to select for allelic variation 

would include the WOX gene family members SbWOX1-11 (Zhang et al., 2010) and 

potential GRAS transcription factors (Bolle et al., 2004; Perez-Rodriguez et al., 2009). 

 

.   
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5. INTERNODE GROWTH GENE EXPRESSION IN S. BICOLOR 

 

 

The results from Sections 3 & 4 give us a sense of the extent, timing and cellular 

basis for stem growth in Sorghum bicolor.  The next logical step in this analysis was to 

survey the expression of all genes in the stem as it developed over time.  This whole 

transcriptome survey would provide us with a list of candidate transcripts to validate and 

examine their role in the stem development program.  Because the sorghum stem sets 

down new, morphologically identical internodes iteratively, I chose to sample a series of 

internodes in the stem at the same time to survey gene expression in the stem across 

development.   

For this study field grown genotype ES5200 was sampled at two different harvest 

dates, at approximately 100 days after planting.  Internode diameter ranged from 10mm 

at the apical dome to 31mm in the third elongating internode and internode length 

ranged from 12mm in the apical dome to 73mm at the third elongating internode.  

Internode length in the third elongating internode represented 72% of the maximum 

internode length observed and diameter in this internode represented 74% of the 

maximum internode diameter in this experiment.  
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Figure 13.  Total gene expression within each sample of field-grown ES5200. 

Sequencing data was analyzed using the CLC genomics workbench. 

 

 

 

Figure 13 shows the total transcript levels within each sample.  The boxplots 

show that the average level of gene expression is approximately the same across all 

samples, so gene expression was only normalized by the reads per kilobase of transcript 

per million reads (RPKM).  Figure 14 shows the ordination of the first two principle 

coordinates in the Principle Coordinate Analysis (PCA) of gene expression variation 

within samples.  Samples 7-12 showed good separation along both PC1 and PC2, with a 

pattern that agrees with the pattern of developmental age of the internodes.  Samples 1, 3 

and 6 showed an unexpected distribution in the ordination.  In addition, Samples 1, 3 and 
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6 had narrow distributions of gene expression (Figure 13) and had high percentages of 

unmapped reads in the genome alignments.  Because of their relatively low quality, these 

samples were removed from further analyses.  In addition, samples 2, 4 and 5 were only 

included in analyses as validation samples. 

 
 
 

 

Figure 14.  Ordination of gene expression principle coordinates 1 & 2 for samples of 

field-grown ES5200.  SAM = 1 & 7, DIA = 2 & 8, LONG1 = 3 & 9, LONG2 = 4 & 10, 

LONG3(pith) = 5 & 11, LONG3(rind) = 6 & 12. Sequencing data was analyzed using 

the CLC genomics workbench. 
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Figures 15 & 16 show PageMan analyses of gene expression in samples across 

internode development and in the pith and rind tissue, respectively.  MapMan ontologies 

were ranked by the number of expressed transcripts and compared to the median 

expression across all ontologies using the Wilcoxon rank-sum test.  Type I error inflation 

from multiple testing was corrected for using the Bonferoni correction, which multiplies 

the calculated p-value by the number of tests conducted.  In PageMan tables, the color 

score represents the average fold change in gene expression for all transcripts within a 

significantly enriched ontology (Usadel et al., 2006). 

In Figure 15 we see that gene expression related to photosynthesis increases 

during internode development.  Initially, the young internode in completely enclosed in 

multiple layers of leaf sheaths.  As the internode grows, it gradually elongates and 

expands past each layer of leaf sheath, until most of the internodes in this genotype are 

illuminated and photosynthetic.  Therefore, an increase in photosynthetic gene 

expression over time makes sense. 

The general pattern of gene expression throughout development is a relatively 

high level of primary nucleotide and protein synthesis during the early phases of growth 

and a transition to higher relative levels of secondary metabolism and cell wall synthesis 

later on in internode development.  In addition, cell cycle and chromatin related gene 

expression are the highest in the apical dome and in the young internodes.  Again, these 

observations agree with my expectations of the developmental pattern of internode 

growth.  
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Figure 15.  PageMan analysis of gene expression across internode development in field 

grown ES5200. Sequencing data was analyzed using the CLC genomics workbench. 
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Figure 16.  PageMan analysis of gene expression differences in pith and rind tissue from 

internodes of field grown ES5200. Sequencing data was analyzed using the CLC 

genomics workbench. 

 

 

 

Interestingly, hormone metabolism in general appears to be down regulated in 

the young internodes, with auxin and ethylene related genes being lowly expressed.  As 

a stress-related hormone, the ethylene down-regulation in young tissue agrees with the 
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general pattern of reduced stress response in early internode development in this data.  

The reduced auxin-related gene expression in young tissue seems surprising, given the 

gradient of auxin concentration in plants that is highest at the apical dome.  However, it 

is important to note that only auxin-response genes appear to be significantly down 

regulated in young tissue in this dataset, indicating that this is perhaps a counterbalance 

to the high auxin concentration in this tissue. 

There appear to be two distinct sets of transcription factors (TFs) with 

differential gene expression across internode development.  Transcripts orthologous to 

bHLH, GRAS and B3 transcription factors appear to be up regulated near the apical 

dome, while transcripts corresponding to AP2/EREBP, MYB and WRKY transcription 

factors appear to be down regulated early on in internode development.  The pattern of 

these transcripts in particular is interesting not only for the high impact of transcription 

factor expression on organ development, but also for future studies on transcription 

factor-gene promoter binding studies. 

AP2/EREBP transcription factors are known to play important roles in plant 

hormone regulation and in response to environmental stress (Feng et al., 2005).  MYB-

related transcription factors have widely varying functions in plants, though many 

control the expression of genes related to secondary metabolism (Jin & Martin, 1999).  

The WRKY transcription factor superfamily is also a diverse group, with 100 known 

WRKY genes in Arabidopsis thaliana (Eulgem et al., 2000).  Though this is a diverse 

group, most of the WRKY genes that have been observed are up regulated during 

senescence, biotic and abiotic stress.  Given these known functions in other plant 
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species, it makes sense that these three transcription factor families would increase in 

expression as the internode ages in Sorghum bicolor. 

GRAS transcription factors have been shown to be involved in meristem 

maintenance, gibberellin signal transduction and phytochrome signaling in Arabidopsis 

(Bolle, 2004).  Therefore, it makes sense that a subset of GRAS TFs would be highly 

expressed near the apical dome.  bHLH and B3 transcription factors have been shown to 

have a variety of possible functional roles in plants, and must be analyzed at the 

transcript level in order to evaluate their biological significance.  The bHLH transcript 

with the highest fold change throughout internode development in this dataset 

corresponds to gene sb10g030470.  This transcript displayed a sharp decrease in 

expression past the apical dome, with a 11-fold decrease in RPKM between the apical 

dome and the second elongating internode.  The putative orthologue of this gene in 

Arabidopsis, At5g65640, has been shown previously to encode a bHLH TF that 

physically interacts with FAMA, a bHLH TF that regulates cell proliferation during 

stomatal development (Ohashi-Ito & Bergmann, 2006). 

The B3 transcription factor with the highest fold change throughout development 

in this dataset corresponded to gene sb03g033260.  This transcript also displayed a sharp 

decrease in expression outside of the apical dome, with a 9-fold decrease in expression 

between the apical dome and the second elongating internode.  This gene is weakly 

similar to Arabidopsis AT3G18990, also known as Vernalization1 (vrn1).  VRN1 was 

initially characterized for its role in the induction of flowering during prolonged periods 

of cold temperature (Levy et al., 2002).  In addition, when the homologue of this gene in 
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wheat was rendered inactive, the mutant plants were unable to transition from the 

vegetative to the floral phase of growth (Shitsukawa et al., 2007).  Though almost all 

studies on VRN1 focus exclusively on the vernalization phenotype, a recent study has 

highlighted the numerous other roles this transcription factor plays in Arabidopsis 

thaliana growth and development once genetic redundancy is accounted for (King et al., 

2013). 

Table 7 shows a list of transcripts that were found to have statistically significant 

differences in gene expression across internode development in both the CLC genomics 

and Tuxedo suite pipeline.  Many of these transcripts show homology with genes of 

known function in Arabidopsis thaliana.  One of the transcripts in Table 7, rve1, is 

known to control circadian oscillation of auxin synthesis in Arabidopsis (Rawat et al., 

2009).  Interestingly, rve1 expression in Arabidopsis is highest in the morning, at 

approximately the same time that I sampled tissue for gene expression in this 

experiment.   

Various other interesting trends can be gleaned from the significant transcripts 

shown in Table 7.  A transcript with homology to a known ethylene zinc finger 

transcription factor indicates that ethylene signaling may be important to timing 

internode growth in Sorghum bicolor.  This is supported by the known relationship 

between ethylene, the auxin transporter aux1, echidna, and cell elongation in 

Arabidopsis thaliana (Boutté et al., 2013).  Table 7 also includes a transcript with 

sequence homology to the MYB transcription factor family, further indicating that 

various MYB transcription factors may be important in Sorghum stem tissue growth. 
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Table 7.  Transcripts with significant differences in expression across internode 

development in both the CLC genomics and Tuxedo suite pipelines. 

 
 
 

Recently, researchers discovered that wax precursor very long chain fatty acids 

directly inhibit cytokinin production and cell division in Arabidopsis thaliana 

(Nobusawa et al., 2013).  It would be interesting to see if the apparent triacylglycerol 

lipase in Table 7 has a similar effect on cytokinin levels and cell division in Sorghum 
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internodes.  It would also be interesting to perturb the levels of the apparent ubiquitin E3 

ligases shown in Table 7.  If changing the expression of these genes in Sorghum has a 

significant effect on stem growth it would indicate that protein turnover plays a 

significant role in Sorghum stem growth and morphology.  Clearly, there is a great deal 

of work remaining to be done within this system. 

Figure 16 shows the differences in gene expression between pith and rind tissue 

in the third elongating internode sampled from field-grown ES5200.  This dataset had 

some surprising trends, such as increased gene expression in the pith related to 

photosynthesis, stress, ethylene production and cell wall precursor synthesis.  These 

observations were the opposite of what I had expected, given the biology of the 

internode.  Part of the explanation for this odd pattern of expression may be that rind 

tissue is at an earlier stage of development than the pith tissue.  Though trends in this 

dataset are weaker in general, the rind tissue appears to be more closely related to the 

apical dome and young internodes, while the pith tissue is more similar in gene 

expression to the older internodes.  Examples of such trends include down-regulation of 

ubiquitin-related genes in older internodes and in the pith tissue and increased secondary 

metabolism in both old internodes and pith tissue.  In addition, the same transcription 

factors and receptor kinases appear to be down regulated in both older internodes and 

pith tissue.  Though differences in cell division were not observed between pith and rind 

tissue, given these results I would expect that active cell division is more likely to occur 

near the outer rind rather than within the center of the internode. 
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One group of genes that has been consistently shown to change expression 

throughout stem development in this data is the cytochrome P450 Monooxygenases 

(Figures 15 & 16, Table 7).  Enzymes of this group are involved in a multitude of 

cellular processes, including the hydroxylation of phenylpropaniods, fatty acids and 

plant hormones (Nelson & Werck-Reichhart, 2011).  Seven transcripts with differential 

gene expression across development that appear homologous to known P450 

Monooxygenases in other plant species are shown in Figure 17.  If these transcripts have 

true functional equivalency in sorghum, they would be very interesting to follow up on 

with additional molecular studies.  In particular, it would be interesting to see whether 

perturbing CYP86 & CYP94 gene expression changes wax deposition and stem diameter 

growth, as was observed for very-long-chain fatty acid synthesis in Arabidopsis 

(Nobusawa et al., 2013).  The importance of p-coumaric acid and ferulic acid to cell wall 

biochemistry is discussed in Section 6. 
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Figure 17.  Seven cytochrome p450 monooxygenase homologues in Sorghum bicolor 

that are differently expressed across internode development.  In each graph, internode 

age increases from left to right. Sequencing data was analyzed using the CLC genomics 

workbench. 

 
 
 

Figure 18 shows a hypothetical model of the various stem growth pathways that 

may be operating in Sorghum bicolor.  I created this model based upon the results of 

various gene expression studies in Arabidopsis thaliana (Powell & Lenhard, 2012; 

Sablowski, 2009; Fankhauser, 2002; Ikeda et al., 2012; Boutté et al., 2013; Nobusawa et 

al., 2013; Efroni et al., 2013).  Overlaid upon this model are the gene expression profiles  
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Figure 18.  Hypothetical pathways influencing stem growth in Sorghum bicolor.  All 

acronyms are from the gene names in the model plant species Arabidopsis thaliana. 

Transcription factors are shown in purple, receptor kinases in blue, hormones and fatty 

acids in orange and red light signals are shown in red.  MapMan graphs of homologous 

gene expression across internode development are displayed next to the corresponding 

factor.  In each graph, internode age increases from left to right.  Red lines in each 

graph represent the average pattern of expression of all the transcripts shown. 

Sequencing data was analyzed using the CLC genomics workbench. 
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across internode development of sorghum transcripts that have homology to these genes.  

As I expected, transcripts related to auxin, cytokinin and gibberellin metabolism are 

highest in expression near the shoot apex, and their expression levels decrease as tissue 

growth decreases.  In addition, the relationships that have been observed between 

cytokinin, wushel and cyclin D3 in the Arabidopsis shoot apical meristem appear to act 

in sorghum stem development in a similar manner (Sablowski, 2009).   

 Some transcripts show very little change in expression, and have very low 

abundance in general.  These transcripts, such as the supposed JAG homologue, might 

not function in stem growth, and the ontological information may be incorrect.  In other 

instances, such as with PhyB, changes in transcript abundance per se may be of minimal 

importance and the crucial control points may be post-transcriptional.  As is the case 

with all the analyses in this section, targeted gene perturbation studies should be 

undertaken to test the hypothetical relationships presented here. 
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6. CELL WALL COMPOSITION AND SACCHARIFICATION EFFICIENCY 

 

 

Two genetic mapping populations were evaluated for biochemical conversion 

efficiency of lignocellulosic biomass to monosaccharides.  The E-SAP panel is a 

collection of diverse accessions of Sorghum bicolor, originally selected for their 

potential use in breeding sorghum inbreds for energy hybrid agriculture.  The 

BTx642*Tx7000 population is a collection of recombinant inbred lines (RIL) created 

from a cross between the two genotypes for genetic mapping of QTL for various 

agronomic traits.  Dried, ground stem tissue from these populations was analyzed for 

enzymatic conversion efficiency by Dr. Nicholas Santoro at the Great Lakes Bioenergy 

Research Center (GLBRC) using the iWALL system (Santoro et al., 2010).   

Prior to conversion analysis, ground stem tissue was first analyzed 

nondestructively for cell wall composition using near-infrared spectroscopy (NIR) 

(Wolfrum et al., 2013).  From the NIR data, I have estimates of the percent of cellulose 

and xylan in the ground tissue prior to conversion.  In addition, from the iWALL results 

I have data on the concentration of glucose and xylose released, expressed as a percent 

of the starting material.  To calculate the percent yield of the conversion of polymer to 

monomer, I used the following relationships: 

 

MW Glucose = 180.16 g/mol      

(MW Glucose) – (MW endo-monomer of Cellulose) = 18 g/mol [H+OH]  
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Mean cellulose length in corn stover = 7000 monomer units [Kumar et al., 2009]  

MW of cellulose = (180.16 [g/mol] * 7000) – (6999 * 18 [g/mol])   

MW of cellulose = 1,135,138 g/mol     

% Glucose product  g Glucose Product  moles Glucose Product 

% Cellulose  g Cellulose  moles Cellulose 

% Yield = (moles Glucose) / ( Cellulose chain length * moles Cellulose)  

 

I used the same relationships as above to calculate percent yield in the conversion 

of xylan to xylose units.  The xylose yield calculation has various uncertainties, given 

that xylan chains can vary widely in chain length, branching and monosaccharide 

composition (Burton et al., 2010).  I estimate here an average xylan chain length of 140 

units (Gatenholm et al., 2003) and assume a straight chain of solely xylose units.  This 

rough approximation was suitable for my purposes. 

Figures 19 & 20 summarize the results of the iWALL digestion for the E-SAP 

panel and the BTx642*Tx7000 RILs, respectively.  The diverse set of material in the E-

SAP panel show a wide range of glucose (17-51%) and xylose (9-23%) yields (Figure 

19, center).  In general, the BTx642*Tx7000 RILs had higher digestibility compared to 

the E-SAP panel (32% vs. 27% glucose release; 21% vs. 15% xylose release) (Figures 

19 & 20, center left & center right).  Accounting for differences in the range of 

conversion efficiencies observed, the E-SAP panel and the BTx642*Tx7000 RILs 

displayed similar variation in glucose yield with respect to xylose yield (Figures 19 & 

20, upper).  This data suggests that both populations have extensive variation in cell wall  
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Figure 19.  Variation in saccharification efficiency of the E-SAP panel via conversion on 

the iWALL platform. 
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Figure 20.  Variation in saccharification efficiency of the BTx642*Tx7000 biparental 

mapping population via conversion on the iWALL platform. 
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architecture that contributes to conversion efficiency. 

Curiously, percent lignin had no statistically significant correlation to 

monosaccharide yield in the iWALL conversion system (Figures 19 & 20, lower left & 

lower right).  Though the E-SAP panel appears to show an anticorrelation between 

glucose yield and percent lignin, the best fit linear regression had an R2=0.35.  I found 

similar R2 values for the linear regressions of monosaccharide yield by percent lignin in 

the BTx642*Tx7000 population, however in these cases the trend was toward increasing 

yield at higher lignin concentrations.   

To further dissect the cause of differential cell wall conversion, I sent samples to 

Dr. Laura Bartley at the University of Oklahoma for analysis of p-coumaric acid and 

ferulic acid biomass composition (Bartley et al., 2013).  P-coumaric acid is a phenolic 

compound that is incorporated into lignin in the secondary cell wall in plants (Ralph et 

al., 1994), where it may serve as an attachment molecule between lignin and the 

substituted arabinoxylan of hemicelluloses.  Ferulic acid is esterified to 

glucuronoarabinoxylans and can form dimers, trimers and tetramers with itself (Harris & 

Trethewey, 2010).  Ferulic acid may also help to crosslink hemicelluloses to lignin in the 

secondary cell wall.  Though ferulic acid and p-coumaric acid are both lowly abundant 

in sorghum biomass (Figure 21), they may have a relatively high impact on the 

accessibility of cell wall polymers to enzymatic conversion reactions.  As Figure 21 

shows, however, variation in ferulic acid and p-coumaric acid concentration do not 

correlate with variation in biomass conversion efficiency on the iWALL system.   
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Figure 21.  Lack of correlation between wall crosslinking compounds and 

monosaccharide yield. 

 
 
 

 
 

Table 8.  Variance-inflation factors for the independent variables in the multiple 

regression. 

 
 
 

Glucose Yield MLR variance-inflation factors

Wall density ( g/cm^3 ) 1.1

%Lignin in the cell wall 1.4

Galactan+Arabinan / Xylan 1.4

Sample weight (g) 1.0

%Cellulose in the sample 1.2

INT Diameter (mm) 1.9

INT Length (cm) 1.9

Pentose Yield MLR variance-inflation factors

Wall density ( g/cm^3 ) 1.1

%Lignin in the cell wall 1.6

Galactan+Arabinan / Xylan 1.3

Sample weight (g) 1.0

%Xylan in the sample 1.3

INT Diameter (mm) 1.9

INT Length (cm) 1.9



 

 54 

 Given the lack of clear trends in the bivariate data, I once again took a multiple 

regression approach for this analysis.  The E-SAP panel represents a wide sampling of 

the genetic diversity across the species, and was chosen to model conversion efficiency 

in bioenergy-type sorghums.  Fortunately the variance-inflation factors within this 

dataset were all quite low (Table 8), suggesting that the traits had minimal collinearity 

(Graham, 2003).  The linear models for both glucose and pentose yield following 

digestion had low root-mean-squared error of prediction (Table 9), suggesting that the 

models had not over-fit the data (Hawkins et al., 2003).  In addition, the residuals from 

each fit were approximately normally distributed (Figure 22) (Kratz & Resnick, 1995), 

showing that a linear model was appropriate for this data structure.   

 
 
 

 
 

Table 9.  Root-mean-squared error of cross validation for the glucose and pentose yield 

multiple regressions.  Cross validation was performed at 5-fold partitioning (80% 

training, 20% test) with ten repetitions.  RMSE = root-mean-squared error of prediction, 

SE = Standard error of the dataset 

 
 
 
 
 
 
 
 

Model RMSE of %20 test RMSE of full model SE of full model

Glucose yield 8.73001 8.72991 0.044

Pentose yield 2.58612 2.58686 0.018
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Figure 22.  Quantile-Quantile plots and histograms of the residuals of the glucose yield 

and pentose yield multiple regressions. 

 

 

 
 Table 10 shows the regression models for glucose and pentose yield following 

digestion on the iWALL platform.  Neither linear model explained over 50% of the 

variation in yield (R2 = 0.39 & 0.17, Table 10).  The positive correlation between yield 

and internode size and the negative correlation between cell wall density and  
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Table 10.  Multiple linear regression of internode morphology and compositional traits 

on the yield of glucose and pentoses following conversion on the iWALL platform. 

 
 
 

saccharification both suggest that biomass that is less densely packed may have better 

digestion on the iWALL system than biomass with dense cell walls.  Though there are 

various interesting features of the multiple linear regression of pentose yield, this 

regression has a very low R2.  This shows that the model does not take into account the 

Glucose Yield MLR Coefficient Std. Error t-stat p-value

(Intercept) 2.66E-01 2.11E-03 126.01 2.00E-16 ***

Wall density ( g/cm^3 ) -2.64E-02 4.44E-03 -5.96 7.13E-09 ***

%Lignin in the cell wall -3.40E-02 4.98E-03 -6.84 4.74E-11 ***

Galactan+Arabinan / Xylan 2.16E-02 4.91E-03 4.40 1.53E-05 ***

Sample weight (g) -1.04E-02 4.31E-03 -2.42 1.60E-02 *

%Cellulose in the sample -1.74E-02 4.61E-03 -3.77 1.99E-04 ***

INT Diameter (mm) 1.78E-02 5.83E-03 3.05 2.50E-03 **

INT Length (cm) 1.50E-02 5.83E-03 2.57 1.07E-02 *

Multiple R-squared 0.40

Adjusted R-squared 0.39

F-statistic 27.94

p-value 2.20E-16

Pentose Yield MLR Coefficient Std. Error t-stat p-value

(Intercept) 1.45E-01 1.32E-03 109.41 2.00E-16 ***

Wall density ( g/cm^3 ) -8.67E-03 2.78E-03 -3.12 2.02E-03 **

%Lignin in the cell wall -1.25E-02 3.33E-03 -3.75 2.11E-04 ***

Galactan+Arabinan / Xylan 3.84E-03 3.07E-03 1.25 2.13E-01

Sample weight (g) -1.40E-02 2.70E-03 -5.17 4.44E-07 ***

%Xylan in the sample 1.20E-02 3.07E-03 3.90 1.21E-04 ***

INT Diameter (mm) 1.68E-03 3.67E-03 0.46 6.46E-01

INT Length (cm) 1.09E-02 3.63E-03 2.99 3.02E-03 **

Multiple R-squared 0.19

Adjusted R-squared 0.17

F-statistic 9.90

p-value 4.34E-11
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major driving forces in the dynamics of conversion of hemicelluloses to free pentose 

sugars in this dataset.   

 Interestingly, both the glucose and pentose yield multiple regressions reveal that 

lignin is indeed negatively influencing monosaccharide yield.  In fact, lignin is actually 

the most influential factor within the glucose model following variable standardization.  

This relationship was not evident in the bivariate correlations, where various other 

factors influenced the analysis.  This demonstrates the utility of the multiple regression 

approach for analyzing the saccharification efficiency of a material as complex as plant 

biomass.   
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7. CONCLUSIONS 

 

 

Given the current lack of knowledge on the genetic control of stem growth in 

monocots, there is clearly much more work remaining to be done in this system.  

However, the data presented in this thesis should provide an important stepping-stone 

towards more in-depth analyses of sorghum developmental genetics in the future.  The 

stem morphology and tissue-level data shown in Sections 3 & 4 provide a quantitative 

foundation for understanding stem growth, and could easily be incorporated into whole 

plant growth modeling designs.  Likewise, the cell wall compositional information 

presented in Section 6 shows that structural features such as polymer packing and 

porosity may be more important determinants of saccharification efficiency than 

compositional features like percent lignin vs percent cellulose.  The widely observed 

phenomenon of lignin inhibition on biochemical conversion of plant biomass to sugars is 

only weakly evident within the E-SAP association panel, and actually correlates 

positively with digestion efficiency in the BTx6428Tx7000 mapping population.  If 

sorghum conversion is less dependent on lignin concentration than other plant species, 

this would further demonstrate sorghum’s position as an ideal crop for biofuels 

production. 

The gene expression data shown in Section 5 has many interesting trends to 

follow up on with targeted gene knockout or overexpression studies.  In particular, there 

appears to be a correlation between the timing of cell division and the expression of 
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select bHLH, GRAS and B3 transcription factors.  Since cell division appears to be the 

primary driving force in stem diameter growth, changing the expression patterns of these 

transcripts could have a significant impact on biomass or sucrose yield in sorghum.  The 

majority of plant molecular biology research is focused on the model plant species 

Arabidopsis thaliana, and much of my hypothetical model of the gene network for stem 

growth will need to be revised in light of sorghum specific pathways and the 

neofunctionalization of genes following the divergence of the two plant species.  

However, this model should be an acceptable starting point to refine further in the light 

of new evidence.  It is my sincere hope that this data will be carried forward in the 

future, and put to good use elsewhere. 
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