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Factors affecting the nutritional composition and digestibility of corn for silage: Cover 

crops and cell wall composition 

 

Alston N. Brown 

Academic Abstract 

 
Corn silage is one of the major components in dairy cattle rations in the United States. 

Many factors affect the nutritional composition of corn for silage, such as cropping system, 

including cover crops, and the composition of the corn plant cell wall. The objectives of the first 

study were to determine the nutritional quality of different winter crops for silage and to determine 

the impact of the various winter crops on the succeeding productivity of corn and sorghum. 

Experimental plots were planted with 15 different winter crop treatments: 5 winter annual grasses in 

monoculture or with one of two winter annual legumes (crimson clover [CC] and hairy vetch [HV]). 

After harvesting the winter crops, each plot was planted with either corn or forage sorghum. Crimson 

clover increased DM yield compared to monocultures but HV did not. Adding legumes increased the 

crude protein concentration, but reduced the fiber and sugar concentrations of the forages. Even 

though in vitro neutral detergent fiber digestibility was reduced with the addition of legumes, the 

concentration of highly digestible non-fibrous components is greater in the mixtures than the 

monocultures, increasing the nutritive value of the silage. The objective of the second study was to 

determine the cell wall (CW) composition along the corn stalk. Three phytomers of corn plants 

were examined: center (C) of ear insertion, upper (U) and lower (L) phytomers. Each phytomer 

was cut into 4 sections: top (T), middle (M), bottom (B), and node (N). The CW, uronic acid 

(UA), glucose (GLU), and lignin concentrations did not change among phytomers. The 

concentrations of arabinose (ARA) and xylose (XYL) were greater in the U than in the L 

phytomers. Concentrations of CW, ARA, and XYL increased from B to T within the phytomer, 

but UA and GLU concentrations decreased from B to T. Lignin did not change within the 

phytomer. In mature corn for silage, changes within the corn internode may be more useful in 

determining how the environment changes the CW. 

 

 

 

 

 



 
 

Factors affecting the nutritional composition and digestibility of corn for silage: Cover 

crops and cell wall composition 

 

Alston N. Brown 

General Audience Abstract 
 

Corn silage is one of the major components in dairy cattle rations in the United States. 

Many factors can affect the nutritional composition and digestibility of corn for silage, including 

the crops planted before the corn and the maturity of the corn. I first explored the nutritional 

quality and potential of different winter crops for use as silage and how these various winter crops 

impacted the succeeding productivity of corn and sorghum. We used 15 different winter crop 

treatments: 5 winter annual grasses in monoculture or mixed with one of two winter annual legumes 

(crimson clover and hairy vetch). After harvesting the winter crops, corn and forage sorghum were 

planted. The addition of legumes increased winter crop yield compared to monocultures. Adding 

legumes increased the protein concentration, but reduced the reduced the fiber and sugar 

concentrations of the winter crops. Fiber digestibility was reduced with the addition of legumes. The 

type of grass and legume did not change the nutrient composition of the corn and sorghum. I then 

explored how the cell wall (CW) composition changes along the corn stalk. Corn plants are split 

up into phytomers. Each phytomer contains a leaf, a section of the stalk called an internode, and 

a node (connects internodes). Phytomers at the top of the corn plant are less mature than ones at 

the bottom, and maturity increases from bottom to top within a corn internode. Three phytomers 

of individual corn plants were each cut into 4 sections: top, middle, bottom, and node. In plants, 

the primary cell wall is deposited first. The primary cell wall contains cellulose, hemicellulose, 

and pectin. The secondary cell wall is deposited after growth. The secondary cell wall is 

composed of cellulose, hemicellulose, and lignin. Corn that is harvested for cows to eat is usually 

at a late stage of maturity. Therefore, in our study we saw very few differences among phytomers 

as cellulose, hemicellulose, pectin, and lignin had most likely been fully deposited. However, 

within the corn internode, we did see variability in the corn plant cell wall. The cell wall 

concentration overall increased with maturity within the corn internode. Further, arabinose and 

xylose concentrations (sugars from hemicellulose) also incased with maturity. Hemicellulose is 

important in connecting the rest of the cell wall to lignin later in maturity. The concentration of 

uronic acids from pectin and glucose from cellulose decreased with maturity because these are 



 
 

typically deposited first within the plat cells and then level off once lignin is deposited. In mature 

corn for silage, changes within the corn internode may be more useful in determining how the 

environment changes the CW.
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Chapter 1 Introduction and Literature Review 
 

INTRODUCTION 

 

In 2016, approximately 114 million metric tons of corn silage was produced in the United 

States (USDA, 2017), and about 60 million metric tons of corn silage is used in the dairy 

industry per year (Ferreira and Brown, 2016). Therefore, maximizing corn silage yield and 

quality is economically important for dairy producers. Natural occurrences such as drought can 

reduce corn silage yields. For example, the 2012 drought reduced corn silage yield by 16.3% 

compared to 2011, which cost the dairy industry about $1 billion for extra feed due to crop losses 

(USDA, 2013). However, little is known about the true quality, especially of the cell wall (CW), 

of drought-stressed corn, making it difficult to account for drought-stressed corn quality in the 

ration and to evaluate its economic value. The cell contents are uniformly and completely 

digested, but the CW is not (Van Soest, 1994). Therefore, dry matter digestibility (DMD) is a 

function of CW concentration with DMD decreasing as CW concentration increases. On the 

other hand, CW digestibility (CWD) is a function of CW composition, particularly lignin 

concentration and composition. To determine how drought may affect the digestibility of corn it 

is necessary to determine how the CW composition changes throughout the corn plant.  

The plant CW is composed of water, polysaccharides, lignin, and proteins.  The primary 

CW is formed as the cell is growing, and the secondary CW is deposited after growth stops. The 

secondary CW is formed to the inside of the primary CW. In general, the primary CW is mainly 

composed of cellulose, hemicelluloses and pectins along with lesser amounts of structural 

glycoproteins, phenolic esters, minerals, enzymes, and proteins (Reiter, 2002). The secondary 

CW is composed of a cellulose, hemicelluloses, and lignin. The primary CW of adjacent cells are 
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connected by the middle lamella, which mainly contains pectins.  Hemicelluloses are branched 

polysaccharides composed of sugars (rhamnose, fucose, mannose, galactose, arabinose, xylose, 

and glucose) and uronic acids (UA) (Varner and Lin, 1989a). Pectins are complex 

polysaccharides composed of sugars and UA (Varner and Lin, 1989a) . Lignin is a 

heteropolymer composed of hydroxycinnamyl alcohol subunits (Rancour et al., 2012). Many 

plant CW models hypothesize that the cellulose microfibril network (Reiter, 2002) is embedded 

and connected to another network of non-cellulose components (mainly pectins and 

hemicelluloses) (Ding and Himmel, 2006). Lignin and structural proteins are dispersed 

throughout the cellulose and non-cellulose matrices to add more mechanical support to the cell 

(Ding and Himmel, 2006). However, there are many factors that influence the composition of the 

CW, including type of plant and abiotic stresses (Ford et al., 1979; Halim et al., 1989a).  

STRUCTURE AND FUNCTION OF THE CELL WALL 

 

 Structural Polysaccharides 

Of the polysaccharides, cellulose comprises 20-30% of the primary CW dry weight 

(Varner and Lin, 1989b). Cellulose microfibrils are composed of β-1,4-linked ᴅ-glucose units 

arranged into crystalline and non-crystalline regions through hydrogen bonds (Åman, 1993). 

Each microfibril is estimated to contain 36 polysaccharide chains (Reiter, 2002). The cellulose 

synthase complexes in the form of rosettes are located in the plasma membrane. When individual 

cellulose molecules are released from the rosette, they aggregate with the nearby molecules from 

other rosettes to form cellulose microfibrils (Varner and Lin, 1989b). The cellulose microfibrils 

are arranged into various orientations to give support to the plant cell. 

Hemicelluloses are heteropolysaccharides that are soluble in dilute alkali and bond to 

cellulose with hydrogen bonds (Albersheim et al., 1984). Heteropolysaccharides contain more 
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than one type of monosaccharide, and are composed of a polysaccharide backbone with 

sidechains. For example, xyloglucans have a glucose (GLU) backbone with xylose (XYL) 

sidechains. Hemicelluloses include xyloglucans, arabinoxylans, glucomannans and 

galactoglucomannans (Kačuráková et al., 2000).  Xyloglucan comprises 20% of the primary CW 

dry weight of dicots and 2% of the primary CW dry weight of monocots (Varner and Lin, 

1989b). Xyloglucans have a β-4-linked ᴅ-glucosyl backbone with ᴅ-xylosyl side chains. Most 

xyloglucans are hydrogen bonded to cellulose microfibrils, and the cellulose-xyloglucan network 

is thought of as the major support structure of the primary CW in dicots (Varner and Lin, 1989b; 

Reiter, 2002). Xylans (mainly glucuronoarabinoxylans), another hemicellulosic component, 

make up 15-20% of the primary CW dry weight of monocots and 2% of dicots (Varner and Lin, 

1989b). Xylans have β-4-linked xylosyl backbones with various side chains attached to O-2 or 

O-3 of the xylosyl residues. Like xyloglucans, xylans bind tightly to cellulose microfibrils via 

hydrogen bonding. β-Glucans are hemicellulosic polysaccharides found in grasses composed of 

β-3-linked and β-4-linked ᴅ-glucopyranosyl residues (Varner and Lin, 1989b). Hemicelluloses 

are synthesized by glycosyltransferases located in the membrane of the Golgi apparatus (Scheller 

and Ulvskov, 2010). 

The primary CW of plants also contain small amounts of neutral polysaccharides: 

arabinans, β-4-linked galactans, and arabinogalactans (Varner and Lin, 1989b). Arabinans are 

composed of 5-linked α-L-arabinofuranosyl residues with a-L-arabinofuranosyl side chains 

linked to the O-2 or O-3 of the arabinosyl backbone. These components of the CW are mostly 

complexed with pectins. Pectins of monocots and dicots are homogalacturonans and  

rhamnogalacturonans (Varner and Lin, 1989b). Homogalacturonans are α-4-linked galacturonic 

acid residues. Rhamnogalacturonans I have a backbone of alternating 2-linked α-L-rhamnose and 
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4-linked α-D- galacturonic acid residues.  Almost half of the rhamnosyl residues are glycosylated 

at O-4 with the oligosaccharides (York et al., 1986). Rhamnogalacturonans II are composed of 

glucosyl residues covalently bonded to other components of the CW. Pectins constitute as much 

as 1-5% of the dry weight of monocot CWs (Caffall and Mohnen, 2009). 

Lignin and Hydroxycinnamic Acids 

Lignin is deposited mainly in the secondary CW of plants, and its deposition is controlled 

by the orientation of cellulose and hemicellulose fibers (Grabber, 2005). Lignin can limit the 

spread of pathogens, add strength to the plant, and help with water conduction. However, lignin 

inhibits the degradation of structural polysaccharides by enzymes (Grabber, 2005). Lignin is a 

phenolic polymer composed of ρ-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units 

(Adler, 1977). Lignin units are connected by β-O-4 and α-O-4 ether bonds and less frequently by 

biphenyl ether bonds, making them resistant to degradation by microbes (Grabber et al., 2004). 

In the biosynthesis of lignin, the hydroxycinnamyl alcohols or monolignols, coniferyl alcohol, 

sinapyl alcohol, and ρ-coumaryl alcohol, are synthesized from phenylalanine (Vanholme et al., 

2010). The lignin biosynthetic enzymes are membrane proteins located on the cytoplasmic side 

of the endoplasmic reticulum. The monolignol phenols are oxidized to phenolic radicals. Two 

monomer radicals then couple through covalent bonds to form the dimer units of lignin (H, G, 

and S units). A chain of lignin is estimated to be 13 to 20 units long (Vanholme et al., 2010).  

Lignin is often covalently linked (ester or ether-linked) to phenolic acids such as 4-

hydroxycinnamic acids, ρ-coumaric (ρCA) acid and ferulic acid (FAc) (Van Soest, 1993).   

Theories on models of the cell wall 

One of the first models of the primary CW was proposed by Albersheim and colleagues 

in the early 1970’s (Keegstra et al., 1973). This model was based on suspension-cultured 
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sycamore (Platanus sp.) and proposed that CW matrix polymers (xyloglucans, proteins, and 

pectins) were covalently linked to one another, forming a network separate from cellulose 

microfibrils. The xyloglucans are non-covalently cross-linked to the cellulose microfibrils, 

forming two connected networks of CW components. With more advanced technologies, the 

sycamore model has been modified over time and have been mostly based on dicotyledenous 

primary walls. Talbott and Ray (1992) proposed a model based on pea (Pisum sativum cv 

Alaska) primary walls where hemicellulose (xyloglucan) is hydrogen bonded to cellulose 

microfibrils. The cellulose-hemicellulose is embedded in a non-covalently cross-linked pectic 

network (Talbott and Ray, 1992). The secondary CW is similar in overall structure to the 

primary CW; the cellulose microfibrils are embedded into a  network of hemicellulose and lignin 

(Cosgrove and Jarvis, 2012). Further studies have been conducted to determine the differences in 

CW structure between monocots and dicots (Carpita and Gibeaut, 1993; Carpita et al., 2001). 

Dicots and non-commelinoid-monocots have Type I primary CW (Carpita and Gibeaut, 

1993). Type I CW contain equal amounts of cellulose and xyloglucans with only a small amount 

of arabinoxylans, glucomannans, and galacto-glucomannans. Xyloglucans bind to glucan chains 

in the cellulose microfibrils and to other xyloglucans (Carpita and Gibeaut, 1993). The cellulose-

xyloglucan network is embedded in a pectic matrix, mainly homogalacturonans and 

rhamnogalacturonan I (Carpita and Gibeaut, 1993). Corn and other commelinoid monocots have 

Type II primary (Carpita et al., 2001). In type II CW, glucuronoarabinoxylans bind to the 

cellulose microfibrils and to each other. Type II CWs have a small amount of xyloglucan; these 

xyloglucans do not contain arabinose (ARA) nor fucose side chain. Pectins in type II CW are 

similar in structure to those in type I CW, but grasses have much less pectin than dicots (Carpita 

et al., 2001). Therefore, the primary CW of dicots is composed of cellulose, xyloglucan, and 
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pectin (Albersheim, 1978); the primary CW of grasses is composed of arabinoxylan, 

glucoarabinoxylan, and cellulose with a small amount of xyloglucan, pectin, and mixed-linked β-

glucans (Chesson et al., 1985). Overall, the primary CW is strong enough to sustain turgor 

pressure but still flexible enough for growth, while the secondary CW is strong and rigid to 

support the weight of the plant. 

MATURITY AND THE CELL WALL 

 

Arabinoxylans, acidic xylans, β-glucans, and cellulose are the major components of the 

CW in grasses with pectins being present in small amounts (Jung et al., 1993). However, the 

composition of the CW changes as the plants grow. As grasses mature, lignification and 

thickening of the CW occur along with a decrease in the leaf-stem ratio (LSR). With these 

changes in the CW, the concentration of structural polysaccharides and lignin increase on a DM 

basis (Jung et al., 1993). Therefore, CWD typically decreases with maturation. Specifically, with 

maturation there is an increased concentration of GLU from cellulose, XYL from xylans, and 

lignin on a CW basis along with a decrease in concentrations (DM basis) of crude protein and 

ash (Åman and Lindgren, 1983). Further, the amount of mixed-linked-β-glucans, arabinoxylans, 

and pectin decrease with maturation, and the prevalence of acidic xylans increase (Gordon et al., 

1983).  

Lignin deposition follows the deposition of cellulose and hemicellulose in the CW. 

During cell elongation, CW polysaccharides, proteins, and hydroxycinnamic acids are 

incorporated into the middle lamella and primary CW (Morrison et al., 1998). The CW 

polysaccharides cross-link to monolignols through hydroxycinnamic acids as lignification begins 

(Morrison et al., 1998). The composition of lignin changes as the cells develop (Morrison et al., 

1998; Hatfield et al., 2008). The composition of lignin shifts from tightly packed ρCA acids and 
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guaiacyl monolignols in the middle lamella early in development to guaiacyl (G)-type lignin as 

the primary and secondary CWs develop. Finally, later in development the lignin composition 

shifts to syringyl (S)-type lignin in the secondary CW (Hatfield, 1993). Syringyl-type lignin is 

more linear and extends further into the secondary CW than G-lignin; therefore, it decreases the 

CWD more than G-lignin (Jung and Allen, 1995).The bonding of  hydroxycinnamic acids to CW 

polysaccharides and lignin also changes as plants mature (Morrison et al., 1998). Ferulic acids 

link to arabinoxylans through ester bonds as they are incorporated into the CW, and as 

lignification begins FAc ether link to lignin to the CW polysaccharides (Morrison et al., 1994). 

Therefore, FAc is essential to initiation of lignification. Finally, as lignification continues ρCA 

ether link together the S lignin polymer (Morrison, 1994). 

In corn, upper internodes are less mature than basal internodes of the stem, and lower 

portions of the internode are less mature than upper portions of the internode (Scobbie et al., 

1993). Therefore, changes in CW composition can be seen along the corn plant during growth, 

providing a model for how the CW changes as plants mature. Scobbie et al. (1993) also only saw 

a marginal difference in overall CW concentration among phytomers. When corn was harvested 

at the 15th leaf  stage, CW concentration in the stem rind increased from the youngest internode 

(13th internode above the roots) to the oldest internode (7th interned from the roots); however, 

the CW concentration of the stem pith only increased to the 10th internode above the roots and  

then plateaued (Morrison et al., 1998). From upper to basal internodes, there is a gradual increase 

in sclerenchyma development as a proportion of the stem’s area, and the sclerenchyma CW 

thickens with maturity (Wilson and Hatfield, 1997). Therefore, CW concentration usually 

increases from the upper to basal internodes.  
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Glucose concentrations (DM basis) usually decrease with maturity and then plateau 

(Jung, 2003; Jung and Casler, 2006). When corn was harvested at tassel emergence, Hatfield et 

al. (2008) reported that GLU concentration on a CW basis was highest in the middle phytomers 

(rind only of 10th to 12th internode above the roots) of the corn plant. Cellulose (and therefore 

GLU) deposition increases in the secondary CW until lignin deposition increases, then 

carbohydrate deposition slows (Hatfield et al., 2008). Therefore, very immature phytomers 

would have a low GLU concentration (CW basis), intermediate-age phytomers would have the 

most cellulose (CW basis), and very mature phytomers would again have a lower GLU 

concentration. In a study by Scobbie et al. (1993), XYL compromised approximately 25% of the 

CW, and ARA ranged from 2.2 to 3.7% CW. Jung and Casler (2006) found that the 

concentration of XYL (CW basis) increased with maturity until 8 d after V8, then it decreased 

until 68 d after V8 where it plateaued. Arabinose (CW basis) decreased from V8 to 26 d after V8 

where it plateaued (Jung and Casler, 2006). Therefore, less mature internodes should have more 

ARA and XYL than mature internodes. When corn was harvested at the 15th leaf stage, the UA 

concentration in the stem rind decreased from 10.1% CW in the youngest internode to 3.7% CW 

in the oldest internode (Morrison et al., 1998). These results are consistent with the fact that the 

concentration of mixed-linked-β-glucans, arabinoxylans, and pectin decrease in the CW with 

maturation. 

 The lignin concentration in the stem rind increased from 7.5% CW in the youngest 

internode to 14.0% CW in the oldest internode (Morrison et al., 1998). The rind vascular tissue 

lignified earlier and to a greater extent than the pith (Morrison et al., 1998). Ferulic acid esters 

increased from the 13th internode above the roots down to the 10th internode above the roots 

(maximum 0.7% CW), and then the FAc ester concentration decreased to 0.4% CW in the oldest 
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internodes (Morrison et al., 1998). Ferulic acid ether concentration peaked in the younger 

internodes and then fell with maturation. The concentration of ρCA esters increased with 

internode maturity from 0.2 to 2.3% CW (Morrison et al., 1998). Therefore, FAc is deposited in 

ester linkages to primary CW polysaccharides and ether-linked FAc provide an initiation site for 

lignification. Then ρCA ester-link the lignin together as the plant matures.  

In a corn internode, there are four zones of maturity from bottom to top: basal intercalary 

meristem, elongation zone, transition zone, and maturation zone (Zhang et al., 2014). The 

intercalary meristem sits just above the node and is only composed of a primary CW. The 

elongation zone is also mostly primary CW. The secondary CW deposition begins in the 

transition zone with the maturation zone being all secondary CW (Zhang et al., 2014). The 

maturation zone is just below the node of the next uppermost phytomer; therefore, the node is a 

complex developmental region composed of both fully elongated and mature cells, as well as 

completely immature cells similar to the meristem (Hatfield et al., 2008). The GLU 

concentration ranged from 43.4% CW in the youngest internode section to 47.8% CW in the 

oldest internode section of Scobbie et al. (1993). Hatfield et al. (2008) reported that the GLU 

concentration was higher in the lower half of the internode, which was less lignified. Scobbie et 

al. (1993) reported that concentrations of mixed-linked glucans (estimated by 1, 3-linked 

glucose) and xyloglucan (estimated by 1, 4, 6-linked glucose) were higher in youngest section of 

the internode compared to the oldest section of the internode. Xylose concentration increased 

with maturity (13.7 to 28.0% protein-free CW) within the internode of Scobbie et al. (1993). 

However, the XYL concentration was similar in the upper and lower halves of the internode in 

Hatfield et al. (2008). The concentration of ARA decreased with maturity within the internodes 

(Scobbie et al., 1993; Hatfield et al., 2008). In immature CW, xylans are linked with ARA 
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residues, but these residues are hydrolyzed as development continues to increase the rigidity if 

the CW (Hatfield et al., 2008). Typically, the amount of mixed-linked-β-glucans, arabinoxylans 

decrease with maturation, and the prevalence of acidic xylans increase with maturation. Hatfield 

et al. (2008) found that UA and other minor CW sugar concentration was similar or showed a 

slight decrease with maturity.  

Scobbie et al. (1993) reported that total phenolic concentration increased from 4.7% CW 

in the youngest internode section to 11.7% CW in the oldest internode section. The greatest 

difference between oldest and youngest internode sections in total phenolic acid concentration 

was in the youngest internode (Scobbie et al., 1993). Lignin increases with maturity within the 

internode (Scobbie et al., 1993; Hatfield et al., 2008).  Scobbie et al. (1993) reported that the 

lignin concentration increased from 4.6% CW in the youngest internode section to 6.7% CW in 

the oldest internode section. Scobbie et al. (1993) and Hatfield et al. (2008) both determined that 

the incorporation of ρCA increased along with lignin within the internode, but the concentration 

of FAc remained at a constant low level (0.5% CW) within the internode. The S proportion of 

total lignin tended to increase in more mature cells (Hatfield et al., 2008). Therefore, ρCA is 

important in late development to connect S lignin, and FAc is deposited early in development to 

initiate lignification. In the youngest internode, Scobbie et al. (1993) also reported that CW 

degradability fell from 95 to 24% CW as maturity increased from bottom to top of the internode. 

In the oldest internode, CW degradability fell from 80 to 24% CW as maturity within the 

internode increased. Hence, CW degradability decreases with maturity along the stalk and within 

each internode. 
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CELL WALL AND DIGESTIBILITY 

  

Van Soest (1994) divides the components of the forages into cell contents (non-structural 

carbohydrates, protein, and fat) and CW (fiber). As the Lucas test shows, the cell contents are 

uniformly and completely digested, but the CW is not (Van Soest, 1994). Therefore, DMD is a 

function of CW concentration with DMD decreasing as CW concentration increases. On the 

other hand, CWD is a function of CW composition, particularly lignin concentration and 

composition. 

The extent to which total lignin concentration decreases CWD has been debated. Overall, 

lignin depolymerization requires O2; therefore, in the rumen anaerobic environment lignin is not 

digestible by rumen microbes. Lignin negatively affects CW polysaccharide digestibility by 

physically blocking them from enzyme hydrolysis or by a conformational change in the 

polysaccharides not allowing them to fit into the enzymes active site (Jung and Deetz, 1993). 

Fiber digestibility in dairy cows has been negatively associated with lignin concentration, but 

this association has mostly been seen as crops mature (Jung et al., 2011). Studies that have 

negatively associated lignin with CWD have included plants with a range of maturities, 

sometimes several species, and the whole plant. When studies included individual species of the 

same maturity and separated leaf from stems, the negative effect of lignin on fiber digestibility 

was not seen (Halim et al., 1989a; Jung and Casler, 1991). Maturity will increase the lignin 

concentration; therefore, total lignin concentration may be a good marker of quality of a forage 

based on age but does not account for all differences in CWD. Maturation also changes lignin 

composition, which was discussed previously. However, overall, as the plant matures, the CW 

shifts from being rich in G-type lignin to being rich in S-type lignin (Jung and Allen, 1995). 
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Syringyl-type lignin is more linear and extends further into the secondary CW than G-lignin; 

therefore, it decreases the CWD more than G-lignin (Jung and Allen, 1995). The decline in 

digestibility due to S-lignin is exemplified with brown midrib (bm/bmr) mutants of corn. 

Brown midrib mutants of corn have a lower concentration of lignin and less S-lignin than 

wild-type corn, making them more digestible. The seedling leaf ferulate ester (sfe) mutant of 

corn has also been shown to be more digestible than wild-type corn due to a decrease in the 

cross-linking of lignin and arabinoxylans (Jung et al., 2011). When 70 Holstein cows were fed 

one of five diets containing corn silage from W23, two W23sfe lines, B73, or B73bm3 for 28d, 

Jung et al. (2011) found that intake, fiber digestibility, and milk yield increased with the diets 

containing sfe corn silage compared to the control W23 silage. The diet containing B73bm3 

increased milk yield but not dry matter intake (DMI) or fiber digestibility compared to the 

control (Jung et al., 2011). Ferraretto et al. (2015) fed 96 multiparous Holstein cows a diet 

containing high-starch, floury-leafy (LFY) or BMR corn silage for 14 weeks after a 2-week 

adaptation period. In situ, in vitro, and in vivo NDF digestibilities were higher for the BMR diet 

compared to the LFY diet; however, the opposite was observed for starch digestibility (Ferraretto 

et al., 2015). Milk yield, milk protein yield, and DMI were greater for cows fed the BMR diet 

compared to the LFY diet. In a meta-analysis of 162 treatments in 48 experiments from 1995 to 

2014, cows fed BMR corn silage had a 1.1- kg/d increase in DMI, 1.5- kg/d increase in milk 

yield, and a 0.5- kg/d increase in protein yield compared to cows fed the control corn silages 

(conventional, dual-purpose, isogenic, or low-normal fiber digestibility hybrids) and LFY corn 

silage (Ferraretto and Shaver, 2015). Total-tract starch digestibility was reduced for BMR silage 

compared to the controls; however, total-tract NDF digestibility increased for BMR silage 

compared to the controls (Ferraretto and Shaver, 2015). Overall, both lignin concentration and 
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lignin composition affect fiber digestibility in dairy cows, showing that both should be 

considered when choosing a corn hybrid for silage. 

Crops at the same maturity stage can also differ in digestibility. These differences in 

digestibility are due to the composition of lignin and lignin cross-linking (Jung et al., 2011).  The 

lignin-phenolic acid complex is indigestible and inhibits digestion of other carbohydrates by 

ruminants. In-vitro digestion of forages leave indigestible material which contains 60-70% 

carbohydrates (Van Soest, 1993). Typically, FAc is ether-linked to lignin and ester-linked to 

arabinoxylans of hemicellulose (Smith and Hartley, 1983; Wilson and Hatfield, 1997). Mueller-

Harvey et al. (1986) reported that one in every 31 ARA residues in barley was esterified with 

ρCA acid, and one in every 15 ARA residues was esterified with FAc. About 50% of total CW-

bound FAc is cross-linked to arabinoxylans (Wilson and Hatfield, 1997). Ferulic acid cross-

linked to arabinoxylans interfere with their digestion by inhibiting the alignment of the 

polysaccharide with xylanase for hydrolysis (Chesson, 1993).  Because microbes in the rumen do 

have phenolic acid esterases to break down FAc, the rate but not extent of arabinoxylan digestion 

is hindered by FAc (Jung and Allen, 1995). When FAc connect arabinoxylans to lignin these 

connections decrease the extent to which the CW polysaccharide is digested. The proximity of 

lignin to the ferulate bridge keeps the FAc from being digested; therefore, this also does not 

allow the microbes to reach the CW polysaccharides to degrade them. Ether linkages cannot be 

broken inside the anaerobic environment of the rumen further inhibiting microbial digestion of 

CW polysaccharides (Jung and Allen, 1995). Total lignin concentration, lignin composition, and 

phenolic acid linkages all inhibit CW digestion. 

Other factors that can affect CWD are tissue and organ type. The epidermis is the 

outermost layer of tissue. It is thick and lignified with a waxy covering  (Wilson, 1993). The 
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mesophyll is composed of thin-walled, nonlignified cells, and are typically very digestible 

(Wilson, 1993). The parenchyma is composed of large, thin-walled cells, which can develop a 

thick, lignified secondary CW in the sheath and stem. Parenchyma bundle sheath cells are 

chloroplast-containing cells that surround the vascular tissue in the leaf blades (Wilson, 1993). 

The sclerenchyma are long, narrow fiber cells that develop a thick, lignified CW as the plant 

matures. The more lignified tissues (sclerenchyma and some parenchyma) are less digestible 

than the non-lignified tissues (mesophyll). In C4 plants, leaf blades are approximately 22% 

epidermis, 31% mesophyll, and 14% parenchyma, 24% parenchyma bundle sheath, 2% 

sclerenchyma (Wilson, 1993). The stem is approximately 2% epidermis, 2% mesophyll, 75% 

parenchyma, and 8% sclerenchyma. Therefore, stems are more lignified than leaves and are 

typically less digestible than leaves. Leaf sheaths typically are more like stems in their 

composition. Sheaths have more vascular tissue, sclerenchyma, and parenchyma than blades but 

less mesophyll and epidermis than blades (Wilson, 1993). Although compared to stems, sheaths 

do not have as much vascular tissue and sclerenchyma, making them an intermediate between 

blades and stems. The lignification of tissues types in specific plant organs vary among species, 

specifically legumes and grasses (Wilson, 1993). 

Legumes have more lignin than grasses on a CW basis (Buxton and Russell, 1988). The 

lignin of legumes is all concentrated in the xylem (Wilson and Kennedy, 1996; Wilson and 

Hatfield, 1997). The xylem of legumes is almost completely indigestible, but the remaining 

tissues are very digestible.  Therefore, the xylem is not digested at all and the remaining tissues 

are digested rapidly, allowing the total rate of CW digestion and passage rate for legumes to be 

fast. However, the extent of CW digestion is low because passage rate of legume fiber is fast due 

to the completely indigestible xylem (Wilson and Hatfield, 1997). However, the lignin of grasses 
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in spread out evenly among all tissues except the phloem. In grasses, lignification begins in the 

ML and then proceeds to the secondary CW (Jung and Allen, 1995). Therefore, the ML and 

primary CW are heavily lignified. This is why microbes degrade plant CW starting from the 

lumen side of the cell and then outward (Jung and Allen, 1995; Wilson and Mertens, 1995). 

Further, the lignified cells have to be ruptured from chewing or other particle-size reductions for 

the microbes to begin digestion on the lumen-side of the cell (Jung et al., 2012). Without the 

lignified cell being ruptured, the microbes will not be able to access the digestible interior walls 

of adjoining cells (Jung et al., 2012). The ML and primary CW are never fully digested (Engels, 

1989), and 30% of cells within a typical grass particle leave the rumen without being digested 

(Wilson and Mertens, 1995). Because the ML and primary CW are heavily lignified in grasses, 

this limits the digestion of grass pectins as well (Jung et al., 2012). On the other hand, because 

grasses have a lower concentration of evenly spaced indigestible lignin that protects more of the 

structural polysaccharides from digestion compared to legumes, this inhibits the passage rate of 

grass fiber, increasing the extent of fiber digestion (Kuoppala et al., 2009). The greater 

concentration of lignin and faster passage rate decreases the fiber digestibility of legumes.   

Although lignin and phenolic acid interactions have the most influence on CWD of 

structural polysaccharides, other factors have been examined too. Cellulose microfibrils are 

composed of β-1,4-linked ᴅ-glucose units arranged into crystalline and non-crystalline regions 

through hydrogen bonds (Åman, 1993). There are multiple enzymes that degrade cellulose. The 

amount of surface area available to be degraded by the rumen microorganisms, and not the 

degree of crystallinity of the cellulose, is the most important factor in determining the rate of 

cellulose degradation (Smith et al., 1973; Weimer et al., 1990). This is why particle size 

reduction, which increases surface area, increases the degradation rate of cellulose. Different 
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hemicellulose fractions will be degraded differently depending on stage of maturity and 

differences in digestibility between primary and secondary CWs (Merchen and Bourquin, 1994). 

Arabinose and galactose have been found to be more digestible than XYL, but this is because 

XYL concentrations are greater in more lignified, less digestible tissue types (Chesson et al., 

1985; Gordon et al., 1985).  Pectin is more degradable than both cellulose and hemicellulose; 

however, the different fractions of pectin can de degraded at different rates. Pectin from alfalfa 

(Medicago sativa) was completely degraded after 12 h with the uronosyl portion being degraded 

faster than the neutral sugar fraction (Hatfield and Weimer, 1995). However, the arrangement of 

individual polysaccharides can affect the rate of degradation of the neutral sugar fraction of 

pectins. For example, Larchwood arabinogalactan has a similar neutral sugar profile to alfalfa 

pectins, but it was degraded more slowly than the neutral sugar fraction of alfalfa pectin 

(Hatfield and Weimer, 1995). Overall, though, lignin is the only internal chemical factor that has 

been shown to affect CWD. 

ABIOTIC STRESSES AND THE CELL WALL 

 

Drought and Corn Yield 

Climate change is a major concern for crop yields and quality in the future, as well as the 

present. The temperature of the surface of the Earth has increased especially over the last 150 

years (Mishra and Singh, 2010). Changes in the Earth’s mean surface temperature affect 

precipitation, evaporation, runoff, and increase extreme weather events like drought. Droughts 

often develop slowly but have a long-lasting impact. Large scale intensive droughts have been 

observed all over the globe in recent years (Mishra and Singh, 2010). In the last two decades, the 

number and severity of droughts have increased in the United States and have cost the United 

States economically. As much as 10% of the United States has experienced extreme drought 
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during the past 100 years, and from 1980-2003 droughts have been estimated to cost the U.S. 

$144 billion, which is about 40% of the total costs from weather-related disasters (Mishra and 

Singh, 2010). Drought can cost the U.S. $6-8 billion dollars per year mainly from crop losses 

(Stambaugh et al., 2011). The Corn Belt in the United States is a particular area that is vulnerable 

to drought. The severe droughts of 1988 and 2006-2007 cost the U.S. $40 billion and $11 billion 

respectively (Stambaugh et al., 2011). Therefore, there has been considerable research on the 

timing of drought and crop yields in corn (NeSmith and Ritchie , 1992; Çakir, 2004; Campos et 

al., 2006). 

Corn is often considered more susceptible to drought than other cereals during the 

flowering stage (Campos et al., 2006). The sensitive period has been shown to be just before and 

after 50% silking with 45% to 60% losses of peak yield (Campos et al., 2006). Unlike many 

other cereals, because the male and female inflorescences are spatially separated, anthesis and 

silking have to be coordinated in corn. If anthesis begins long before silking, then pollen will be 

released but will be unable to fertilize the ovules without the silks, decreasing the final kernel 

numbers. The anthesis-silking interval (ASI; time between when anthesis begins and when silks 

emerge) of corn often increases with drought stress (Campos et al., 2006). A longer ASI is 

correlated with reduced ear growth in relation to tassel growth, reducing grain yield (Edmeades 

et al., 2000). Campos et al. (2006) observed a reduction in kernels per ear (KPE) under drought 

stress. The KPE was reduced from 513 to 237 from non-drought stressed corn to drought-

stressed corn (Campos et al., 2006). Depending on the hybrid, the drought-susceptible time 

period of corn can extend more into early grain filling. Newer hybrids of corn have been bred to 

be less susceptible to drought stress during flowering as evidenced by a decreased ASI and 

increased KPE in newer hybrids compared to older hybrids under drought stress (Campos et al., 
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2006). However, the most sensitive time period with newer hybrids is still considered to be the 

flowering stage, and the new hybrids sensitivity to drought may extend more than the 2 weeks 

post-flowering as it does in older hybrids (Campos et al., 2006). Therefore, both timing of 

drought and hybrid may play a role in corn’s response to drought. 

Water stress during the vegetative growth stages of corn has been shown to have less 

negative effects on final yield than water stress during the reproductive growth stages (NeSmith 

and Ritchie, 1992). However, leaf and stem elongation are also sensitive to water stress 

(NeSmith and Ritchie, 1992). The objective of NeSmith and Ritchie (1992) was to assess the 

short and long-term effects of pre-anthesis soil water deficit on corn growth in field conditions 

(NeSmith and Ritchie, 1992). A rain shelter was used to control soil water, and a separate 

experiment was done to determine the upper and lower limits of plant available water (PAW). 

The authors found that relative leaf and stem extension decreased within 5 days of withholding 

water (NeSmith and Ritchie, 1992). Extension decreased linearly starting at 85% PAW and 

stopped almost completely by 25% PAW. Plants under water stress pre-anthesis had a delayed 

leaf emergence as well. The stressed plants showed delayed tasseling and silking. In all, pre-

anthesis water-stress reduced yield by 15-25% (NeSmith and Ritchie, 1992). Nesmith and 

Ritchie (1992) stated that grain weight was the component that reduced yield the most in 1988, 

and grain number was the factor that reduced yield the most in 1989.  

Results from experiments like NeSmith and Ritchie (1992) and Campos et al. (2006) 

have not always agreed on at which stage water stress would cause the largest yield reduction. 

Therefore, Çakir (2004) evaluated how corn yield is affected by a water deficit in the soil profile 

during vegetative, tasseling, ear formation and milk stages of growth to determine when 

irrigation can be applied minimally for the greatest corn yield. A randomized complete block 
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design with three replicates (three consecutive years) was used to determine at which stage corn 

plant growth and yield was affected the most (Çakir, 2004). Plots were surrounded by dikes to 

prevent the lateral spread of water. In total, there were 16 irrigation treatments tested with both a 

positive and negative control. Irrigation was omitted at one or more of the developmental stages 

tested to mimic water stress during those stages (Çakir, 2004).  Çakir (2004) found that irrigation 

applied at tasseling increased plant height within a few days, but water stress at the rapid 

vegetative growth stage reduced plant height. Water stress during vegetative growth and 

tasseling also reduced the leaf area index (leaf area/ unit of ground area). As much as a 30-40% 

grain yield reduction was observed when irrigation was omitted during either the tasseling or cob 

formation stage, and a much higher grain yield reduction (66-93%) was observed if irrigation 

was omitted during both the tasseling and cob formation stages (Çakir, 2004). Çakir (2004) 

verifies that irrigation application can be the most beneficial at the tasseling and cob formation 

stages, but the reductions in plant height and leaf area index when irrigation was omitted during 

the vegetative stage shows that corn is not tolerant to water deficits at the vegetative stage.  

 Drought and Cell Wall Composition 

Drought not only affects grain yield but also the composition of the CW of plants. See 

Table 1.1 for a summary of how drought stress affects CW composition, DMD, and CWD. 

Drought has the greatest impact on crop yield, but some changes in the CW composition do 

occur. Drought delays plant development and maturation, typically producing better quality 

forages (Wilson and Ng, 1975; Wilson, 1982; Halim et al., 1989a). Along with the delay in 

maturity, water stress typically increases the leaf-to-stem ratio (LSR) or leaf percentage of the 

crops (Brown and Tanner, 1983; Halim et al., 1989a; Sheaffer et al., 1992). The increase in LSR 

is due to a delay in stem development, which increases the leafiness of the plant overall (Wilson 

and Ng, 1975; Wilson 1982).  
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Overall, the environment changes the proportion of individual monosaccharides in CW 

more than any other CW component (Buxton et al., 1987). With water deficits, respiration and 

growth are impacted to a greater extent than photosynthesis, which can cause more non-

structural carbohydrates to accumulate in forage tissues (Wilson, 1982; Hattendorf et al., 1988; 

Barker et al., 1993). Therefore, the CW concentration decreases for grasses under water stress. 

Halim et al. (1989a) reported that the CW concentration decreased in both the leaves and stems 

under water stress. Wilson and Ng (1975) and Deetz et al. (1996) reported that CW concentration 

was also lower in stems of water-stressed alfalfa. Sheaffer et al. (1992) reported that NDF and 

ADF on a DM basis declined in water-stressed grasses. There is also a consensus that N 

concentration increases in water-stressed compared to control grasses (Wilson and Ng, 1975; 

Garwood et al., 1979; Halim et al., 1989a). Contradictions arise when determining the effect of 

drought on the concentration of individual structural polysaccharides and lignin. 

  Wilson and Ng (1975) stated that water stress decreased cellulose and hemicellulose on a 

DM basis. Deetz et al. (1996) found that stems from the most severely water-stressed alfalfa had 

the lowest concentration of neutral sugars and GLU on a CW basis. Halim et al. (1989) reported 

that water stress decreased the cellulose concentration and increased the hemicellulose 

concentration of water-stressed plants on a CW basis. Overall, it would be beneficial to conduct 

more studies on how drought affects the proportions of individual structural carbohydrates in the 

CW.  

Lignin and pectin are two main components that have been observed to change in the CW 

when plants are exposed to drought. Comparing CW changes in a drought-tolerant and drought-

sensitive cultivar of wheat (Triticum durum Desf.), Leucci et al. (2008), discovered that the 

molar percentage of the side chains of rhamnogalacturonans I and II increased with drought 
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stress for the drought-tolerant cultivar but not the drought-sensitive cultivar. Konno et al. (2008) 

also found that pectic polysaccharides were 1.8 times higher in the CW of a drought-tolerant than 

a drought-sensitive cultivar of wheat. The pectin side chains are thought to act as anti-desiccants 

as they have a high water binding capability (Konno et al., 2008; Leucci et al., 2008). Moore et 

al. (2008) also suggest that instead of cellulose and extensins providing structure for the cell 

during drought stress, a hemicellulose-pectin matrix supports the cell, leaving carbon available 

for osmotic adjustment. Osmotic adjustment is a biochemical mechanism in plants when plants 

cells increase the concentration of solutes within the cell to maintain hydration of the cells 

(Sanders and Arndt, 2012). The equation for water potential is: 𝛹 = 𝜓𝑠 + 𝜓𝑝 , where Ψ = water 

potential, ψs = osmotic potential, and  ψp = turgor pressure. Both water potential and osmotic 

potential are negative because pure water is zero (Sanders and Arndt, 2012). Therefore, when 

drought lowers the water potential within plant cells, some plants will accumulate solutes within 

their cells to lower the osmotic potential within the cells. The more negative osmotic potential 

will allow turgor pressure to be maintained. With osmotic adjustment plant cells can have lower 

water potentials while still maintaining positive turgor (Sanders and Arndt, 2012). Increasing 

pectins in the CW allows plants to maintain water conductivity and prevent desiccation.  

Drought has been shown to change lignin concentrations differently depending on the 

part of the plant studied. Lignin may decrease in the leaves and stems of drought-stressed plants 

on a DM basis. The concentration of p-coumaric and caffeic acids, which are precursors of 

lignin, increased in the xylem sap of corn under drought stress compared to well-watered corn 

(Alvarez et al., 2008). Along with the decreased activity of anionic peroxidase, which is involved 

in lignin biosynthesis, the higher concentration of lignin precursors in water-stressed corn 

compared to well-watered corn indicates that lignin concentrations on DM basis could decrease 
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with drought (Alvarez et al., 2008). Sheaffer et al. (1992) reported that lignin concentration in 

total forage decreased for drought-stressed reed canarygrass (Phalaris arundinacea) but 

increased for orchardgrass (Dactylis glomerata) and smooth bromegrass (Bromus inermis) on a 

DM basis. Because CW concentration decreases with drought, lignin will decrease with drought 

on a DM basis. 

Vincent et al. (2005) found that the lignin concentration in corn leaves under drought 

stress was lower than in well-watered corn leaves on CW basis. Accumulation of two isoforms of 

the lignin-synthesizing enzyme caffeic acid/5-hydroxyferulic 3-O-methyltransferas moved from 

the apical region of the leaves to the basal portion of the leaves (Vincent et al., 2005). However, 

when white clover (Trifolium repens) was exposed to 28 d of drought, lignin concentration on a 

CW basis did not change within the leaves until 21 days of water stress when the water potential 

decreased to -2.27 MPa (Lee et al., 2007). After 21 d of water stress, lignin concentration in the 

leaves increased along with the activity of several lignin-synthesizing enzymes (guaiacol 

peroxidase, coniferyl alcohol peroxidase, syringaldazine peroxidase, and benzidine peroxidase) 

that are also involved in sequestering reactive oxygen species (ROS) (Lee et al., 2007). Deetz et 

al. (1996) studied the effects of drought on the CW composition and degradability in alfalfa. 

Drought stress was induced by using a mobile weather shelter and irrigation to 65, 88, and 112% 

of the soil capacity. In the stems, lignin concentration on a CW basis was not affected by water 

status (Deetz et al., 1996). Halim et al. (1989a) also reported that lignin concentration did not 

change on CW basis for alfalfa on a CW basis. In leaves and to some extent the stems, lignin 

concentration may remain the same or decrease in the early stages of drought to prevent 

accumulation of lignin in the elongation zone from interfering with growth after rehydration. An 
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increase in lignin concentration after a long period of drought may be a repair mechanism after 

the plant suffered ROS damage to the CW (Vincent et al., 2005; Lee et al., 2007).  

In the roots of corn, phenolics and lignin accumulate during drought stress (Moore et al., 

2008). The lignin and phenolics can become covalently bonded to CW polysaccharides to make 

the CWs less flexible and to inhibit growth in the elongation zone of the roots. The basal portion 

of corn roots showed decreased growth more than the apical region of the roots when corn was 

subjected to water stress (Fan et al., 2006). The decreased growth in the basal region of the roots 

was correlated with an increased lignin deposition in that root region and the expression of two 

lignin biosynthetic genes, cinnamoyl-CoA reductase 1 and 2 (Fan et al., 2006).  Further, at 16 

hours of water stress, roots in rice (Oryza sativa L.) showed an increased expression of genes 

associated with cell growth and expansion  (Yang et al., 2006). However, later in water stress (48 

and 72 h), an increased expression of genes involved in lignin biosynthesis like coenzyme A 

ligase, caffeoyl coenzyme A O-methyltransferase, cinnamyl alcohol dehydrogenase, and 

peroxidase was observed (Yang et al., 2006).  Overall, reduction of growth in the basal region of 

the root elongation zone by addition of lignin may allow for more water and nutrients to be 

available to the apical portion of the root zone, which would allow the roots to be able to recover 

faster after rehydration (Fan et al., 2006). High concentration of lignin in drought-stressed roots 

may inhibit root growth and prevent desiccation.  

Because of the changes in plant morphology and CW composition, water stress has been 

shown to positively affect DMD (Wilson, 1982). Halim et al. (1989a) reported that the in vitro 

DM digestibility (IVDMD) increased by 8% for water-stressed compared to control alfalfa 

stems. The higher LSR and lower CW concentration is due to water stress slowing growth, and 

the combination of both increase DMD (Wilson, 1982; Halim et al., 1989a). However, the effect 
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of water stress may be dependent on when the stress occurs in the life cycle of the plant. Late-

applied stress can negatively affect DMD. Wilson and Ng (1975) found that DMD was lower in 

more mature leaves of Panicum maximum var. trichoglume due to more dead tissue in those 

leaves. However, DMD stayed the same under water stress in total foliage and less mature 

leaves. The DMD of stems increased under water stress (Wilson and Ng, 1975). Halim et al. 

(1989b) found that severe water-stress on alfalfa can increase leaf death, decreasing the LSR and 

DMD. If stress occurs at the vegetative or bud stage, then alfalfa can recover. However, if water 

stress occurs at the flower stage, the alfalfa will not have time to recover, decreasing quality 

(Halim et al., 1989b). Additionally, some warm-season grasses may decrease in DMD when 

under water stress (Pitman and Holt, 1982; Wilson, 1983). Pitman and Holt (1982) reported that 

water-stress and digestibility were negatively correlated for three warm-season grasses, 

kleingrass (Panicum coloratum), green springletop (Leptochloa dubia), and plains bristlegrass 

(Setaria leucopila). Overall, when studies indicate that drought increases DMD, the 

improvement in quality is due to an increase in cell contents (and lower CW concentration) and a 

higher LSR not a change in CWD (Deetz et al., 1996).  

Temperature and Cell Wall Composition 

See Table 1.2 for a summary of how heat stress affects CW composition, DMD, and 

CWD. Temperature affects the biochemical processes in plants. Specifically, higher temperatures 

increases the rate of enzyme-catalyzed reactions until the upper threshold for stabilization of the 

enzyme is exceeded (where protein denaturation would occur). The reactions that synthesize the 

various components of the CW are enzyme-catalyzed reactions; therefore, they are affected by 

high temperatures. Plants grow in a range of temperatures, but DM yield is usually highest near 

the minimum of the growth temperature range (Fick et al., 1988).  Overall, high temperatures 
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will increase plant maturation, decrease the LSR, and decrease stem diameter (Marten et al., 

1988; Buxton and Casler, 1993). Because of the increased rate of maturation, plants are shorter 

when they reach the reproductive stage, and they bloom earlier. The LSR is lower at higher 

temperature because high temperatures promote stem production over leaf production (Deinum, 

1984). Both internode number and internode length can increase with temperature (Da Silva et 

al., 1987). Leaf appearance rate and leaf initiation rate both are positively correlated with 

temperature, and there are more leaves at higher insertion (Deinum, 1984). However, the leaves 

are typically longer and narrower at high rather than low temperatures (Dirven and Deinum, 

1977).  

The increase in plant growth with high temperatures increases the requirements of the 

plant for CW components, causing photosynthate to be converted into structural carbohydrates 

(Deinum and Dirven, 1975; Da Silva et al., 1987). Heat stress can cause soluble carbohydrates to 

convert into structural polysaccharides, increasing the concentration of the CW and decreasing 

digestibility (Buxton et al., 1987). Water soluble carbohydrates are greatly reduced in temperate 

grasses at high temperatures (Deinum and Dirven, 1975). Soluble carbohydrates decrease with an 

incline in temperature in the roots, stubble, and leaves (Alberda, 1965). Cell wall constituents 

and crude fiber have been shown to increase in both temperate and tropical grasses (Deinum and 

Dirven, 1975). The concentration of NDF also increases with temperature (Da Silva et al., 1987). 

Nitrogen concentrations in alfalfa have also been shown to increase in leaves, stems, and total 

forage at higher temperatures (Walgenbach et al., 1981). 

Many studies have found that high temperature negative impact on DMD. The IVDMD 

of tall fescue (Festuca aruundinacea) declined by 8.0% DM when temperature increased from 

15/10°C (AM/PM) to 25/20°C (Dirven and Deinum, 1977). Onstad and Fick (1983) determined 
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that alfalfa had a lower DMD in the summer compared to the spring or fall. The IVDMD 

decreases as temperature increases for both temperate and tropical grasses (Deinum and Dirven, 

1975). The decline in IVDMD has to do with both morphological and CW composition changes 

with temperature. Stems are less digestible than leaves (Deinum and Dirven, 1975; Dirven and 

Deinum, 1977). The decrease in LSR, therefore, negatively affects the DMD of forages. Further, 

heat stress negatively affects the DMD of the stems and leaves with DMD decreasing in stems 

more so than leaves (Dirven and Deinum, 1977). The decline in DMD with high temperatures 

also results from the higher concentration of CW (Ford et al., 1979).  

Wilson et al. (1991) also found that CWD in vitro decreased as temperature increased. 

Akin et al. (1987) explored the 48-h in vitro tissue disappearance when tall fescue was grown 

under four sequential temperature regimes for 28d each: 13/10°C, 20/18°C, 30/27°C, and then 

back to 13/10°C. When leaves were grown at 20°C/18°C, the epidermis, mesophyll, parenchyma 

bundle sheath, and phloem were all totally digested. Therefore, only some of the vascular tissue, 

sclerenchyma, and cuticle remained. When leaves were grown at 30°C/27°C, the mesophyll was 

slightly digested, but the rest of the tissues were not digested at all (Akin et al., 1987). There 

were higher concentrations of lignified vascular tissue with the high compared to low 

temperature regime, attributing to the lower CWD (Akin et al., 1987). However, Fales (1986) 

measured the concentrations of digestible NDF, indigestible NDF (residue after 72 h of 

incubation in vitro), hemicellulose, cellulose, and lignin in tall fescue at 15/10°C, 20/18°C, and 

30/27°C. Concentrations of total NDF, hemicellulose, and cellulose increased on a DM basis as 

temperature increased. Concentration of lignin did not change on a DM basis and did not affect 

fiber degradation. The concentration of indigestible fiber did increase with temperature and 

negatively correlated with fiber digestibility (Fales, 1986). Therefore, the decrease in DMD and 
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CWD may have more to do with an increase in the type of tissue lignified and not necessarily the 

total lignin concentration.  

Heat does not affect all species of grasses the same way. There are differences between 

cool-season and warm-season grasses, including the temperate (C3 photosynthetic pathway) and 

tropical (C4  members photosynthetic pathway) members of the Poaceae family. Ford et al. 

(1979) studied 13 warm-season and 11 cool-season species of grass. They found that as 

temperature rose from 21/13°C to 32/24°C, the concentration of NDF increased in cool-season 

species but decreased in warm-season species. The decline in NDF concentration for the warm-

season species was due to a decrease in their cellulose concentration, leading to a higher 

proportion of hemicellulose and lignin within the CW. Lignin concentration was negatively 

correlated with digestibility in the warm-season grasses but not the cool-season grasses. The 

decrease in digestibility for the cool-season grasses was most likely because of the rise in total 

fiber concentration (Ford et al., 1979). Wilson and Ford (1971) found that as temperature 

increased from 16 to 32°C, the CW concentration of two warm-season grasses and perennial 

ryegrass (Lolium perenne) increased, but the plants decreased in DMD. However, the CW 

concentration of warm-season grasses was higher than ryegrass, suggesting that warm-season 

grasses are environmentally prone to accumulate structural carbohydrates (Wilson and Ford, 

1971). Deinum and Dirven (1975, 1977) concluded that warm-season grasses have a lower 

digestibility than cool-season grasses because of a lower LSR and because warm-season grasses 

grow at higher temperatures than cool-season grasses, which negatively affects leaf and stem 

digestibility. Overall, because with drought both high temperatures and water stress occur, it is 

difficult to determine what if any the combination of stresses have on forages. 
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CONCLUSIONS 

 

Corn is one of the major components of dairy cow rations in the United States. The 

nutritional quality and digestibility of corn silage is affected by many factors, including maturity 

and the environment. The CW concentration and composition of corn determines its nutritional 

quality.  The primary CW is composed of hemicellulose hydrogen bonded to cellulose 

microfibrils. The cellulose-hemicellulose is embedded in a non-covalently cross-linked pectic 

network. The secondary CW is similar in overall structure to the primary CW; the cellulose 

microfibrils are embedded into a network of hemicellulose and lignin. The primary CW of dicots 

is composed of cellulose, xyloglucan, and pectin, but the primary CW of grasses is composed of 

arabinoxylan, glucoarabinoxylan, and cellulose with a small amount of xyloglucan, pectin, and 

mixed-linked β-glucans. 

As grasses mature, lignification and thickening of the CWs occur along with a decrease 

in the leaf-stem ratio. With these changes in the CW, the structural polysaccharides, cellulose 

and hemicellulose, and lignin increase. Therefore, CWD typically decreases with maturation. 

Specifically, with maturation there is an increased concentration of GLU from cellulose, XYL 

from xylans, and lignin along with a decrease in concentrations of crude protein and ash. Further, 

the amount of mixed-linked-β-glucans, arabinoxylans, and pectin decrease with maturation, and 

the prevalence of acidic xylans increases 

Dry matter digestibility decreases as the CW concentration increases. However, CWD is 

determined by CW composition. A high lignin concentration and more S-type lignin than G-type 

lignin detrimentally affect CWD; however, both of these are usually a factor of maturity. The 

phenolic acid, FAc, ether binds to lignin and ester binds to CW polysaccharides (arabinoxylans 
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in grasses). Another phenolic acid, ρCA, binds lignin molecules together. The phenolic acid-

lignin complex negatively influences CWD by not allowing the microbes to physically access the 

CW polysaccharides. Tissue types that are more lignified and have more phenolic acid 

complexes (sclerenchyma) are less digestible than non-lignified tissues types (mesophyll). The 

extent of lignification of varying tissue types is different between grass and legumes, causing 

legume fiber to be less digestible than grass fiber. Therefore, phenolic acid-lignin complexes, 

tissue type, and plant species affect CWD of plants at the same maturity. 

Drought has the greatest impact on crop yield, but some changes in the CW composition 

do occur. Drought delays plant development and maturation, typically producing better quality 

forages. Along with the delay in maturity, water stress typically increases the LSR or leaf 

percentage of the crops. With water deficits, respiration and growth are impacted to a greater 

extent than photosynthesis, which can cause more non-structural carbohydrates to accumulate in 

forage tissues and decrease the CW concentration. The decrease in CW concentration as well as 

increase in LSR together positively influence DMD of water-stressed forages. The CWD does 

not change with water stress, as lignin concentration remains the same. Although more studies to 

determine if and how drought changes the lignin composition or phenolic linkages would be 

beneficial in assessing the effect of drought on CWD. Overall, the CW and its complexities 

should be a major consideration for plant breeders, as the CW affects forage quality and 

digestibility. 
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  1 
Table 1.1. Drought stress effects on CW composition and digestibility. 

Reference Species CW1 NSC2 Cellulose3 Hemicellulose3 Lignin3 DMD4 CWD5 

Halim et al., 1989a Medicago sativa (T6) -  - (CW) + (CW) = (CW) +  
Wilson & Ng, 1975 Panicum maximum (R6) -  - (DM) - (DM)  + S7  

Hattendorf et al., 1988 Medicago sativa (T)  +      
Barker et al., 1993 Sorghastrum nutans  (R) 

Panicum virgatum (R) 

Andropogon gerardii (R) 

Phalaris arundinacea (T) 

Bromus inermis (T) 

 +      

Deetz et al., 1996 Medicago sativa (T) -    = (CW)  = 
Sheaffer et al., 1992 Phalaris arundinacea (T) 

Bromus inennis (T) 

Dactylis glomerata (T) 

Phleum pratense (T) 

-    - / + 

 

  

Alvarez et al., 2008 Zea mays (R)     - L7 (DM)   
Vincent et al., 2005 Zea mays (R)     - L (CW)   

Lee et al., 2007 Trifolium repens (T)     = (CW)   
Fan et al., 2008 Zea mays (R)     + Ro7 (CW)

   
Pitman & Holt, 1982 Panicum coloratura (R) 

Leptochload ubia (R) 

Setaria macrostach (R) 

     -  

Halim et al., 1989b Medicago sativa (T)      -  
1 Cell wall concentration or fiber (i.e. neutral detergent fiber) concentration; 2 Non-structural carbohydrates; 3 Cellulose, hemicellulose, or lignin concentration on dry matter (DM) or CW 

basis; 4 Dry matter ( or organic matter) digestibility; 5 CW or fiber digestibility; 6 Temperate (T) and tropical (R) species; 7 Stem (S), leaves (L), or roots (Ro) 

+, -, = Increase, decrease, or stay the same with increasing water deficits 
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2 

Table 1.2. Heat stress effects on CW composition and digestibility. 

Reference Species CW1 WSC2 Cellulose3 Hemicellulose3 Lignin3 DMD4 CWD5 

Deinum 

& 

Dirven, 

1975 

Lolium perenne (T6) 

Festuca aruundinacea (T) 

Axonopus compressus (R6) 

Brachiaria ruzizienis (R) 

+ - T  

+ R 

   - - 

Da Silva 

et al., 

1987 

Festuca arundinacea (T) 

Pennisetum flaccidum (R) 

Cynodon dactylon (R) 

+  +  + (DM) - - 

Alberda, 

1965 

Lolium perenne (T)  -      
Onstad & 

Fick, 

1983 

Medicago sativa (T)      -  

Wilson et 

al., 1991 

Lolium perenne (T) 

Medicago sativa (T) 

Cynodon dactylon (R) 

Panicum maximum (R) 

Panicum laxum (R) 

+    + (DM and 

CW) 
- - 

Akin et 

al., 1987 

Festuca aruundinacea (T)       - 
Fales, 

1986 

Festuca aruundinacea (T) +  + (DM) + (DM) = (DM)  - 
Ford et 

al., 1979 

11 T 

13 R 
+ T 

- R 

 + T (DM) 

- R (DM) 

+ T (DM) 

+ R (DM) 

+ (DM) -  

Wilson 

and Ford, 

1971 

Lolium perenne (T) 

Panicum maximum (R) 

Setaria sphacelata (R) 

+     -  

1 Cell Wall concentration or fiber (i.e. neutral detergent fiber) concentration; 2 Water soluble carbohydrates; 3 Cellulose, hemicellulose, or lignin concentration on dry matter (DM) or CW 

basis; 4   Dry matter ( or organic matter) digestibility; 5  CW or fiber digestibility; 6 Temperate (T) or tropical (R) species 

+, -, = Increase, decrease, or stay the same with increasing temperatures 
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Chapter 2 Nutritional composition and in vitro digestibility of 

winter (cover) crops grown in monoculture or in mixtures with 

legumes 
 

ABSTRACT 

 

The objectives of this study were to determine the nutritional quality of different winter 

crops for silage within various regions of Virginia and to determine the impact of the various 

winter crops on the succeeding productivity of corn and sorghum. Experimental plots were 

planted with 15 different winter crop treatments at 3 locations in Virginia. At each site, 4 plots of 

each treatment were planted in a randomized complete block design. The 15 treatments included 

5 winter annual grasses (barley, wheat, rye, ryegrass, and triticale) in monoculture or with one of 

two winter annual legumes (crimson clover and hairy vetch (HV)). After harvesting the winter 

crops, each plot was split equally in half, and each half was planted with either corn or forage 

sorghum. The nutritional composition and in vitro digestibility were determined for the fresh 

samples. Additionally, 200-400 g of chopped material were placed into mini-silos and analyzed 

after 60 days of ensiling. Mixtures with crimson clover (2.84 Mg/ha) increased winter crop yield 

compared to monocultures (2.40 Mg/ha) but HV did not (2.47 Mg/ha). Adding legumes 

increased the crude protein concentration of the forages. Adding legumes reduced the fiber 

concentration of both fresh and ensiled forages. Addition of hairy vetch decreased the sugar 

concentration of the fresh forages from 14.3% DM with monocultures to 10.4% DM, resulting in 

a higher pH of the silage. Even though in vitro neutral detergent fiber digestibility was reduced 

with the addition of legumes, the concentration of highly digestible non-fibrous components was 

greater in the mixtures than the monocultures, increasing the nutritive value of the silage. The 

preceding grass or legume species had little to no effect on nutrient composition of the following 
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summer crops, and the only differences in nutrient composition were due to summer crop 

species. 

INTRODUCTION 
 

Cover crops are planted to increase health and fertility of soils, control weeds, and to 

benefit the environment (USDA Sustainable Agriculture Research and Education Program, 2012; 

Myers and Watts, 2015). By covering the soil surface, the vegetative portion of the crops protect 

the soil from wind and rain erosion. In addition, the roots of the cover crops hold the soil in 

place, reducing soil erosion from wind and rain. For a corn and soybean rotation, Villamil et al. 

(2006) observed that soil aggregate stability was increased by 9 to 17% when cover crops were 

grown in between crops, compared to when the ground was left fallow and no cover crops were 

used during the rotation. In addition, growing cover crops decreased bulk density and penetration 

resistance of the soil, and increased total porosity and soil water retention (Villamil et al., 2006).  

Many different plant species are used as cover crops. Grass species, such as rye (Secale 

cereale), annual ryegrass (Lolium multiflorum) or oats (Avena sativa), are some of the most 

frequently grown cover crops (Myers and Watts, 2015). The legume species hairy vetch (Vicia 

villosa) or crimson clover (Trifolium incarnatum) are also frequently grown cover crops (Shipley 

et al., 1992). Grass species have an extensive and fine fibrous root system, whereas legumes 

have a tap root system (Stokes et al., 2009; De Baets et al., 2011; Vannoppen et al., 2015). As 

fibrous root systems reduce soil erosion more than tap root systems (De Baets et al., 2011), 

growing grass species is advisable for cover crops. Also, as they scavenge more residual soil N 

than legume species, growing grass species is advisable to reduce soil nitrate leaching (Clark et 

al., 2007; Ketterings et al., 2015), especially when considering nutrient management plans. 

Legume species can increase N fixation from the atmosphere through a symbiotic relationship 
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between legume plants and bacteria in the soil (Hartwig and Ammon, 2002; Plaza-Bonilla et al., 

2015). When left as a cover or mulch, the biomass of the cover crop can provide additional 

residual N for the following crop (Shipley et al., 1992). However, in dairy farming systems, 

where winter crops are harvested and ensiled for feeding dairy cattle, the potential residual N 

benefits from adding legumes may be reduced or nonexistent. However, cover crops do generate 

belowground biomass development (i.e., root growth). For instance, Kuo et al. (1997a) reported 

that a ryegrass cover crop increased belowground biomass dry matter by 120 to 170% when 

compared to a control treatment without cover crop. Similarly, Kuo et al. (1997b) reported that a 

hairy vetch cover crop increased belowground nitrogen by 28% when compared to a control 

treatment without cover crop. 

Growing winter crops for forage is frequently limited to annual grasses grown in 

monoculture in dairy farming systems (Long et al., 2013). However, based on the potential 

benefits to soil fertility, the interest in growing grasses in mixtures with legumes has increased in 

recent years. As grass winter crops can deplete soil N for the following crop (Ketterings et al., 

2015), growing grasses in mixtures with legumes could potentially increase residual soil N and, 

therefore, improve forage yields of the successive summer crops. Miguez and Bollero (2006) 

reported that rye in monoculture reduced the successive corn biomass, although this detrimental 

effect was not observed when rye was grown in mixture with hairy vetch. 

For this study, we hypothesized that growing grasses in mixtures with legumes, compared 

to grasses in monoculture, would increase forage yield and improve forage quality of winter 

crops and their following summer crop. Therefore, the objectives of this study were to determine 

how cropping grasses alone or in mixtures with legumes affects: 1) the yield, the nutritional 
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composition, and the in vitro digestibility of winter crops, and 2) the yield, nutritional 

composition, and in vitro digestibility of the following summer crops.    

 

MATERIALS AND METHODS 
 

Animal Care and Use 

The Institutional Animal Care and Use Committee (IACUC) of Virginia Tech approved 

all procedures involving dairy cows for collecting rumen contents. 

Experimental Sites and Climate Data 

This study was performed from September 2014 to September 2015 at 3 research stations 

(hereafter referred as sites) located near Blacksburg (3711’35” N; 8034’42” W), Blackstone 

(3705’10” N; 7758’34” W), and Orange (3813’03” N; 7807’38” W), Virginia. Average 

monthly temperature and total precipitation data for the 2014-2015 Virginia growing season are 

presented in Table 2.1. Weather data were collected from weather stations at each site using 

National Oceanic and Atmospheric Administration’s National Centers for Environmental 

Information.  

Treatments and Experimental Design 

For the first objective of this study, 5 annual grasses were planted in monoculture or in a 

mixture with 1 of 2 annual legumes resulting in 15 treatments. Annual grasses included barley 

(BA; Hordeum vulgare variety Thoroughbred), ryegrass (RG; variety Marshall), rye (RY; 

variety Huron), triticale (TR; Triticosecale variety Trical 815), and wheat (WH; Triticum 

aestivum variety Merl). Annual legumes included crimson clover (CC; Trifolium incarnatum 

variety Dixie) and hairy vetch (HV; Vicia villosa variety Purple Bounty). Planting densities for 

treatments (Table 2.2) were selected following guidelines from the Virginia Agronomy 
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Handbook (Brann et al., 2009). Within each site, 4 plots for each of the 15 treatments were 

planted according to a randomized complete block design with 4 replicates (i.e., 60 plots per 

site). Fertilizer was applied at 22 kg/ha of N, 56 kg/ha of P2O5, and 45 kg/ha of K2O in 

Blacksburg and Orange. For Blackstone, pre-planting fertilizer was applied at 30 kg/ha of N and 

32 kg/ha of K2O. 

For the second objective of this study, after harvesting the winter crops each plot was 

split equally in half, and each half was planted with either corn (Zea mays commercial hybrid 

TMF2L874, Mycogen Seeds, Indianapolis, IN) or forage sorghum (Sorghum bicolor commercial 

hybrid AF7401, Advanta Seeds, Irving, TX).  

 Harvesting Winter Crops  

 Due to the complexity of the experiment (i.e., multiple and remote sites), a single 

harvesting time, regardless of the different winter crops, was decided for a same site. This means 

not all winter crops were harvested at the same phenological stage. As a reference, all sites were 

harvested when barley was at the early heading stage. This stage was chosen so the corn and 

sorghum could be planted at dates typical for the region (Table 2.3). Of the remaining winter 

grasses, rye and triticale were harvested in early reproductive stages, while ryegrass and wheat 

were harvested in vegetative stages. Of the legumes, crimson clover was harvested in early to 

mid-flowering stage, while hairy vetch was harvested in bud to early flowering stage.   

Whole-plot forage biomass was harvested using a Cibus F plot forage harvester 

(Wintersteiger Inc., Salt Lake City, UT) at Blackstone and Orange, and a Swift Current Forage 

Harvester IV (Thompson, 1972) at Blacksburg. After weighing harvested biomass, samples of 

fresh forages were collected in plastic bags, immediately placed in a cooler with dry ice, and 

transferred to the laboratory for storage at -20°C. Winter crop yield was calculated on a DM 

basis using whole-plot weights and area per plot.  
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Summer Crops 

Within 15 days after harvesting the winter crops (Table 2.3), corn and forage sorghum 

were planted at seeding rates of 70,000 and 220,000 plants/ha, respectively. Fertilizer was 

applied at 34 kg/ha of N at planting and 151 kg/ha of N after planting (i.e., 6 fully expanded 

leaves) for Blacksburg and Orange. For Blackstone, fertilizer was applied at 168 kg/ha of N, 168 

kg/ha of P2O5, and 168 kg/ha of K2O respectively. Harvesting was targeted to occur at the ½ 

milk-line stage of maturity for corn.  

At harvest, 5 consecutive plants from 2 center rows and at 2 randomly selected spots 

within each plot (i.e., 10 plants per plot) were cut by hand at 15 cm above ground. Whole plants 

were weighed and chopped with a Stanley CH2 wood chipper (GXi Outdoor Power, LLC, 

Clayton, NC). After mixing thoroughly within a barrel, samples of fresh forages were collected 

in plastic bags, immediately placed in a cooler with dry ice, and transferred to the laboratory for 

storage at -20°C. The yield of the summer crops was calculated on a DM basis. Separately for 

corn and sorghum, the weight per plant was calculated from the weight of the 10 plants collected 

from each plot. For three rows of three plots, the number of plants per row were counted and 

multiplied by the number of rows to estimate the number of plants per ha. The weight per plant 

was then multiplied by plants per ha to obtain weight/ha.  

Sample Processing 

 For the winter crops, the samples were thawed and then chopped using a commercial 

lettuce cutter (Vollrath Redco Lettuce King I, Vollrath CO., LLC., Sheboygan, WI). One 

subsample of the chopped material (hereafter named fresh winter crop) was dried in a 55°C in a 

forced-air drying oven until constant weight. The resulting DM concentration was used to 

determine DM yield of the winter crop. The dried fresh forage was then ground to pass through a 

1-mm screen of a cyclone mill (Udy Corporation, Fort Collins, CO) for chemical analyses.  
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A second subsample of the chopped material was placed into 640-cm2 aluminum pans, 

and wilted using space heaters (Sunbeam Products, Inc., Boca Raton, FL) and stand fans (Lasko 

Products, Inc., West Chester, PA). After witling for approximately 30 hours (until target 30% 

DM), a 400 to 500g subsample (hereafter named winter crop silage) was inoculated using Biotal 

Plus II (Lallemand Animal Nutrition, Milwaukee, WI) following the manufacturer’s instructions. 

The inoculated material was placed into MR-1014 polyethylene embossed pouches (Doug Care 

Equipment, Springfield, CA) and double sealed anaerobically with a minipack FastVac vacuum-

sealer (Doug Care Equipment) as described by Der Bedrosian et al. (2012). After 60 days of 

fermentation in the dark, mini-silos were opened and pH was determined by blending (Waring 

Commercial, Torrington, CT) 10 g of winter crop silage with 90 mL of deionized water for 5 

minutes and immediately measuring pH (Accumet AB 150 pH-meter, Fisher Scientific 

Company, Suwanee, GA). The remaining winter crop silage was dried at 55°C in a forced-air 

drying oven for 48 hours, and ground to pass through a 1-mm screen of a cyclone mill. 

For corn and sorghum, chopped samples were thawed and a first subsample (hereafter 

named fresh corn or sorghum) was dried at 55°C in a forced-air drying oven until constant 

weight. The resulting DM concentration was used to determine DM yield. The dried fresh corn 

was then ground to pass through a 1-mm screen of a cyclone mill for chemical analyses. A 

second 400 to 500g subsample of the thawed sample (hereafter named corn or sorghum silage) 

was ensiled and then processed as the winter crops except no inoculants were added to enhance 

fermentation.  

Nutritional Composition and Digestibility 

 Ash concentration was determined after burning samples in a furnace for 3 h at 600°C 

(AOAC 942.05). Crude protein (CP) concentration was calculated as percent N  6.25 after 
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combustion analysis (AOAC 990.03) using a Vario El Cube CN analyzer (Elementar Americas, 

Inc., Mount Laurel, NJ). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) 

concentrations were determined using the Ankom200 Fiber Analyzer (Ankom Technology, 

Macedon, NY). Sodium sulfite and α-amylase (Ankom Technology) were used for NDF 

analysis. Acid detergent fiber and acid detergent lignin (ADL) concentrations were determined 

sequentially. After determining ADF weights, residues were incubated for 2 h in 72% sulfuric 

acid within a 4-L jar that was placed in a DaisyII Incubator (Ankom Technology). Starch 

concentration was determined using the acetate buffer method of Hall (2009) with -amylase 

from Bacillus licheniformis (FAA, Ankom Technology) and amyloglucosidase from Aspergillus 

niger (E-AMGDF, Megazyme International, Wicklow, Ireland). Sugar concentration was 

determined as total ethanol/water-soluble carbohydrates as described by Hall et al. (1999).  

In vitro dry matter digestibility (IVDMD), in vitro true dry matter digestibility 

(IVTDMD), and in vitro NDF digestibility (IVNDFD) were determined using a DaisyII rotating 

jar in vitro incubator (Ankom Technology) following the procedures described by Ferreira and 

Mertens (2005). A composited inoculum was prepared with rumen fluid and rumen solids 

collected from 3 ruminally cannulated lactating dairy cows (1 Holstein and 2 Jersey) that were 

fed a diet containing 43% corn silage, 6% triticale silage, 4% alfalfa hay and 47% concentrate 

mix (DM basis). 

Statistical Analyses 

All variables were analyzed using the MIXED procedure of SAS (SAS version 9.4, SAS 

Institute Inc., Cary, NC). For the winter crops, data were analyzed as a randomized complete 

block design using a model that included the effects of site (random, df = 2), block within site 

(random, df = 9), grass (fixed, df = 4), legume (fixed, df = 2), the grass by legume interaction 
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(fixed, df = 8), and the residual error (random, df = 154). For corn and sorghum, data were 

analyzed as a randomized complete block design in a split-plot using a model that included the 

effects of site (random, df = 2), block within site (random, df = 9), grass (fixed, df = 4), legume 

(fixed, df = 2), the grass by legume interaction (fixed, df = 8), the site by block by grass by 

legume interaction as the whole plot error (random, df = 154), the effect of summer crop (fixed, 

df = 1), the interaction of summer crop by grass (fixed, df = 4), the interaction of summer crop 

by legume (fixed, df = 2), the interaction of summer crop by grass by legume (fixed, df = 8), and 

the residual error (random, df = 165). Significant differences and tendencies to differ were 

declared at P < 0.05 and P < 0.10, respectively.  

RESULTS AND DISCUSSION 
Yield 

Growing grasses with CC increased forage DM yields (Table 2.4). The DM yield of the 

mixtures with CC (2.54 Mg/ha) was greater than the DM yield of the grasses in monocultures 

(2.14 Mg/ha) and the mixtures with HV (2.19 Mg/ha). In a study where barley and oats were 

intercropped with peas (Carr et al., 2004), DM yield of the forages increased with the addition of 

legumes (4.05 Mg/ha) compared to the monocultures (2.91 and 3.84 Mg/ha for barley and oats, 

respectively). When mixtures of oats and legumes were grown in New South Wales, the dry 

matter yields of the oats-legume mixtures were greater than the yield from monocultures by 3-

102% depending on the harvest (Kaiser et al., 2007).  

The DM yield of barley (2.77 Mg/ha) was greater than the other grasses (Table 2.4). The 

yields of all barley and wheat (2.77 Mg/ha and 2.28 Mg/ha) were similar to those in the Virginia 

Cooperative Extension small grain forage trials conducted near Orange, VA in 2015 with yields 

of 2.40 Mg/ha and 3.72 Mg/ha for barley and wheat, respectively (Thomason, 2015). For our 

trial, pre-plant fertilizer rates were similar to those used in the 2015 Virginia Cooperative 
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Extension small grain forage trial. However the Virginia small grain forage received 67 kg N/ha 

in the spring while this study received none (Thomason, 2015). We wanted to evaluate the effect 

of the legume component on N content of the winter crops without the confounding factor of 

fertilizer. Additionally, planting and harvest dates were similar between our study and the 2015 

Virginia small grain forage trials. The 2015 Virginia small grain trials were planted in early 

October 2014 and harvested in from late April to early May 2015 (Thomason, 2015). For our 

study, we harvested the winter crops in April 2015 according to the optimum time of planting for 

the succeeding corn and sorghum crops. Rye DM yield (1.01 Mg/ha) was also lower than yields 

from previous cover crop studies. When rye and rye-hairy vetch mixtures were planted in the 

Pacific Northwest, rye DM yield was 5.1 Mg/ha, and the rye-hairy vetch yield was 4.1 Mg/ha 

(Lawson et al., 2015). The winter crops were planted in mid-September or early-October and 

terminated in late-March or late-April similar to our study. However, hairy vetch was inoculated 

with Rhizobium leguminosarum to ensure N fixation, which could account for discrepancies in 

yield (Lawson et al., 2015). 

Protein 

 Adding legumes increased the CP concentration of the forages with mixtures including 

hairy vetch containing the most protein. Average CP concentrations of the fresh forages were 

13.0% DM for grasses in monoculture, 15.5% DM for mixtures including crimson clover, and 

17.3% DM for mixtures including hairy vetch (Table 2.4). Average CP concentrations of the 

silages were 14.2% DM for grasses in monoculture, 16.6% DM for mixtures including crimson 

clover, and 18.3% DM for mixtures including hairy vetch (Table 2.5). Grasses scavenge soil 

mineral N (nitrates and ammonium) more than legumes; however, legumes accumulate greater N 

in organic matter due to their ability of fix N, reducing their C:N ratio (Kramberger et al., 2009). 

The greater accumulation of N in legumes could be the reason why the grass-legume mixtures 
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had a greater CP concentration than the monocultures in our study. Further, legume content has 

been positively correlated with  N content when winter grasses are grown with legumes for cover 

crops (Kaiser et al., 2007). 

Fresh barley and ryegrass had a lower CP concentration than the other grasses (Table 

2.4). As with the fresh forages, ensiled barley and ryegrass had a lower CP concentration than 

the other grasses (Table 2.5). Protein followed the typical composition of the grasses (i.e. grasses 

that usually have a higher N content than other grasses did have a higher N content in our study). 

For instance, barley is known to have a lower CP concentration than other grasses, which was 

shown with these data (National Research Council, 2001). 

Fiber 

Adding legumes reduced the fiber concentration of both fresh and ensiled forages (Table 

2.5). Average NDF concentrations of the silages were 53.3% DM for grass silages in 

monoculture, 49.3% DM for silages including crimson clover, and 50.7% DM for silages 

including hairy vetch (Table 2.5). For both fresh and ensiled samples, there was a grass x legume 

interaction for NDF concentration. For the fresh forages, the addition of legumes to barley, rye, 

triticale, and wheat lowered the fiber concentration of the forages (Figure 2.1). However, even 

with the addition of legumes to ryegrass, the NDF concentration remained the same (Figure 2.1). 

A similar interaction was seen for NDF content of the silages. Grasses usually contain greater 

concentrations of fiber than legumes (Ergon et al., 2016). Alfalfa silage had a lower NDF 

concentration (42.3% NDF) compared to orchardgrass silage (58.2% DM) (Kammes and Allen, 

2012). Fresh ryegrass also had a higher NDF concentration (55.2% DM) compared to red clover 

and white clover (41.2 and 33.9% DM, respectively) (Fulkerson et al., 2007). Therefore, the 

addition of lower-fiber legumes will reduce the NDF concentration in the grass-legume mixtures. 

Intercropping barley and oats with peas decreased the NDF concentration of the intercropped 
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silage (530 g/kg DM)  compared to monocultures (585 and 618 g/kg DM for barley and oats 

monocultures respectively) (Carr et al., 2004).   

Further, the lower NDF concentration in our legume-grass mixtures indicates that adding 

legumes to grasses may increase the energy concentration of winter crop forages. When oats and 

barley were intercropped with peas, total digestible nutrients (TDN) of the forage barley-pea 

mixture was 1.7% greater than sole barley (Carr et al., 2004). Additionally, the TDN of the oat-

pea forage was 2.9% greater than the sole oats (Carr et al., 2004).  

For the fresh material, NDF increased from 43.3 and 44.5% DM in ryegrass and wheat 

respectively to 54.0% DM in barley (Table 2.4). Barley was harvested at the boot stage, but the 

other grasses were harvested earlier in development. Therefore, the greatest dry matter yield and 

NDF concentration was seen with barley. The lignin concentration of wheat (3.0% DM) was 

higher than the other grasses in the fresh material. The concentration of lignin was similar among 

ensiled grasses. 

Sugar 

Addition of hairy vetch decreased the sugar concentration of the fresh forages from 

14.3% DM with monocultures to 10.4% DM (Table 2.4). However, the sugar concentration of 

the fresh forages grown in monoculture was similar to that in mixtures with crimson clover 

(13.2% DM). The same trend was seen in the silages; mixtures with hairy vetch contained less 

sugar than the monocultures and the mixtures with crimson clover. Legume-grass mixture 

resulted in 20-22% reduction in water soluble carbohydrates (WSC)  compared to pure stands 

when ryegrass, tall fescue, and two varieties of clover were harvested (Ergon et al., 2016). 

Mixtures also had, on average, a 9% lower concentration of non-fiber carbohydrates (NFC) 

compared to pure stands. When oats were grown in mixtures with legumes, legume content was 
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negatively correlated with WSC content (Kaiser et al., 2007). For the fresh forages, wheat had 

the highest sugar concentration (15.9% DM) compared to the other grasses (Table 2.4). 

pH 

The inclusion of hairy vetch increased pH of the silages relative to silages of grass 

monocultures (Table 2.5). The pH of the silages was 4.14 for grass silages in monoculture, 4.19 

for silages including crimson clover, and 4.42 for silages including hairy vetch (Table 2.5). The 

substrate for lactic acid bacteria during the ensiling process is sugars; therefore, sugar 

concentrations decreased substantially for all silages after the ensiling process. Including 

legumes in the winter crop mixture resulted in reduced sugar concentrations in the silage; 

therefore, there was a negative correlation between sugar concentration and pH (-0.41 < r < -

0.23). A lower pH usually indicates a better ensiling process. In our study, differences in pH 

were related to differences in sugar concentrations. However, these changes in pH may also 

relate to differences in buffering capacities of the forages or a combination of buffering capacity 

and sugar content (Coblentz and Muck, 2012; Coblentz et al., 2016). Legume content was 

positively correlated with buffering capacity when mixtures and monocultures of 10 annual 

temperate legumes and oats were harvested for silage (Kaiser et al., 2007). Overall, ensiling 

grass-hairy vetch mixtures may be more challenging than ensiling monocultures or mixtures with 

crimson clover. For the ensiled forages, ryegrass and wheat had the lowest pH but highest sugar 

content of the grasses. Given that sugars are the substrates for the microbes during the ensiling 

process, this high sugar concentration resulted in the lowest pH for those silages. 

Dry Matter Digestibility 

For the fresh forages, IVTDMD was the same (p = 0.07) among treatments regardless of 

the addition of legumes (average 87.4% DM). The IVTDMD of the silages decreased with the 

addition hairy vetch but not crimson clover. The IVTDMD of the silages were 86.2% DM for 
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grasses in monoculture, 85.2% DM for mixtures including crimson clover, and 84.8% DM for 

mixtures including hairy vetch (Data not shown.). Organic matter digestibility increased as 

legume content increased when mixtures of oats and legumes were harvested for silage (Kaiser et 

al., 2007). When mixtures and monocultures of orchardgrass, quackgrass, alfalfa, and white 

clover, or of meadow fescue, reed canarygrass, red clover, and kura clover were planted in 

Pennsylvania and Wisconsin, white clover and meadow fescue had a positive additive effect on 

IVDMD of the forage, but alfalfa and reed canarygrass had no additive effect on digestibility 

(Brink et al., 2015). For both fresh and ensiled samples, there was a grass x legume interaction 

for IVTDMD. For the fresh and ensiled forages, the addition of legumes to ryegrass and wheat 

lowered the IVTDMD (Figure 2.2). However, even with the addition of legumes to barley, rye, 

and triticale, IVTDMD remained the same (Figure 2.2).  

The IVTDMD was lowest for fresh barley (84.4% DM) and greatest for fresh ryegrass, 

triticale, and wheat (89.0, 88.2, and 88.8 % DM respectively). The IVNDFD was also lowest for 

the fresh barley (71.4% DM) and greatest for the fresh ryegrass, triticale, and wheat (74.8, 74.1, 

75.0% NDF respectively). Similarly, the IVTDMD was lowest for barley silage (81.7% DM) and 

greatest for ryegrass, triticale, and wheat silages (87.5, 86.0, 87.6% DM; Table 2.5). 

Fiber Digestibility 

The addition of legumes to the winter crop reduced the IVNDFD of the fresh forages as 

well as the silages. The IVNDFD of the fresh forages were 75.7% NDF for grasses in 

monoculture, 72.7% NDF for mixtures including crimson clover, and 72.9% NDF for mixtures 

including hairy vetch (Data not shown.). For fresh samples only, there was a significant grass by 

legume interaction for IVNDFD. The addition of legumes to ryegrass and wheat lowered the 

IVNDFD of the fresh forages (Figure 2.3). However, even with the addition of legumes to 

barley, triticale, and rye, IVNDFD remained the same (Figure 2.3).  
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The IVNDFD of the silages were 74.4% NDF for grasses in monoculture, 71.5% NDF 

for mixtures including crimson clover, and 71.1% NDF for mixtures including hairy vetch (Table 

2.5). Therefore, including legumes decreased fiber digestibility minimally. Fiber digestibility of 

legumes is usually lower than fiber digestibility of grasses (Voelker Linton and Allen, 2008). 

Legumes have more lignin than grasses on a CW basis (Kuoppala et al., 2009). The lignin of 

legumes is all concentrated in the xylem, whereas the lignin of grasses is spread out evenly in all 

tissues except the phloem (Wilson and Kennedy, 1996). The xylem of legumes is almost 

completely indigestible, but the remaining tissues are very digestible; therefore, the passage rate 

of legumes is faster than grasses because the lower concentration of evenly spaced indigestible 

fiber inhibits the passage rate of grasses (Kuoppala et al., 2009). The greater concentration of 

lignin and faster passage rate decreases the fiber digestibility of legumes.  However, legumes 

usually have a lower fiber content and higher non-fibrous carbohydrate content than grasses. 

Therefore, even though IVNDFD was reduced with the addition of legumes, the concentration of 

highly digestible non-fibrous components is greater in the mixtures than the monocultures, 

increasing the nutritive value of the silage.  

The IVNDFD was also lowest for the barley silage (69.0% DM) and greatest for the 

ryegrass, triticale, and wheat silages (74.8, 73.3, 73.2% NDF). The concentration of fiber among 

the grasses determined the IVTDMD and IVNDFD of the ensiled and fresh forages. Barley with 

the most NDF had the lowest IVTDMD and IVNDFD, but ryegrass and wheat with the least 

amount of NDF had the greatest IVTDMD and IVNDFD. Barley was harvested at the most 

mature stage; therefore, maturity decreases DM and fiber digestibility. 

Succeeding Corn and Sorghum  

Concerning yield of the succeeding crop, adding legumes to the winter grass crop did not 

change yields of corn or sorghum when harvested for silage (Table 2.6). According to a meta-
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analysis conducted by Tonitto et al. 2006, using fertilized legumes as a cover crop, reduced corn 

yield by 12% on average compared to bare fallow systems. However, yield of the succeeding crop 

greatly depends on the N input from the legumes, which varied from 8-350 kg N/ha (Tonitto et al., 

2006). When barley or vetch was used as a cover crop for corn, corn yields were similar to a bare 

fallow control; however, corn took up more N following vetch cover compared to the bare fallow 

control (Gabriel and Quemada, 2011). For grain yield, species diversity (i.e. number of legume 

species in a mixture) was positively correlated with the succeeding grain yield (Smith et al., 2008). 

In our study, the winter crops were harvested for silage and not used for mulch; therefore, any 

advantage of adding legumes to the grasses may have been lost due to the small amount of residue 

remaining. On the other hand, cover crops can promote belowground biomass development (i.e., 

root growth). For instance, Kuo et al. (1997a) reported that a ryegrass cover crop increased 

belowground biomass dry matter by 120 to 170% when compared to a control treatment without 

cover crop. Similarly, Kuo et al. (1997b) reported that a hairy vetch cover crop increased 

belowground nitrogen by 28% when compared to a control treatment without cover crop. Further, 

the nutritional composition and digestibility of the fresh and ensiled succeeding crops remained 

the same with the addition of legumes (Tables 2.5 and 2.6). 

Plots containing ryegrass and wheat, in monoculture and in combination with legumes, 

reduced summer crop yields (14.0 Mg/ha) when compared to other grasses (16.7, 15.5 Mg/ha for 

barley and triticale, respectively; Table 2.6). We did observe a regrowth of ryegrass after corn 

emergence; therefore, this regrowth likely imposed high weed pressure on the corn during the 

early stages of development, reducing yield. Only DM% of the summer crops changed 

depending on the proceeding grass species (Table 2.6). Ryegrass reduced the DM concentration 
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of the succeeding summer crops (27.2% DM) compared to the other grasses (28.1% DM; Table 

2.6).  

There were differences in nutrient composition but not yield between the two summer 

crops (corn vs. sorghum). The average DM yield of corn was 14.9 Mg/ha, and the average DM 

yield of sorghum was 14.6 Mg/ha (Table 2.6). For both fresh and ensiled summer crops, DM 

concentration was higher for corn than sorghum (Tables 2.5 and 2.6). Sorghum had a slightly 

greater CP concentration compared to corn. The CP concentration of the ensiled summer crops 

was 10.2% for corn and 10.7% DM for sorghum (Table 2.6). Although fresh and ensiled corn 

had a lower NDF content than sorghum, IVNDFD was higher for sorghum than corn (Tables 2.5 

and 2.6). Ensiled corn contained 41.3% NDF on a DM basis with IVNDFD at 42.6% NDF 

(Table 2.6). Ensiled sorghum contained 49.3% NFD on a DM basis with IVTDMD at 45.9% 

NDF. The differences in IVNDFD are related to the fact that the sorghum hybrid used was a 

brown-midrib (BMR) hybrid but the corn hybrid was not. BMR sorghum increased IVNDFD 

compared to the conventional sorghum and conventional corn silage (Marsalis et al., 2010; 

Miron et al., 2007). However, NDF digestibility of BMR sorghum and conventional corn 

depends on the particular hyrid. When Holstein dairy cows were fed diets containing 

conventional forage sorghum, bmr-6 forage sorghum, bmr-18 forage sorghum, or conventional 

corn silage, total tract digestibility was lower for cows fed the diet containing bmr-18 sorghum 

and conventional sorghum than cows fed diets containing bmr-6 sorghum and conventional corn 

silage (Oliver et al., 2004). In our study, the type of grass or legume had little to no difference on 

nutrient composition of the following summer crops, and the only differences in nutrient 

composition were due to the summer crop species. 
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Conclusions 

The inclusion of legumes with grasses increased the CP concentration in the silage, and 

because protein is often one of the most expensive component of livestock diets, adding legumes 

to mixtures could lower feed costs. The higher concentrations of crude protein when legumes were 

intercropped with the grasses also indicates that inclusion increases N fixation. Intercropping 

legumes with grasses decreased the NDF concentrations of the fresh and ensiled forages, 

potentially resulting in higher energy concentrations of the feeds. The inclusion of hairy vetch 

decreased the sugar concentration in forage potentially making fermentation more difficult for 

silage production. Even though IVNDFD was minimally reduced with the addition of legumes, 

the concentration of highly digestible non-fibrous components is greater in the mixtures than the 

monocultures, potentially increasing the nutritive value of the silage. The inclusion of legumes did 

not have an effect the yield of the succeeding corn and sorghum.  

ACKNOWLEDGEMENTS 

 
We thank Mr. Steve Gudlick and Drs. Wade Thomason and Chris Teutsch for their assistance 

preparing the experimental plot locations. We also thank Ms. Christy L. Teets and Mr. Yang Yang 

(Department of Dairy Science) for their assistance harvesting plots and analyzing samples in the 

laboratory. We finally thank King’s Agriseeds (Ronks, PA) for donating the seeds for winter crops 

(i.e., ryegrass, rye, triticale, crimson clover, and hairy vetch), Advanta Seeds for donating the seeds 

for forage sorghum, and Lallemand Inc. for donating the silage inoculant.  

This project was funded mainly by the USDA-NRCS Virginia Conservation Innovation 

Grant (CIG) program and partially by USDA-NIFA Hatch Project VA-160025 and USDA-NIFA 

Multistate Project VA-136291 (NC-2042, Management Systems to Improve the Economic and 

Environmental Sustainability of Dairy Enterprises). 



58 
 

REFERENCES 

 

Brann, D.E., A.O. Abaye, P.R. Peterson, D.R. Chalmers, D.L. Whitt, G.F. Chappell, D.A. 

 Herbert, S. McNeill, J.C. Baker, S.J.  Donohue, M.M. Alley, G.K. Evanylo, G.L. Mullins, 

 E.S. Hagood, C.C. Stallings, S.H. Umberger, C.W. Swann, D.T. Reed, and D.L. 

 Holshouser. 2009. Agronomy Handbook. Virginia Cooperative Extension. 

Brink, G.E., M.A. Sanderson, and M.D. Casler. 2015. Grass and legume effects on nutritive 

 value of complex forage mixtures. Crop Sci. 55:1329.  

Carr, P.M., R.D. Horsley, and W.W. Poland. 2004. Barley, oat, and cereal–pea mixtures as 

 dryland forages in the northern great  plains. Agron. J. 96:677.  

Clark, A.J., J.J. Meisinger, A.M. Decker, and F.R. Mulford. 2007. Effects of a grass-selective 

 herbicide in a vetch–rye cover crop system on nitrogen management. Agron. J. 99:36–

 42.  

Coblentz, W.K., K.P. Coffey, and E.A. Chow. 2016. Storage characteristics, nutritive value, and 

 fermentation characteristics of alfalfa packaged in large-round bales and wrapped  in 

 stretch film after extended time delays1. J. Dairy Sci. 99:3497–3511.  

Coblentz, W.K., and R.E. Muck. 2012. Effects of natural and simulated rainfall on indicators of 

 ensilability and nutritive value for wilting alfalfa forages sampled before preservation 

 as silage1. J. Dairy Sci. 95:6635–6653.  

De Baets, S., J. Poesen, J. Meersmans, and L. Serlet. 2011. Cover crops and their erosion-

 reducing effects during concentrated flow erosion. CATENA 85:237–244.  

Ergon, Å., L. Kirwan, G. Fystro, M.A. Bleken, R.P. Collins, and O.A. Rognli. 2016. Species 

 interactions in a grassland mixture under low nitrogen fertilization and two cutting 

 frequencies. II. Nutritional quality. Grass Forage Sci. 71.  

Ferreira, G., and D.R. Mertens. 2005. Chemical and physical characteristics of corn silages and 

 their effects on in vitro disappearance. J. Dairy Sci. 88:4414–4425.  

Fulkerson, W.J., J.S. Neal, C.F. Clark, A. Horadagoda, K.S. Nandra, and I. Barchia. 2007. 

 Nutritive value of forage species grown in the warm temperate climate of Australia 

 for dairy cows: Grasses and legumes. Livest. Sci. 107:253–264.  

Gabriel, J.L., and M. Quemada. 2011. Replacing bare fallow with cover crops in a maize 

cropping system: Yield, N uptake and fertiliser fate. Eur. J. Agron. 34:133–143. 

Hall, M.B. 2009. Determination of starch, including maltooligosaccharides, in animal feeds: 

 Comparison of methods and a method recommended for AOAC collaborative  study. 

 J. AOAC Int. 91:42–49. 

Hall, M.B., W.H. Hoover, J.P. Jennings, and T.K.M. Webster. 1999. A method for partitioning 

 neutral detergent-soluble carbohydrates. J. Sci. Food Agric. 79:2079–2086.  



59 
 

Hartwig, N.L., and H.U. Ammon. 2002. Cover crops and living mulches. Weed Sci. 50:688–699.  

Kaiser, A.G., B.S. Dear, and S.G. Morris. 2007. An evaluation of the yield and quality of oat–

 legume and ryegrass–legume  mixtures and legume monocultures harvested at three 

 stages of growth for silage. Aust. J. Exp. Agric. 47:25.  

Kammes, K.L., and M.S. Allen. 2012. Rates of particle size reduction and passage are faster for 

 legume compared with cool-season  grass, resulting in lower rumen fill and less 

 effective fiber. J. Dairy Sci. 95:3288–3297.  

Ketterings, Q.M., S.N. Swink, S.W. Duiker, K.J. Czymmek, D.B. Beegle, and W.J. Cox. 2015. 

 Integrating cover crops for nitrogen  management in corn systems on Northeastern U.S. 

 dairies. Agron. J. 107:1365–1376.  

Kramberger, B., A. Gselman, M. Janzekovic, M. Kaligaric, and B. Bracko. 2009. Effects of 

 cover crops on soil mineral nitrogen  and on the yield and nitrogen content of maize. Eur. 

 J. Agron. 31:103–109.  

Kuo, S., U.M. Sainju, and E.J. Jellum. 1997a. Winter cover crop effects on soil organic carbon 

 and carbohydrate in soil. Soil Sci. Soc. Am. J. 61:145–152. 

Kuo, S., U.M. Sainju, and E.J. Jellum. 1997b. Winter cover cropping influence on nitrogen in 

 soil. Soil Sci. Soc. Am. J. 61:1392–1399.  

Kuoppala, K., S. Ahvenjärvi, M. Rinne, and A. Vanhatalo. 2009. Effects of feeding grass or red 

 clover silage cut at two maturity stages in dairy cows. 2. Dry matter intake and cell 

 wall digestion kinetics. J. Dairy Sci. 92:5634–5644.  

Lawson, A., C. Cogger, A. Bary, and A.-M. Fortuna. 2015. Influence of seeding ratio, planting 

 date, and termination date on rye-hairy vetch cover crop mixture performance under 

 organic management. PLOS ONE 10:e0129597.  

Long, E., Q. Ketterings, and K. Czymmek. 2013. Survey of cover crop use on New York dairy 

 farms. Crop Manag. 12. 

Marsalis, M.A., S.V. Angadi, and F.E. Contreras-Govea. 2010. Dry matter yield and nutritive 

 value of corn, forage sorghum, and BMR forage sorghum at different plant populations 

 and nitrogen rates. Field Crops Res. 116:52–57.  

Miguez, F.E., and G.A. Bollero. 2006. Winter cover crops in Illinois. Crop Sci. 46:1536–1545.  

Miron, J., E. Zuckerman, G. Adin, R. Solomon, E. Shoshani, M. Nikbachat, E. Yosef, A. Zenou, 

 Z.G. Weinberg, Y. Chen, I. Halachmi, and D. Ben-Ghedalia. 2007. Comparison of two 

 forage sorghum varieties with corn and the effect of feeding their silages on eating 

 behavior and lactation performance of dairy cows. Anim. Feed Sci. Technol. 139:23–39.  

Myers, R., and C. Watts. 2015. Progress and perspectives with cover crops: Interpreting three 

 years of farmer surveys on cover crops. J. Soil Water Conserv. 70:125A–129A.  



60 
 

National Research Council. 2001. Nutrient Requirements of Dairy Cattle. 7th Revised Edition. 

 National Academies Press, Washington, D.C. 

Oliver, A.L., R.J. Grant, J.F. Pedersen, and J. O’Rear. 2004. Comparison of brown midrib-6 and 

 -18 forage sorghum with conventional sorghum and corn silage in diets of lactating 

 dairy cows. J. Dairy Sci. 87:637–644.  

Plaza-Bonilla, D., J.-M. Nolot, D. Raffaillac, and E. Justes. 2015. Cover crops mitigate nitrate 

 leaching in cropping systems  including grain legumes: Field evidence and model 

 simulations. Agric. Ecosyst. Environ. 212:1–12.  

Shipley, P.R., J.J. Messinger, and A.M. Decker. 1992. Conserving residual corn fertilizer 

 nitrogen with winter cover crops. Agron. J.  84:869–876.  

Smith, R.G., K.L. Gross, and G.P. Robertson. 2008. Effects of crop diversity on agroecosystem 

 function: Crop yield response. Ecosystems 11:355–366.  

Stokes, A., C. Atger, A.G. Bengough, T. Fourcaud, and R.C. Sidle. 2009. Desirable plant root 

 traits for protecting natural and engineered slopes against landslides. Plant Soil 324:1–30.  

Thomason, W.E. 2015. Small Grain Forage Variety Testing, 2015. Virginia Cooperative 

 Extension. Virginia Tech. 

Thompson, J.L. 1972. Swift current forage plot harvester IV. Can. J. Plant Sci. 52:859–860. 

Tonitto, C., M.B. David, and L.E. Drinkwater. 2006. Replacing bare fallows with cover crops in 

 fertilizer-intensive cropping systems: A meta-analysis of crop yield and N  dynamics. 

 Agric. Ecosyst. Environ. 112:58–72.  

USDA Sustainable Agriculture Research and Education Program. 2012. Managing Cover Crops 

 Profitability. 3rd ed. Rodale Institute, Emmaus, PA. 

Vannoppen, W., M. Vanmaercke, S. De Baets, and J. Poesen. 2015. A review of the mechanical 

 effects of plant roots on concentrated flow erosion rates. Earth-Sci. Rev. 150:666– 678.  

Villamil, M.B., G.A. Bollero, R.G. Darmody, F.W. Simmons, and D.G. Bullock. 2006. No-till 

 corn/soybean systems including winter cover crops. Soil Sci. Soc. Am. J. 70:1936–1944.  

Voelker Linton, J.A., and M.S. Allen. 2008. Nutrient demand interacts with forage family to 

 affect intake and digestion responses  in dairy cows. J. Dairy Sci. 91:2694–2701.  

Wilson, J.R., and P.M. Kennedy. 1996. Plant and animal constraints to voluntary feed intake 

 associated with fibre characteristics and particle breakdown and passage in ruminants. 

 Aust. J. Agric. Res. 47:199–225.  

 

 
 



61 
 

Table 2.1. Average temperature (°C) and total precipitation (mm) by site during growing season of 2014-2015. 

 Sept 

2014 

Oct 

2014 

Nov 

2014 

Dec 

2014 

Jan 

2015 

Feb 

2015 

Mar 

2015 

Apr 

2015 

May 

2015 

June 

2015 

July 

2015 

Aug 

2015 

Sept 

2015 

Blacksburg, VA 

Average 

Temperature 

18.4 12.2 3.18 3.40 -0.7 -3.4 5.5 11.3 17.7 21.8 22.6 21.4 18.6 

Total Precipitation 96.5 104 76.2 68.6 33.0 53.3 117 132 61.0 88.9 109 104 218 

Blackstone, VA 

Average 

Temperature 

20.8 15.2 6.1 5.4 1.6 -0.9 6.5 13.6 20.0 na 24.6 23.6 21.6 

Total Precipitation 107 73.7 91.4 91.4 50.8 61.0 88.9 73.7 38.1 na 112 94.0 112 

Orange, VA 

Average 

Temperature 

na 14.4 5.9 3.8 0.1 -2.4 5.4 12.9 19.9 23.1 24.2 23.4 21.2 

Total Precipitation 30.5 109 68.6 50.8 50.8 35.6 88.9 112 91.4 168 150 15.2 178 
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Table 2.2  Planting densities (kg/ha) of winter crops. 

 Grass in Monoculture Grass + Crimson 

clover 

Grass + Hairy vetch 

Barley 108 54 + 11 54 + 11 

Rye 28 15 + 11 15 + 11 

Ryegrass 126 63 + 11 63 + 11 

Triticale 126 63 + 11 63 + 11 

Wheat 135 67 + 11 67 + 11 

 

Table 2.3 Planting and harvesting dates. 

 Blacksburg, VA Blackstone, VA Orange, VA 

 Plant Harvest Plant Harvest Plant Harvest 

Winter 

Crops1 

9/19/14 4/25/15 10/8/14 4/24/15 9/11/14 4/27/15 

Corn 5/8/15 8/27/15 5/6/15 8/21/15 5/12/15 8/24/15 

Sorghum 5/8/152 9/11/15 5/6/15 9/1/15 5/12/15 9/5/15 

1 Barley, ryegrass, rye, triticale, and wheat in monoculture, mixed with crimson clover, and mixed with 

hairy vetch 

2 Blacksburg sorghum was re-seeded on 5/18/15 and 6/4/15 
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Table 2.4 Yield, nutritional composition (DM basis) and digestibility of fresh forage from winter crops. 

 Grass2 (G) Legume1 (L)  P < 

 BA RG RY TR WH NO CC HV SEM G L G  L 

Dry matter yield, Mg/ha 2.77a 2.19bc 2.22b 1.98c 2.28b 2.14B 2.54A 2.19B 0.25 0.01 0.01 0.53 

Dry matter, % 19.5a 18.9a 17.5bc 17.0c 18.7b 19.9A 17.7B 17.3B 0.46 0.01 0.01 0.31 

Ash, % 8.8 9.2 8.8 8.7 8.8 8.8 8.8 9.1 0.48 0.20 0.13 0.23 

Crude protein, % 14.2b 14.3b 16.1a 16.2a 15.7a 13.0C 15.5B 17.3A 1.06 0.01 0.01 0.44 

Acid detergent lignin, % 2.7b 2.6b 2.4b 2.5b 3.0a 2.4C 2.7B 2.9A 0.18 0.01 0.01 0.33 

Sugars, %  10.8c 9.9c 13.2b 13.4b 15.9a 14.3A 13.2B 10.5C 1.19 0.01 0.01 0.14 

Starch, % 3.0c 2.7c 3.5b 3.5b 4.0a 3.2B 3.6A 3.2B 0.18 0.01 0.01 0.37 

1 Main effect of legumes: NO = no legumes (i.e. average of all grasses); CC = crimson clover; HV = hairy vetch. 
2 Main effect of grasses: BA = barley (i.e. average of barley in monoculture, mixed with CC, and mixed with HV); RG = ryegrass; RY = rye; TR = triticale; WH 

= wheat.  

a-d: Differences among grasses p ≤ 0.05. 

A-C: Differences among legumes p ≤ 0.05. 
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Table 2.5  Post-fermentation pH, nutritional composition (DM basis) and fiber digestibility of ensiled winter crops. 

 Grass2 (G) Legume1 (L)  P < 

 BA RG RY TR WH NO CC HV SEM G L G  L 

pH 4.39a 4.17c 4.28b 4.30ab 4.11c 4.14B 4.19B 4.42A 0.10 0.01 0.01 0.91 

Dry matter, % 29.3a 27.4ab 24.1c 23.5c 25.3bc 28.4A 24.6B 24.8B 1.22 0.01 0.01 0.33 

Ash, % 9.3b 10.6a 9.5b 10.3a 9.5b 9.0B 10.2A 10.4A 0.92 0.01 0.01 0.91 

Crude protein, % 15.1d 15.8cd 16.5bc 17.3a 17.0ab 14.2C 16.6B 18.3A 0.70 0.01 0.01 0.32 

Neutral detergent fiber,% 59.1a 45.5d 54.7b 49.7c 46.7d 53.3A 49.3B 50.7B 1.43 0.01 0.01 0.01 

Acid detergent lignin, % 3.3 3.5 3.3 3.2 4.1 3.0B 3.5B 3.9A 0.49 0.11 0.02 0.81 

Sugars, %  2.2 3.5 2.3 3.4 3.0 3.1A 3.6A 2.0B 0.86 0.09 0.01 0.31 

IVNDFD3, % NDF 69.0c 74.8a 71.4b 73.3ab 73.2ab 74.4A 71.5B 71.1B 2.08 0.01 0.01 0.73 

1 Main effect of legumes: NO = no legumes (i.e. average of all grasses); CC = crimson clover; HV = hairy vetch. 
2 Main effect of grasses: BA = barley (i.e. average of barley in monoculture, barley mixed with CC, and barley mixed with HV); RG = ryegrass; RY = rye; TR = 

triticale; WH = wheat.  
3IVNDFD: in vitro neutral detergent fiber digestibility. 

a-d: Differences among grasses p ≤ 0.05. 

A-C: Differences among legumes p ≤ 0.05. 
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Table 2.6 Yield, nutritional composition (DM basis) and fiber digestibility of fresh summer crops, and post-fermentation pH, nutritional composition 

and fiber digestibility of ensiled summer crops as affected by preceding winter crops. 

 Grass1 (G) Legume2 (L) SC3  P < 

 BA RG RY TR WH NO CC HV C S SEM G L G  L SC 

Fresh                

     Dry matter yield, Mg/ha 16.7a 14.0b 15.3ab 15.5a 14.0b 15.6 15.0 14.6 14.9 15.3 1.00 0.01 0.28 0.21 0.47 

     Dry matter, % 27.8a 26.7b 28.0a 27.5a 27.4a 27.8 27.2 27.5 28.5 26.5 1.62 0.01 0.10 0.03 0.01 

     Ash, % 4.4 4.4 4.2 4.3 4.3 4.3 4.3 4.3 3.5 5.1 0.12 0.09 0.59 0.15 0.01 

     Crude protein, % 10.6 10.6 10.3 10.6 10.6 10.5 10.7 10.5 10.0 11.1 0.37 0.41 0.26 0.46 0.01 

     Neutral detergent fiber, % 46.4 49.1 46.6 47.7 47.0 47.4 47.2 47.5 42.8 52.0 0.99 0.06 0.94 0.07 0.01 

     IVNDFD, % NDF 41.9 42.5 41.9 42.0 42.1 42.0 42.1 42.2 39.9 44.4 0.79 0.53 0.72 0.03 0.01 

Silage                

     pH 3.72 3.70 3.71 3.71 3.72 3.72 3.70 3.72 3.65 3.78 0.02 0.82 0.46 0.80 0.01 

     Dry matter, % 28.1a 27.2b 28.3a 28.1a 27.7ab 28.0 27.8 27.8 28.7 27.0 1.89 0.05 0.78 0.06 0.01 

     Ash, % 4.5 4.5 4.4 4.5 4.5 4.5 4.5 4.5 3.5 5.4 0.07 0.71 0.93 0.04 0.01 

     Crude protein, % 10.4 10.3 10.4 10.5 10.5 10.4 10.5 10.4 10.2 10.7 0.45 0.73 0.87 0.91 0.01 

     Neutral detergent fiber, % 45.2 46.1 44.7 44.8 45.7 44.4 45.8 45.7 41.3 49.3 
1.31 0.49 0.11 0.11 0.01 

     IVNDFD, % NDF 44.3 44.9 43.9 43.9 44.2 44.2 44.2 44.3 42.6 45.9 0.74 0.43 0.97 0.16 0.01 

1 Main effect of legumes: NO = no legumes (i.e. average of all grasses); CC = crimson clover; HV = hairy vetch. 
2 Main effect of grasses: BA = barley (i.e. average of barley in monoculture, barley mixed with CC, and barley mixed with HV); RG = ryegrass; RY = rye; TR = 

triticale; WH = wheat.  
3 SC: summer crop (corn (C) vs. sorghum (S)). 
4 IVNDFD: in vitro neutral detergent fiber digestibility. 
a, b Values for grasses with different letters within a row differ (P < 0.05). 
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Figure 2.1 Concentration of neutral detergent fiber (NDF) in fresh forages (DM basis) 

harvested from different winter crops. Five grasses [Barley (BA), ryegrass (RG), rye (RY), 

triticale (TR), and wheat (WH)] were grown in monoculture or in mixtures with 2 legumes 

[crimson clover (CC), and hairy vetch (HV)]. 
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Figure 2.2 In vitro true dry matter digestibility (IVTDMD) in fresh forages (DM basis) 

harvested from different winter crops. Five grasses [Barley (BA), ryegrass (RG), rye 

(RY), triticale (TR), and wheat (WH)] were grown in monoculture or in mixtures with 2 

legumes [crimson clover (CC), and hairy vetch (HV)]. 

 

 

 

 

 

  

8
3

.9
d

9
0

.6
a

8
5

.8
d

8
8

.6
b

9
0

.0
 a

8
4

.1
d

8
8

.2
b

8
6

.9
cd

8
7

.6
b

c

8
8

.2
b

c

8
5

.1
d

8
8

.2
b

8
7

.0
 c

8
8

.3
b

c

8
8

.3
b

c

0

20

40

60

80

100

BA RG RY TR WH

IV
TD

M
D

, %
D

M

NO CC HV



68 

 

 

 

Figure 2.3. In vitro neutral detergent fiber digestibility (IVNDFD) in fresh forages (NDF 

basis) harvested from different winter crops. Five grasses [Barley (BA), ryegrass (RG), 

rye (RY), triticale (TR), and wheat (WH)] were grown in monoculture or in mixtures 

with 2 legumes [crimson clover (CC), and hairy vetch (HV)]. 
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Chapter 3 Cell wall composition among and within 

phytomers of corn plants. 
 

ABSTRACT 

 

The objective of this study was to determine the cell wall (CW) composition 

along the corn stalk. Three phytomers of corn plants from 8 corn hybrids were used (2 

replicates per hybrid). After harvesting, 3 complete phytomers (i.e., node, internode, leaf 

sheath, and leaf blade) were cut from each of the 5 plants and composited by plot. The 

phytomers chosen were a center phytomer (C; the phytomer of ear insertion), an upper 

(U) phytomer (3 phytomers above C), and a lower (L) phytomer (3 phytomers below C). 

Each phytomer was cut into 4 sections: top internode (T), middle internode (M), bottom 

internode (B), and node (N). For each replicate of each hybrid, sections within phytomers 

from 5 plants were composited, and the CW concentration and composition were 

determined. For CW composition, the concentrations of uronic acid (UA), arabinose 

(ARA), xylose (XYL), and glucose (GLU) were determined. The study was designed as a 

randomized complete block with repeated measures (subject = phytomer). The CW 

concentration was highest in phytomer C (P < 0.05) but increased from B to T within the 

phytomer (55.1 to 58.0 % DM, respectively; P < 0.01). Section N had the lowest 

concentration of CW (55.1 % DM). The UA concentration did not change among 

phytomers (P < 0.69) but decreased from B to T within the phytomer (4.2 to 3.3% CW, 

respectively; P < 0.01). Section N had the highest concentration of UA (5.7% CW). The 

concentration of ARA was greater in the U than in the L phytomers (3.0 vs. 2.1% CW; P 
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< 0.01), and increased from B to T within the phytomer (1.8 to 2.2% CW, respectively; P 

< 0.01). Section N had the highest concentration of ARA (3.3% CW). The concentration 

of XYL was greater in the U than in the L phytomers (20.9 vs 18.9% CW; P < 0.01), and 

increased from B to T within the phytomer (18.7 to 19.8% CW, respectively; P < 0.01). 

Section N had the highest concentration of XYL (20.1% CW). The concentration of GLU 

did not change among phytomers (P < 0.12) but decreased from B to T within the 

phytomer (36.2 to 34.9% CW, respectively; P < 0.01). Section N had the lowest 

concentration of GLU (31.8% CW). Concentrations of UA, ARA, and XYL decrease and 

the concentration of GLU increases in more mature sections of the phytomer of the corn 

plant, showing changes in nutritional quality. 

INTRODUCTION 

 

In 2016, approximately 114 million metric tons of corn silage was produced in the 

United States (USDA, 2017), and about 60 million metric tons of corn silage is used in 

the dairy industry per year (Ferreira and Brown, 2016). Therefore, maximizing corn 

silage yield and quality is economically important for dairy producers. Natural 

occurrences such as drought can reduce corn silage yields. For example, the 2012 drought 

reduced corn silage yield by 16.3% compared to 2011, which cost the dairy industry 

about $1 billion for extra feed due to crop losses (USDA, 2013). However, little is known 

about the true quality, especially of the cell wall (CW), of drought-stressed corn (Ferreira 

and Brown, 2016), making it difficult to account for drought-stressed corn quality in the 

ration and to evaluate its economic value. To determine how drought may affect the 

digestibility of corn it is necessary to determine how the CW composition changes 

throughout the corn plant.  
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The plant CW is composed of water, polysaccharides, lignin, and proteins.  The 

primary CW is formed as the cell is growing, and the secondary CW is deposited after 

growth stops. The secondary CW is formed to the inside of the primary CW. In general, 

the primary CW is mainly composed of cellulose, hemicellulose, and pectins along with 

lesser amounts of structural glycoproteins, phenolic esters, minerals, enzymes, and 

proteins (Reiter, 2002). The secondary CW is composed of cellulose, hemicellulose, and 

lignin. The primary CW of adjacent cells are connected by the middle lamella, which 

mainly contains pectins. Hemicelluloses are branched polysaccharides composed of 

sugars (rhamnose, fucose, mannose, galactose, arabinose, xylose, and glucose) and UA 

(Varner and Lin, 1989). Pectins are complex polysaccharides composed of sugars and 

UA (Varner and Lin, 1989). Lignin is a heteropolymer composed of hydroxycinnamyl 

alcohol subunits (Rancour et al., 2012). Many plant CW models hypothesize that the 

cellulose microfibril network (Reiter, 2002) is embedded and connected to another 

network of non-cellulose components (mainly pectins and hemicelluloses) (Ding and 

Himmel, 2006). Lignin and structural proteins are dispersed throughout the cellulose and 

non-cellulose matrices to add more mechanical support to the cell (Ding and Himmel, 

2006). 

As grasses mature, thickening and lignification of the CW occurs, increasing the 

concentration of the structural polysaccharides (cellulose and hemicellulose) and lignin 

(Jung et al., 1993). Changes in CW composition can be seen within internodes during 

growth. Scobbie et al. (1993) found that the CW composition, and therefore the maturity 

of the cells, changed from the lower sections to the upper sections in the same internode. 

The CW of the lowest internode section was similar to what would be seen in a primary 
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CW profile, and CW components made up 31.4 to 53.5% of dry matter in this section. 

Cell wall components increased substantially in the upper half of the internode (68.6 to 

72.8% of dry matter), and 1,4 linked GLU and xylans made up most of the CW (Scobbie 

et al., 1993). The lignin concentration reached a maximum at the top one-third of the 

internode, and degradability decreased from the bottom to the top of the internode. 

Maturity is one major factor that determines the composition of the CW in plants. 

Drought delays plant development and maturation, typically producing better 

quality forages (Wilson and Ng, 1975; Wilson, 1982; Halim et al., 1989). Along with the 

delay in maturity, water stress typically increase the LSR or leaf percentage of the crops 

(Brown and Tanner 1983; Halim et al. 1989; Sheaffer et al., 1992). The increase in LSR 

is due to a delay in stem development, which increases the leafiness of the plant overall 

(Wilson and Ng, 1975; Wilson 1982).   Overall, the environment changes the proportion 

of individual monosaccharides in CW more than any other CW component (Buxton et al., 

1987). With water deficits, respiration and growth are impacted to a greater extent than 

photosynthesis, which can cause more non-structural carbohydrates to accumulate in 

forage tissues (Wilson 1982; Hattendorf et al., 1988; Barker et al., 1993). Therefore, the 

opposite occurs for the CW concentration of grasses under water stress. Halim et al. 

(1989) reported that the CW concentration decreased in both the leaves and stems under 

water stress. Contradictions arise when determining the effect of drought on the 

concentration of individual structural polysaccharides and lignin. Wilson and Ng (1975) 

stated that water stress decreased cellulose and hemicellulose on a DM basis. However, 

Halim et al. (1989) reported that water stress decreased the cellulose concentration and 

increased the hemicellulose concentration of water-stressed plants on a CW basis. Deetz 
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et al. (1996) studied the effects of drought on the cell wall composition and degradability 

in alfalfa (Medicago sativa L.). In the stems, lignin concentration on a CW basis was not 

affected by water status (Deetz et al., 1996). Halim et al. (1989) also reported that lignin 

concentration did not change on CW basis for alfalfa on a CW basis.  

Because of the changes in plant morphology and nutrient composition, water 

stress has been shown to positively affect dry matter digestibility (DMD) (Wilson, 1982). 

Halim et al. (1989) reported that DMD increased by 8% for water-stressed compared to 

control alfalfa stems. The higher LSR and lower CW concentration due to water stress 

slowing growth increase DMD (Wilson, 1982; Halim et al., 1989). Overall, when studies 

indicate that drought increases DMD, the improvement in quality is due to an increase in 

cell contents (and lower CW concentration) and a higher LSR not a change in CWD 

(Deetz et al., 1996).  It would be beneficial to conduct more studies on how drought 

affects the proportions of individual structural carbohydrates in the CW and CWD. 

The lignin-phenolic acid complex is indigestible and inhibits digestion of other 

carbohydrates by microbes in the rumen. In vitro digestion of forages leaves indigestible 

material which contains 60-70% carbohydrates (Van Soest, 1993). Fiber digestibility in 

dairy cows has been negatively associated with lignin concentration, but this association 

has mostly been seen as crops mature (Jung et al., 2011). Lignification increases as plants 

grow. Crops at the same maturity stage can also differ in digestibility. These differences 

in digestibility are due to the composition of lignin and lignin cross-linking (Jung et al., 

2011).  Brown midrib (bm/bmr) mutants of corn have a lower concentration of lignin 

than wild-type corn, making them more digestible (Ferraretto et al., 2015; Ferraretto and 

Shaver, 2015). The seedling leaf ferulate ester (sfe) mutant of corn has also been shown 
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to be more digestible than wild-type corn due to a decrease in the cross-linking of lignin 

and arabinoxylans (Jung et al., 2011). Overall, both lignin concentration and lignin cross-

linking affect fiber digestibility in dairy cows, showing that plant breeders should 

consider both. 

For this study, we hypothesized that as maturity increased along the corn plant, 

the composition of the CW would change in the stem but to a lesser extent in the leaves. 

Therefore, the objectives of this study were to evaluate the composition of the CW 

composition of plant tissues among and within phytomers of corn plants.  

 

MATERIALS AND METHODS 
 

Reagents 

All reagents used were ACS grade. Tris-base (BP152), HPLC grade chloroform 

(C607), HPLC grade methanol (A452), D-(+)-xylose (BP708), NH4OH (A669-212), 

HPLC grade methylene chloride (D143-4), and acetyl bromide (AC159405000) were 

purchased from Fisher Scientific International, Inc. (Hampton, NH). Amyloglucosidase 

from Aspergillus niger (A-3514), α-amylase from Bacillus licheniformis (A-3403), D-(-)-

ribose (R7500), D-(+)-glucose (G8270), myo-inositol (15125), 1-methyimidazole 

(336092), and a 50% hydroxylamine solution (467804) were purchased from Sigma 

Aldrich (St. Louis, MO). D-(+)-galactose (15061), sodium tetraborate decahydrate 

(419450250), and 3-phenylphenol (417660050) were purchased from Acros Organics 

part of Thermo Fisher Scientific (Waltham, MA). D-(+)-fucose (A18234) and D-

galacturonic acid monohydride (J66282) were purchased from Alfa Aesar, part of 

Thermo Fisher Scientific (Tewksbury, MA). NaBH4 (BDH4604) and DMSO (0231) were 



75 

 

 

purchased from VWR International (Radnor, PA). DL-arabinose (A0514) was purchased 

from Tokyo Chemical Industry Co. (Tokyo, Japan). L-rhamnose (AK-50390) was 

purchased from Ark Pharm, Inc. (Arlington Heights, IL). D-(+)-mannose (M18000) was 

purchased from Research Products International Corp. (Mt Prospect, IL). Acetic 

anhydride (AX0080-6) was purchased from Merck Millipore (Billerica, MA). 

Corn production 

Corn was grown in Blacksburg, VA (3711’35” N; 8034’42” W) in a no-till 

system preceded in rotation by cereal cover. Average monthly temperature and 

precipitation data for the 2016 Virginia growing season are presented in Table 3.1. Two 

plots for each of eight hybrids were planted for a total of 16 plots. Corn was planted on 

April 28, 2016 at 55,500 plants/ha. Four hybrids were short-cycle hybrids (109 days of 

relative maturity), and four hybrids were long-cycle hybrids (118 days of relative 

maturity). The short-cycle hybrids used were Dekalb DKC58-06RIB (Monsanto 

Company, St. Louis, MO), Phoenix 5352A4 (Advanta Seeds, Irving, TX), Pioneer 

P0843AM (DuPont Pioneer, Johnston, IA) and Seed Consultants SC10AGT96 (Seed 

Consultants, Inc., Washington Court House, OH). The long-cycle hybrids used were 

Augusta A7768GT3110 (Augusta Seed Company, Verona, VA), Doebler’s 5815GRQ 

(Doebler's Pennsylvania Hybrids, Inc., Williamsport, PA), Phoenix 7402A3, and Seed 

Consultants SCS 1187YHR. Pre-plant fertilizer was applied at 34 kg/ha of N, 45 kg/ha of 

P2O5, and 67 kg/ha of K2O on April 27, 2016.  At planting, fertilizer was applied at 41 

kg/ha of N, 21 kg/ha of P2O5, 4.5 kg/ha of S, 0.3 kg/ha of B, and 0.5 kg/ha of Zn. Finally, 

54 kg of N was broadcast on soil as urea-ammonium nitrate on June 16, 2016.  
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On August 23, 2016, 5 plants from each of the 16 plots were cut by hand at 15 cm 

above ground, As a reference, all sites were harvested when the short-cycle corn was at 

the 2/3 milkline stage (R5). In the field after harvesting, 3 complete phytomers (i.e., node, 

internode, leaf sheath, and leaf blade) were cut from each of the 5 plants and composited 

by plot. The phytomers chosen were a center phytomer (C; the phytomer of ear 

insertion), an upper (U) phytomer (3 phytomers above C), and a lower (L) phytomer (3 

phytomers below C) (Figure 3.1A). In the field, the phytomers were separated into stem, 

leaf blade, and leaf sheath. Then the tissue samples were placed into separate plastic 

bags, immediately placed in a cooler with dry ice, and transferred to the laboratory for 

storage at -20°C.   

Sample Processing 

 The samples were thawed and then each stem sample was cut and separated into 

four sections: top (T; distal, closest to tassel), middle (M), and bottom (B; basal, closest 

to roots) internode sections, and node (N) (Figure 3.1B). The stem sections, leaf blades, 

and leaf sheaths were chopped into smaller pieces by hand using a pair of pruning shears. 

The chopped material was dried in a 55°C in a forced-air drying oven until constant 

weight. The dried sample was then ground to pass through a 2-mm screen of a cyclone 

mill (Udy Corporation, Fort Collins, CO). The ground samples then passed through the 

cyclone mill again for further grinding using a 0.5 mm screen. 

Cell Wall Extraction 

 Starch-free CW extraction followed the procedures of Rancour et al. (2012) with 

modifications. For this, 1g of dried and ground samples was weighed into dry Oakridge 

centrifuge tubes (Thermo Fisher Scientific, Waltham, MA). Samples were incubated in 
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10 mL of 50 mM tris-acetate buffer (pH 6.2) overnight at 4oC. Samples were then 

centrifuged at 20,000 x g for 20 min at 20 °C, and the supernatant was removed using 

vacuum. The whole extraction process with the tris-acetate buffer was repeated twice 

more. The resulting pellet was incubated in the same buffer for 2 h in a boiling water bath 

for starch denaturation. Samples were then cooled to approximately 55°C, and 40 U 

amyloglucosidase from Aspergillus niger and 20 U of α-amylase from Bacillus 

licheniformis were added to each tube. The samples were then incubated in a 55 °C water 

bath for 2 h. After incubation, the samples were centrifuged at 1,000 x g for 20 min at 

room temperature, and the buffer was removed. After adding 20 mL of 80% ethanol, the 

samples were mixed by shaking for 30 min at room temperature and centrifuged at 2,000 

x g for 15 min. The ethanol was removed by vacuum. The extraction with ethanol was 

repeated at least three more times. The samples were then stored overnight in 20 mL of 

acetone at 4 °C. The next morning the samples were mixed by shaking for 30 min. The 

samples were centrifuged at 2,000 x g for 15 min, and supernatants removed. The 

samples were extracted with acetone once more. Then 20 mL of a chloroform: methanol 

mixture (2:1 v/v) was added to each tube, the samples were shaken for 30 min at room 

temperature and then centrifuged at 2,000 x g for 15 min. Once the supernatant was 

removed, the sample were extracted with acetone twice as before. The samples were then 

left to dry overnight in a fume hood, and placed in a 55 °C oven the next day to fully dry 

overnight. The samples were then weighed to determine yield of CW. 

Neutral Sugars 

 The concentration of neutral sugars was determined according to a combination of 

Hoebler et al. (1989) and Rancour et al. (2012) with modifications. For this analysis, 20 
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mg of CW extracts and sugar standards (rhamnose, fucose, mannose, galactose, arabinose 

[ARA], xylose [XYL], and glucose [GLU]) were weighed into Teflon-capped glass tubes 

and analyzed in parallel. Tissue samples were run in duplicate and standards were run in 

triplicate. For hydrolysis, the samples were incubated in 250 µL of 12 M H2SO4  for 2 h 

at room temperature. Then 1.7 mL of distilled water and 1 mL of 11.1 M inositol solution 

(200 mg inositol/tube) were added to each tube, and the samples were incubated in an 

oven for 3 h at 100 °C. Then, the samples were stored in their tubes overnight at 4 °C. 

The next morning 0.6 mL of 30% NH4OH (w/w) was added to each tube. Two hundred 

microliters of particulate-free, alkalized supernatant was transferred into test tubes with 

1.8 mL distilled water for uronosyl analysis (see below). For derivatization, 200 µL of 

particulate-free, alkalized supernatant was placed into labeled Oakridge centrifuge tubes, 

and 2 mL of a 2% NaBH4 in DMSO solution (w/v) was added to each tube. The samples 

were incubated in a water bath for 90 min at 40 °C. After incubation, 200 µL of glacial 

acetic acid was added. After cooling, 400 µL of 1-methylimidazole, followed by 4 mL of 

acetic anhydride, were added. The samples were incubated for 10 min at room 

temperature. After incubation, 20 mL of distilled water, followed by 8 mL of 

dichloromethane, were added to each tube. The tubes were capped and vortexed. Most of 

the upper aqueous layer was removed by vacuum and discarded. Then the extract was 

washed with 20 mL of water, vortexed, and the upper aqueous layer was removed by 

vacuum. The samples were then washed with water twice more. After removing the last 

of the water, 1 mL of each sample was placed into GC vials and dried under N2 stream. 

The dried extracts were then dissolved in 500 µL of dichloromethane, capped, and 

vortexed. The sugars were identified and quantified by GC on an Agilent Technologies 
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6890 N GC system (Agilent Technologies, Santa Clara, CA) using a DB-225 column (30 

m x 0.25mm with 0.15 µm film thickness, Agilent J & W, Santa Clara, CA). The injector 

temperature was 225 °C, and the detector temperature was 275 °C. A temperature 

program was used with initial oven temperature of 150 °C, ramped 10 °C /min to 175 °C 

before holding for 10 min then to 220 °C at 10 °C /min and holding for 5 min at constant 

linear velocity of 56 cm/s and split ratio of 10:1. 

Uronic Acids 

 Uronosyl content of CW extracts was analyzed according to Rancour et al. 

(2012). Samples were run in duplicate. In short, diluted extracts from the sulfuric acid 

hydrolysis from neutral sugar analysis were used. For each sample, two aliquots (200 µL 

each) of the diluted hydrolysate were added to two separate glass tubes. Then 1.2 mL of 

12.5 mM sodium tetraborate in 18 M H2SO4 was added to each tube. The samples were 

mixed and incubated in an oven for 5 min at 100 °C. After cooling, 20 µL of the color 

reagent 0.15% 3-phenylphenol in 0.5% NaOH was added to one set of tubes and 

incubated in for a minimum of 15 min at room temperature. The other set (without the 

color reagent) were background controls for each sample. Both the samples and their 

background controls were read at an absorbance of 520 nm in acid resistant cuvettes 

(ultra-micro 8.5 mm; BrandTech Scientific Inc., Essex, CT). A standard curve of 

galacturonic acid (0, 3.125, 6.25, 12.5, 25, 50, and 100 µg/mL) was run in parallel with 

each run of samples. The absorbance of the background controls was subtracted prior to 

calculation of uronosyl concentrations.  
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Acetyl Bromide Lignin 

The concentration of lignin of CW extracts was analyzed according to Rancour et 

al. (2012). For this analysis, 10 to 30 mg of CW extracts were weighed into Teflon-

capped glass tubes. Samples were run in duplicate along with two blanks (distilled 

water). The samples were incubated in a dry heat block for 2 h at 50 °C in 2.5 mL of 25% 

(v/v) acetyl bromide in glacial acetic acid. Samples were cooled to room temperature, and 

1.5 mL of each sample was transferred into a microcentrifuge tube. The tubes were 

centrifuged at 12,000 x g for 3 min. Then 0.5 mL of the supernatants were pipetted into 

scintillation vials containing a solution composed of 2 mL of previously degassed 2M 

NaOH, 0.35 mL of 0.5M hydroxylamine, and 7.15 mL of glacial acetic acid. Absorbance 

was read from 250 to 350 nm using a quartz SUPRASIL® cuvette (High Precision Cell 

with 10 mm light path; Art No. 104-B-10-40; Hellma Analytics, Müllheim, Germany). 

The absorbance at 280 nm was used to calculate lignin content along with the extinction 

coefficient of 17.747 g-1 1 cm-1 (Rancour et al., 2012).  

Crude protein 

Crude protein (CP) concentration was calculated as percent N  6.25 after 

combustion analysis (AOAC 990.03) using a Vario El Cube CN analyzer (Elementar 

Americas, Inc., Mount Laurel, NJ). 

Statistical Analyses 

All variables were analyzed using the MIXED procedure of SAS (SAS version 

9.4, SAS Institute Inc., Cary, NC) as a randomized complete block design with 2 

replicates (i.e., blocks) and repeated measures within plants. For analysis of differences 

among phytomers within the plant, the model included the effects of block (random, df 
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=1), hybrid (fixed, df = 7), the hybrid by block interaction as the whole plot error (df = 

7), phytomer (fixed, df = 2), the hybrid by phytomer interaction (df = 14), and the 

random residual error. Internode was a repeated measure within the plant (subject) using 

the UN covariance structure. For analysis of differences within phytomer, the model 

included the effects of block (random, df =1), hybrid (fixed, df = 7), the hybrid by block 

interaction as a whole plot error (df = 7), phytomer (fixed, df = 2), the hybrid by 

phytomer interaction (df = 14), section (fixed, df = 3), the hybrid by section interaction 

(df = 21), the node by section interaction (df = 6), the hybrid by node by section 

interaction (df = 42), and the random residual error. Section was a repeated measure 

within the phytomer using the AR (1) covariance structure. For analysis of differences 

between tissue types, the model included the effects of block (random, df =1), hybrid 

(fixed, df = 7), the hybrid by block interaction as the whole plot error (df = 7), internode 

(fixed, df = 2), the hybrid by phytomer interaction (df = 14), tissue (fixed, df = 2), the 

hybrid by tissue interaction (df = 14), the node by tissue interaction (df = 4), the hybrid 

by node by tissue interaction (df = 28), and the random residual error. Tissue was a 

repeated measure within a phytomer using UN covariance structure. Significant 

differences and tendencies to differ were declared at P < 0.05 and P < 0.10, respectively.  

RESULTS AND DISCUSSION 
 

Tissue Cell Wall Composition  

 Within phytomers, CW concentration decreased from the leaf sheath (58.7% DM) 

to the stem (56.0% DM) to the leaf blade (51.1% DM; Table 3.2).  The CW concentration 

of stems is typically higher than leaves in many species including bromegrass, wheat, 

oats, big bluestem, and switchgrass (Jung and Allen, 1995; Fukushima and Hatfield, 
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2001, 2004). The CW concentration was 5 to 29% higher in stems than in leaves for 

various species of grasses (Fukushima and Hatfield, 2001, 2004). At the ½-milkline 

stage, the neutral detergent fiber (NDF) concentration of corn leaves ranged from 57.4 to 

58.8% DM, and NDF of corn stalks ranged from 67.3 to 70.6% DM depending on the 

corn hybrid (Masoero et al., 2011). In C4 plants, leaf blades are approximately 22% 

epidermis, 31% mesophyll, and 14% parenchyma, 24% parenchyma bundle sheath, 2% 

sclerenchyma (Wilson, 1993). The stem is approximately 2% epidermis, 2% mesophyll, 

75% parenchyma, and 8% sclerenchyma. Leaf sheaths are typically more like stems in 

their composition. Sheaths have more vascular tissue, sclerenchyma, and parenchyma 

than blades but less mesophyll and epidermis than blades (Wilson, 1993). Although 

compared to stems, sheaths have less vascular tissue and sclerenchyma, making them an 

intermediate between blades and stems. Therefore, species of plant may be a factor in 

determining the difference in CW concentration between stems and leaves.  

Glucose and XYL are the two predominant neutral sugars in corn CW. Along 

with lignin, they are the primary components of the secondary CW. The concentration of 

GLU increased from the leaf blade (25.1% CW) to the leaf sheath (30.1% CW) to the 

stem (34.8% CW; Table 3.2). Typically, stems of grasses have a higher concentration of 

cellulose, and therefore GLU, than the leaves (Albrecht et al., 1987; Jung and Vogel, 

1992).  The concentration of XYL increased from the stem and leaf blade (19.6 and 19.4 

% CW, respectively) to the leaf sheaths (21.4 % CW; Table 3.2). The concentration of 

ARA increased from the stem (2.4% CW) to the leaf blades (2.8 % CW) to the leaf 

sheaths (4.8% CW; Table 3.2). Arabinoxylans are one of the major non-starch 

polysaccharides in cereal CW (Niño-Medina et al., 2010). Feruloylated arabinoxylans 
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connect and strengthen the CW matrix by connecting arabinoxylan chains and linking 

arabinoxylans to lignin (Grabber et al., 2009). In corn stover, husks have been seen to 

have a higher concentration of xylans (26.8 % DM) compared to the stalks (19.4% DM) 

(Pordesimo et al., 2005).  

The concentration of lignin increased from the leaf blade (10.8% CW) to the leaf 

sheath (13.1% CW) to the stem (17.3% CW; Table 3.2). Morrison et al. (1998) reported 

that the lignin concentration of corn stems at the 15th leaf stage was 10% CW. Hatfield et 

al. (2008) found that the lignin concentration of corn stems at tassel emergence was 19% 

CW. The corn from our study was harvested at R5, which is closer in maturity to Hatfield 

et al. (2008); therefore, most of the lignin in the CW of corn is deposited by the 

reproductive phase. Leaves are the major photosynthetic part of the plant, while the main 

function of stems is for support. Therefore, leaves of grasses are less lignified than stems 

(Albrecht et al., 1987; Jung and Vogel, 1992; da Costa et al., 2014).  

Uronic acids, along with the remaining neutral sugars, mainly ARA, only made 

up a small fraction (~5%) of the CW of corn (Table 3.2). The concentration of UA 

increased from 2.8 % CW in the leaf blade and sheath to 4.1 % CW in the stem (Table 

3.2). The CW of leaves of grasses  usually have more hemicellulose than the stems (Jung 

and Vogel, 1992). The concentration of CP was increased from the stem (2.3% CW) to 

the leaf sheath (4.4% CW) to the leaf blade (10.8% CW). 

Cell Wall Composition Among Phytomers: Stem 

Within the stem, phytomer C (57.3% DM) had a higher CW concentration than U 

and L phytomers (55.5% DM; P = 0.02; Table 3.3). Scobbie et al. (1993) also saw a 

marginal difference in overall CW concentration among phytomers. When corn was 
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harvested at the 15th leaf stage, CW concentration in the stem rind increased from the 

youngest internode (13th internode above the roots) to the oldest internode (7th internode 

from the roots); however, the CW concentration of the stem pith only increased to the 

10th internode above the roots and then plateaued (Morrison et al., 1998). From basal to 

upper internodes, there is a gradual increase in sclerenchyma development as a 

proportion of the stem’s area, and the sclerenchyma CW thickens with maturity (Wilson 

and Hatfield, 1997). Therefore, CW concentration usually increases from the basal to 

upper internodes. However, in our study, the overall CW concentration remained the 

same across phytomers possibly because they were still relatively close together on the 

stem and mature enough to be fully elongated.  

The concentration of GLU (34.8% CW) did not change among phytomers (P < 

0.12; Table 3.3). In Scobbie et al. (1993), GLU concentration ranged from 42-48% of the 

protein-free CW. These values are higher than GLU concentrations in our study, but 

GLU concentrations usually decrease with maturity and then plateau (Jung, 2003; Jung 

and Casler, 2009), and our corn plants were more mature at R5 than those from Scobbie 

et al. (1993) at 5 d after silking. When corn was harvested at tassel emergence, Hatfield et 

al. (2008) reported that GLU concentration was highest in the middle phytomers (rind 

only of 10th to12th internode above the roots) of the corn plant. Cellulose (and therefore 

GLU) deposition increases in the secondary CW until lignin deposition increases, then 

carbohydrate deposition slows (Hatfield et al., 2008). Therefore, very immature 

phytomers would have a low GLU content, intermediate-age phytomers would have the 

most cellulose, and very mature phytomers would again have a lower GLU concentration. 
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Because our phytomers were all from a plant harvested at R5 when elongation would 

have already ended, GLU concentrations did not change across phytomers.  

The concentrations of XYL and ARA were greater in the U than in the L 

phytomers (20.9 and 3.0 vs 18.9 and 1.9% CW; Table 3.3). In Scobbie et al. (1993), XYL 

compromised approximately 25% of the CW, and ARA ranged from 2.2 to 3.7% CW, 

which are both similar to our study. The concentration of XYL increased with maturity 

until 8 d after V8, then it decreased until 68 d after V8 where it plateaued (Jung and 

Casler, 2009). Arabinose decreased from V8 to 26 d after V8 where it plateaued (Jung 

and Casler, 2009). Therefore, less mature internodes will have more ARA and XYL than 

mature internodes. 

The UA concentration did not change among phytomers (P < 0.75). The 

concentration of lignin did not change among phytomers (P < 0.18; Table 3.3). The 

concentration of CP was greater in the U than in the L phytomers (2.5 vs 2.0% CW). 

When corn was harvested at the 15th leaf stage, the UA concentration in the stem rind 

decreased from 10.1% CW in the youngest internode to 3.7% CW in the oldest internode. 

When corn was harvested at the 15th leaf stage, the lignin concentration in the stem rind 

increased from 7.5% CW in the youngest internode to 14.0% CW in the oldest internode. 

Concentrations of UA and lignin of the oldest internode were similar to our study, 

suggesting that maturity accounts for the differences between studies.  

Cell Wall Composition Among Phytomers: Leaves 

For the leaf blades and sheaths, the concentration of CW increased from U to L 

phytomers (P < 0.01; Table 3.3). We hypothesized that as maturity increased along the 

corn plant, the composition of the CW would change in the stem but to a lesser extent in 
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the leaves. Our hypothesis was not supported as the CW concentration in both the leaves 

and stems changed with maturity. When juvenile and mature corn leaves were analyzed 

for CW concentration, CW concentration increased with maturity (Abedon et al., 2006). 

However, these leaves were harvested earlier in development (just prior to anthesis) than 

our study, and only the middle one-third of the leaves were analyzed with the midrib 

removed. The concentration of GLU in the leaf blades was greater in L than U phytomers 

(30.8 vs. 29.3% CW), but did not change among phytomers in the leaf sheaths as with the 

stems (Table 3.3). When the middle third of the leaf blade without the midrib was 

analyzed for CW concentration of both juvenile and mature leaves, the concentration of 

GLU was lower in more juvenile leaves (Abedon et al., 2006). The concentration of XYL 

did not change among phytomers for the leaf blades, but was greater in U than L 

phytomer like the stems (21.6, 22.2, and 20.5 % CW, respectively) in the leaf sheaths 

(Table 3.3). Xylose concentration was greater in mature than juvenile leaf blades 

(Abedon et al., 2006). Abedon et al. (2006) concluded that a decrease in GLU: XYL ratio 

decreased with maturity because of a shift from highly branched polysaccharides like 

xylans to cellulose and less branched-xylans as the leaf matures.  

The concentration of ARA in the leaf blades increased from the U phytomer 

(2.6% CW) to L phytomer (2.9% CW; Table 3.3). Conversely, ARA concentration 

decreased with maturity in juvenile and mature leaf blades (Abedon et al., 2006). For the 

leaf sheaths, ARA concentration increased from U to L phytomers unlike the stems (4.1 

to 4.6% CW, respectively), but differences in ARA concentration between stems and 

sheaths could account for that difference  
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The concentration of UA also did not change among phytomers for the leaf 

blades, but increased from U to L (2.5% and 3.0% CW, respectively) in the leaf sheaths 

(Table 3.3). The UA concentration of mature leaf blades was greater than juvenile leaves 

in Abedon et al. (2006).  

The concentration of lignin in the leaf blades did not change among phytomers, 

but the concentration of lignin was lower in leaf sheaths from the C phytomer compared 

to the L phytomer (12.6 and 13.3% CW, respectively; Table 3.3). The concentration of 

lignin of the leaf sheaths in phytomer U was similar to the other two phytomers (13.6% 

CW; P > 0.05). Abedon et al. (2006) also reported that the concentration of lignin in the 

leaf blades did not increase with maturity. The concentration of CP in the leaf blades was 

greater in U than L phytomers (12.1 vs. 9.6% CW), but did not change among phytomers 

in the leaf sheaths (Table 3.3). Again, our hypothesis that stems would vary more than 

leaf blades in CW composition is not supported as both leaf blades and stems varied in 

CW composition among phytomers. 

Cell Wall Composition within the Phytomer 

 The CW concentration increased from B to T within the internode (55.1 to 58.0% 

DM, respectively; Table 3.4). Section N had the lowest concentration of CW (55.1% 

DM). Scobbie et al. (1993) reported an increase in CW concentration from the bottom 

(30% DM) to top of the internode (60% DM). In a corn internode, there are four zones of 

maturity from bottom to top: basal intercalary meristem, elongation zone, transition zone, 

and maturation zone (Zhang et al., 2014).The intercalary meristem sits just above the 

node and is only composed of a primary CW. The elongation zone is also mostly primary 

CW. The secondary CW deposition begins in the transition zone with the maturation zone 
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being all secondary CW (Zhang et al., 2014). The maturation zone is just below the node 

of the next uppermost phytomer; therefore, the node is a complex developmental region 

composed of both fully elongated and mature cells, as well as completely immature cells 

similar to the meristem (Hatfield et al., 2008). This complex developmental structure of 

the node could explain the highest XYL, ARA, and UA concentrations as well as the 

lowest CW, GLU, and lignin concentrations within the node (Table 3.4) 

The concentration of GLU decreased from B to T within the internode (36.5 to 

34.9% CW, respectively; Table 3.4). Conversely, the GLU concentration ranged from 

43.4% CW in the youngest internode to 47.8% CW in the oldest internode of Scobbie et 

al. (1993). Hatfield et al. (2008) reported that the GLU concentration was higher in the 

CW of the lower compared to upper half of the internode. This was similar to our study 

where GLU concentration decreased with maturity of the internode section. The 

concentrations of XYL and ARA increased from B to T within the internode (18.7 and 

1.9 to 19.9 and 2.2% CW, respectively; Table 3.4). Similar to our study, XYL 

concentration increased with maturity (13.7 to 28.0% protein-free CW) within the 

internode of Scobbie et al. (1993). However, unlike our study, XYL was similar in the 

upper and lower halves of the internode, in Hatfield et al. (2008). The concentration of 

ARA decreased with maturity within the internodes (Scobbie et al., 1993; Hatfield et al., 

2008). In immature CW, xylans are linked with ARA residues, but these residues are 

hydrolyzed as development continues to increase the rigidity if the CW, decreasing the 

ARA concentration of the CW (Hatfield et al., 2008).   
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The UA concentration decreased from B to T within the internode (4.2 to 3.3% 

CW, respectively; Table 3.4). Hatfield et al. (2008) found that UA and other minor CW 

sugar concentration was similar or showed a slight decrease with maturity.  

The concentration of lignin did not change from B to T within the internode 

(Table 3.4). Lignin typically increases with maturity within the internode (Scobbie et al., 

1993; Hatfield et al., 2008). However, Scobbie et al. (1993) reported that the lignin 

concentration increased from 4.6% CW in youngest internode section to 6.7% CW in the 

oldest phytomer, indicating that lignin was similar within our internodes because of the 

maturity of corn when harvested. Scobbie et al. (1993) also reported that in the youngest 

internode, CW degradability fell from 95 to 24% CW as maturity increased. In the oldest 

internode, CW degradability fell from 80 to 24% CW as maturity within the internode 

increased. Therefore, the range in CWD was higher for younger internodes than more 

mature internodes. Because lignin concentration did not change among phytomers nor 

within the internode, digestibility of the CW could remain the same. The concentration of 

CP increased from B to T within the internode (1.8 to 2.2% CW, respectively; Table 3.4). 

In contrast, Scobbie et al. (1993) reported that protein concentration was highest in the 

youngest internode section. However, the internode sections in Scobbie et al. (1993) were 

much smaller than ours; therefore, it is likely that the meristem composed a greater 

portion of their youngest internode section compared to ours. Because the meristem is the 

active site of growth, it would have a higher concentration of protein compared to the rest 

of the internode, and in our study, the meristem protein could have been diluted out.  
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Conclusions 

When considering digestibility, the leaf blades and sheaths contribute, especially 

as maturity increases, to the overall CW composition of the plant. Therefore, when 

considering how digestibility is affected by abiotic stresses it will not be enough to look 

solely at changes in the cell wall composition of corn. Among phytomers, once the stalk 

and internodes within the stalk are fully elongated as they were in our study, cellulose 

and hemicellulose deposition stop. Lignin deposition also ceases, and the only changes in 

the CW that occur are linkages between cell wall polysaccharides and lignin as seen by 

the decrease in XYL and ARA an increase in CP with maturity of the phytomers. 

However, within the internode, there are still zones of maturation and adjustments to the 

CW composition being made to strengthen the stalk. Therefore, changes within the corn 

internode may be more variable depending on the environment. Overall, the CW 

composition of leaf blades and stems changed to the same extent. 
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Table 3.1.  Average monthly temperature and precipitation during growing season of 

2016. 

 April 2016 May 2016 June 2016 July 2016 August 2016 

Average 

Temperature, 
oC 

11.2 15.4 20.6 23.3 23.0 

Average 

Precipitation, 

mm. 

40.6 121.9 83.8 124.4 106.7 
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Table 3.2. Cell wall (CW) concentration1 and CW composition (% CW) of 

corn plant by tissue. 

 Tissue 

SEM P-value 
Blade Sheath Stem 

CW1 51.1c 58.7a 56.0b 0.6 0.01 

Uronic acids 2.8b 2.8b 

4.8a 

21.4a 

4.1a 0.5 0.01 

Arabinose 2.8b 2.4c 0.4 0.01 

Xylose 19.4b 19.6b 0.6 0.01 

Glucose 25.1c 30.3b 34.8a 0.9 0.01 

Lignin 10.8c 13.1b 17.3a 0.3 0.01 

Crude protein 10.8a 4.37b   2.27c 0.2 0.01 

1 % DM 

a,b,c Values with different letters within a row differ statistically (P < 0.05). 



96 

 

 

 

 

 

 

 

Table 3.3. Cell wall (CW) composition (% CW) of corn stem, leaf sheath, and leaf blade 

among phytomers. 

 Phytomer2 

SEM P-value 
Upper Center Lower 

Stem 

CW1 55.5b 57.3a 55.6b 1.1 0.02 

Uronic acids 4.3 4.0 4.0 0.5 0.75 

Arabinose 3.0a 2.3b 1.9b 0.5 0.01 

Xylose 21.0a 19.0b 18.9b 0.6 0.01 

Glucose 34.4 34.3 35.6 0.9 0.12 

Lignin 16.8 17.2 18.0 0.4 0.18 

Crude protein 2.5a 2.4a 2.0b 0.2 0.01 

 

Leaf Sheath 

     

CW1 55.7b 55.0b  65.7a  1.1 0.01 

Uronic acids 2.5b 3.0a 3.0ab 0.8 0.01 

Arabinose 4.1c 5.7a 4.6b 0.4 0.01 

Xylose 21.6ab 22.2a 20.5b 0.6 0.02 

Glucose 29.3 30.8 30.8 1.3 0.39 

Lignin 13.6ab 12.6b 13.3a 0.8 0.01 

Crude protein 4.44 4.65 4.01 0.3 0.24 

 

Leaf blade 

     

CW1 49.7b  50.4b  52.9a  0.6 0.01 

Uronic acids 2.5 3.0 3.0 0.3 0.07 

Arabinose 2.6b 2.9a 2.9a 0.1 0.01 

Xylose 20.3 18.9 18.9 0.7 0.15 

Glucose 23.5b 25.0ab 26.6a 1.1 0.02 

Lignin 10.2 10.9 11.3 0.4 0.08 

Crude protein 12.1a 10.9b 9.60c 0.4 0.01 
 

1 %DM 

2 Center phytomer corresponded to the phytomer of ear insertion. Upper and lower phytomers corresponded to 3 

phytomers above and below, respectively, relative to phytomer C. 

a-c: Differences P < 0.05 
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Table 3.4. Cell wall (CW) composition (% CW) of corn within the internode 

and node. 

 Stem Section2 

SEM P-value 
Top Middle Bottom Node 

CW1 58.0a 57.3a 55.1b 55.1b 1.1 0.01 

Uronic acids 3.3c 3.6bc 4.2b 5.3a 0.3 0.01 

Arabinose 2.2bc 2.3b 1.9c 3.3a 0.6 0.01 

Xylose 19.9a 19.8a 18.7b 20.1a 0.7 0.01 

Glucose 34.9b 35.9ab 36.5a 31.8c 1.0 0.01 

Lignin 17.9a 17.8a 17.9a 15.7b 0.4 0.01 

Crude 

protein 2.2b 1.9c 1.8c 3.2a 0.2 0.01 
1 %DM 

2 Each stem internode was cut into 4 sections: top internode, middle internode, bottom internode, and 

node. 
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Figure 3.1. Phytomers and sections within phytomers used for cell wall composition analyses. 

(A) A center phytomer corresponded to the phytomer of ear insertion. Upper and lower 

phytomers corresponded to 3 phytomers above and below, respectively, relative to phytomer C. 

(B) Each phytomer was cut into 4 sections: top internode, middle internode, bottom internode, 

and node. Leaves were separated in leaf blades and leaf sheaths. 

A 

B 
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Chapter 4 Conclusions 

 
Corn for silage is a common and important component of dairy cow rations. 

Therefore, maximizing corn silage yield and quality is economically important for dairy 

producers. Many environmental factors such as, previous crop planted, drought, and 

temperature, can affect corn silage yield and quality. Because many nutrients for dairy 

cows are derived from the cell wall (CW), the quality of corn silage is in part determined 

by the composition of the CW. Drought delays maturation of the plant, increasing the 

leaf-to-stem ratio (LSR) and decreasing the CW concentration. These two factors 

combine to increase DMD of drought-stressed plants. The cell wall digestibility (CWD) 

of drought-stressed plants remains the same as non-stressed plants as the lignin 

concentration on a CW basis does not change with drought. On the other hand, heat stress 

hastens plant maturation, decreasing the LSR and increasing the CW concentration of 

heat-stressed plants. Therefore, heat decreases the dry matter digestibility (DMD) of 

plants. Heat stress can also increase the concentration of lignin on a CW basis, decreasing 

CWD. Overall, because with drought both high temperatures and water stress occur, it is 

difficult to determine what, if any, the combination of stresses have on forages. 

Cover crops are planted to increase health and fertility of soils, control weeds, and to 

benefit the environment. Grasses scavenge more residual soil N than legume species, 

growing grass species is advisable reduce soil nitrate leaching. However, legume species can 

increase N fixation from the atmosphere through a symbiotic relationship between legume 

plants and bacteria in the soil. When left as a cover or mulch, the biomass of the cover crop 

can provide additional residual N for the following crop. However, in dairy farming systems, 

where winter crops are harvested for feed, there may be no benefit of adding legumes for 
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residual N for the following crop. In our study, the inclusion of legumes with grasses 

increased the crude protein concentration in the silage, and because protein is often one 

of the most expensive component of livestock diets, adding legumes to mixtures could 

lower feed costs. The higher concentrations of crude protein when legumes were 

intercropped with the grasses also indicates that inclusion increases N fixation. 

Intercropping legumes with grasses decreased the neutral detergent fiber (NDF) 

concentrations of the fresh and ensiled forages, potentially resulting in higher energy 

concentrations of the feeds. The inclusion of hairy vetch decreased the sugar 

concentration in forage potentially making fermentation more difficult for silage 

production. Even though in vitro NDF digestibility (IVNDFD) was minimally reduced 

with the addition of legumes, the concentration of highly digestible non-fibrous 

components was greater in the mixtures than the monocultures, potentially increasing the 

nutritive value of the silage. The inclusion of legumes did not have an effect the yield of 

the succeeding corn and sorghum. 

Little is known about the true quality, especially of the CW, of drought-stressed 

corn, making it difficult to account for drought-stressed corn quality in the ration and to 

evaluate its economic value. To determine how drought may affect the digestibility of 

corn it is necessary to determine how the CW composition changes throughout the corn 

plant. The CW concentration and composition vary greatly among species and maturity. 

When considering digestibility, most research focuses on the stem of grasses; however, as 

we saw, the leaf blades and sheaths also contribute a great deal, especially as maturity 

increases, to the overall CW composition of the plant. Therefore, when considering how 

digestibility is affected by abiotic stresses it will not be enough to look solely at changes 
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in the cell wall composition of the corn. Among phytomers, once the stalk and internodes 

within the stalk are fully elongated as they were in our study, CW deposition, including 

cellulose and hemicellulose deposition stop. Lignin deposition also ceases, and the only 

changes in the CW that occur are linkages between cell wall polysaccharides and lignin 

as seen by the decrease in xylose and arabinose and increase in CP with maturity of the 

phytomers. However, within the internode, there are still zones of maturation and 

adjustments to the CW composition occurring to strengthen the stalk. Therefore, changes 

within the corn internode may be more variable depending on the environment. Overall, 

leaf blade CW composition changes less than the CW composition of the stems.  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 


