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Chapter 1 

Review of Literature 

Forages and Horses 

The horse is a monogastric, hindgut fermenting herbivore whose diet consists 

mainly of forages, including pasture, crop residue, immature cereal grain, silage and hay. 

The horse has a rather small stomach, consisting of approximately 10% of the digestive 

tract volume; forage digestion occurs in the cecum and large colon, which comprises 

approximately 62% of the digestive tract (Wright, 1999). Because the horse’s stomach 

continuously secretes hydrochloric acid, the presence of ingesta and saliva produced 

through chewing serves to buffer the low pH. This helps to explain the importance of 

consuming small amounts of forage continuously throughout the day.  

Forages consist of a leaf, sheath, flower, and seed head. Each portion of the plant 

varies in composition, both chemically and nutritionally, based on factors such as stage of 

growth, time of year, climate, soil type, and fertility (Buxton, 1996; NRC, 2007). These 

changes can be monitored by measuring structural carbohydrates (SC), nonstructural 

carbohydrates (NSC), lignin, acid detergent fiber (ADF), neutral detergent fiber (NDF), 

and crude protein (CP).  

Forage dry matter can be divided into two main categories including the non-

structural cell contents as well as the structural components of the cell wall. Plant cell 

walls in the forage are composed of SC, including cellulose and hemicellulose, as well as 

varying amounts of lignin. Cell walls limit intake and digestibility of a forage and the 

components are measured as fiber fractions through NDF and ADF. Neutral detergent 
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fiber, a measurement of cellulose, hemicellulose, and lignin, indicates cell wall 

concentration and is negatively correlated to intake as these components provide bulk and 

fill to the animal (Buxton, 1996). In contrast, ADF is a measurement of the least 

digestible cell components, cellulose and lignin, and is negatively correlated to 

digestibility (Buxton, 1996). Forage stems typically have a higher cell wall content than 

the leaves and are typically lower in digestibility. As a plant matures, NDF and ADF 

increase and stem digestibility decreases and lower intake and digestibility is observed 

(Buxton, 1996; Reid et al., 1988, 1990). 

Simple sugars, starch, and fructans are cell contents that are categorized into 

NSC. In the process of photosynthesis, carbon fixation in the presence of light results in 

the production of simple sugars. When produced in excess of the energy requirement for 

growth and development, these simple sugars are converted into storage carbohydrates 

including starch and fructans (Longland and Byrd, 2006). The concentration of storage 

carbohydrates goes through diurnal (Bowden et al., 1968; Holt and Hilst, 1969; Longland 

et al., 1999) and seasonal variations (Waite and Boyd, 1953). However, this nutritional 

component within plants is important as rapid and excessive NSC intake has been 

correlated to metabolic issues such as insulin resistance, obesity, laminitis (Geor, 2009) 

and polysaccharide storage myopathy (Borgia et al., 2011).  

Protein requirements for horses are commonly referred to in terms of CP, a 

measurement of both true plant protein and non-protein nitrogen in a feed. Crude protein 

levels are important for muscle maintenance and development, as well as enzyme and 

hormone synthesis (Anderson, 2007). Research has shown CP values decrease as a plant 
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matures (Buxton and Marten, 1989; Fick and Onstad, 1988; Minson, 1990). As the cell 

wall matrix becomes more complex as a plant matures, true plant protein synthesis 

advances while easily accessible non-protein nitrogen, in the form of ammonia, nitrate, 

amines, amides, and free amino acids, decreases (Hoffman and Brehm, 2015).  However, 

CP is rarely limiting in horses, except in lactating mares and growing foals who do not 

require more than 15% CP. If excess protein is fed, the protein nitrogen will be excreted 

in the urine (Buxton, 1996). 

Considering horses will consume 2 to 2.5% of their body weight (BW) in feed on 

a dry matter (DM) basis each day, a 454 kg horse would consume 9 to 11 kg of forage at 

90% DM (Evans, 2010). Additionally, the cost of grazing horses on fresh pasture is 

approximately one-third the cost of purchasing hay (McCormick et al., 2006). In a survey 

conducted of Minnesota horse owners, 87% of respondents reported horses having access 

to pasture (Martinson et al., 2006). As a result, properly managed and stocked pasture can 

be utilized as a cost-effective and efficient source of forage (NRC, 2007).  

Photosynthetic Pathways 

There are two main classifications of forages utilized by horses: warm-season and 

cool-season. Warm-season forages survive well in sub-tropical and tropical areas whereas 

cool-season forages do best in temperate climates. The varying growth rates at different 

temperatures can be attributed to their unique photosynthetic pathways classified as C3 

(cool-season) and C4 (warm-season).   

Virtually all trees, shrubs, herbs, and cool-season grasses utilize the most basic 

and primitive photosynthetic system referred to as the C3 pathway, or more commonly 
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known as the Calvin cycle. This system initially converts carbon dioxide and ribulose 

biphosphate into a 3-carbon acid (Cerling, 1993). The most efficient carbon fixation 

when using the C3 pathway occurs between 16 and 24°C (Fry and Huang, 2004). This is 

because RuBisCO (ribulose-1,5-biphosphate carboxylase/oxygenase), an enzyme 

involved in the first major step of carbon fixation, incorporates more oxygen into RuBP 

(ribulose-1,5-biphosphate) as the temperature rises above 24°C, causing CO2 levels 

inside the plants to become low. As a result, photorespiration occurs and the stomata are 

forced to close to prevent water loss and the grasses go dormant as a result of a net loss of 

carbon and nitrogen. 

In comparison, the C4 pathway, commonly utilized in warm season grasses and 

sedges, experiences the most efficient carbon fixation between 30 and 35°C. This 

pathway combines CO2 with phosphoenol pyruvate to form the 4-carbon acids malate and 

aspartic acid (Cerling, 1993). The grasses that utilize this pathway have a special 

anatomy with an abundance of bundle sheath cells, which surround the leaf vascular 

bundles (Fry and Huang, 2004). While there are similarities between the initial carbon 

fixation of the C3 and C4 pathways, C4 plants have evolved to create high concentrations 

of CO2 inside the bundle sheath cells to interact with RuBisCO in the Calvin-Benson 

cycle as the temperatures rise (Fry and Huang, 2004; Sage, 2004). This allows 

photorespiration to be minimal in higher temperatures in comparison to cool-season 

grasses. 

The final photosynthetic pathway is referred to as CAM, or Crassulacean-Acid 

Metabolism. This pathway, utilized by succulents, combines characteristics of the C3 and 
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C4 pathways. In this process, CO2 is only taken up at night when the climate is cooler and 

humid; the stomata stay closed during the hot days. The stored carbon does not last long, 

however these plants can survive by compromising rapid growth (Moore et al., 1995).  

There are a few factors affecting these photosynthetic pathways including 

temperature and light. While high light intensity does not cause plant injury, excessive 

light, over that utilized by photosynthesis, can trigger free radicals that can cause 

oxidative damage in cells (Fry and Huang, 2004). This damage occurs when high light 

intensity is combined with factors that inhibit photosynthesis such as temperature 

extremes, drought, or excessive soil water (Fry and Huang, 2004).  

Temperature is another factor influencing photosynthesis as many reactions are 

controlled by temperature-sensitive enzymes. While photosynthesis can occur between 0 

and 40°C, it is apparent the optimal temperatures for different photosynthetic pathways 

are directly related to plant growth. As temperatures rise from 10 to 20°C, photosynthetic 

rates in the C3 pathway can double. However, when temperatures rise above 30°C, 

photorespiration and enzyme denaturation can cause the plants to go dormant (Fry and 

Huang, 2004).  

In the Upper Midwest, most pastures consist of perennial cool-season grasses. 

Unfortunately, the summer slump, which occurs during the warmest time of the year, has 

the greatest impact on reducing cool-season grass production and quality (Riesterer et al., 

2000) based on the duration and frequency of high temperatures and soil moisture content 

(Roberts et al., 2009). Under poor conditions, overgrazing is a common occurrence in 

summer pastures, leading to reduced pasture productivity and poor fall forage production. 
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As a result, proper management and grazing techniques become critical for pastures year 

round, but especially in the summer. Complementary grazing systems have been 

suggested to help mitigate this problem. This form of grazing system rotates animals 

among pastures of varying forage species with differing patterns of seasonal growth and 

development (Jung et al., 1985). In order to effectively utilize this grazing system, cool-

season grasses are commonly utilized for spring and fall grazing while warm-season 

grasses are utilized for summer grazings. 

Warm-Season Forages 

The C4 photosynthetic pathway was recognized in the late 1960’s and led to 

further distinguishing characteristics between the C4 forages and cool-season grasses. A 

few discerning characteristics include (i) higher optimal temperatures for photosynthesis 

(ii) the occurrence of photosynthesis despite lower CO2 concentrations when stomata are 

partially closed, and (iii) and the use of water more efficiently in forage production 

(Black, 1971; Stout et al., 1986, 1988). Additionally, warm-season grasses appear to have 

lower nutrient requirements as they use phosphorus (P) and nitrogen (N) more efficiently 

than cool-season grasses (Balasko et al., 1984; Hall et al., 1982; Jung et al., 1988; Kroth 

and Mattas, 1982; Wuenscher and Gerloff, 1971). However, research has found that 

warm-season forages accumulate high concentrations of cell wall components due to the 

C4 photosynthetic pathway. As a result, warm-season forages are known to have 

relatively low digestibility (Wilson, 1994). 

The photosynthetic pathway of C4 grasses has been known to influence their 

nutritional quality. The main contributor of reduced quality of warm-season grasses can 
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be attributed to their cell type including thickened secondary walls, such as vascular 

bundles, sclerenchyma strands, epidermis, and parenchyma bundle sheath of the warm-

season grass leaves (Wilson, 1994). These characteristics reduce the digestibility of the 

plant matter as a result of lignification and decreased microbial accessibility to wall 

surfaces. The differences in nutritional quality can be observed by a higher presence of 

lignin deposits in the thick-walled parenchyma bundle-sheaths around each vascular 

bundle (Wilson, 1994). 

Numerous studies have shown similar results with higher ADF and NDF 

concentrations observed in C4 compared to C3 grasses along with lower digestibility in 

sheep and cattle (Reid et al, 1988). Reid et al. (1990) compared the utilization of warm-

season, cool-season, and legume hay by cattle, sheep, and goats. Neutral detergent fiber 

was higher in warm-season grasses compared to cool-season hay and alfalfa hay, while 

CP and calcium (Ca) were lower. When evaluating animal performance on sequential 

grazing of cool- and warm-season pastures, Moore et al. (2004) determined rotating cattle 

onto warm-season grass pasture during the summer was less advantageous than reducing 

the stocking rate and leaving the animals on cool-season grass pasture due to the rapid 

decline of warm-season grass pasture quality. However, while warm-season grass 

pastures had lower overall quality and performance, these pastures did perform well 

under certain conditions.  

There are different varieties of warm-season forage including perennial and 

annual legumes and grasses. Perennial forages persist for many growing seasons. While 

the top portion of the plant dies off over the winter, the plant typically grows on the same 
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root system the following year. Annual forages perform their entire growing cycle within 

one growing season and do not grow back the following year. When comparing legumes 

and grasses, grasses have more structural matter in their leaves while legumes have less 

structural matter and generally have a higher CP, digestible energy (DE), and Ca content. 

It is useful to research warm-season forage as it is an important aspect of pasture 

management to maximize yield in the summer months.  

Big bluestem, switchgrass, and Indiangrass are examples of the perennial warm-

season grass varieties used for forage. Big bluestem exhibits greater drought tolerance but 

tends to have lower yields compared to switchgrass (Smith et al., 2009). Switchgrass is a 

wide-leafed grass, with similar consistency to the cool-season grass, orchardgrass 

(Dactylis glomerata). Although this grass is high yielding, it is typically not preferred for 

use in horse pastures, as the species can cause liver damage (Lee et al., 2009). However, 

Reid et al. (1990) fed switchgrass hay to cattle, sheep, and goats and compared the results 

to orchardgrass, timothy (Phleum prantense), and alfalfa (Medicago sativa) hay. This 

study observed lower CP, digestibility, and intake and higher NDF concentrations in 

switchgrass compared to C3 grass hays and legumes. The authors concluded warm-season 

grasses have a decreased nutritional quality compared to cool-season grasses and legumes 

when fed as hay.  

Sudangrass and Sorghum-Sudangrass are two annual warm-season species 

commonly grazed by cattle. Sudangrass has been recorded to yield 11 to 19 MT ha
-1

 in 

either three or four cut management systems while sorghum-sudangrass was similar 

averaging between 11 and 18 MT ha
-1

 within the same management systems (Burger and 
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Hittle, 1967). In a study done by Worker and Marble (1968), sudangrass and sorghum-

sudangrass were evaluated under various maturities. This study observed an increase in 

yield and sugar with a decrease in ash, CP, and fat as the forage was allowed to mature. 

Delayed harvest also resulted in an increase in fiber when the forage reached the 

flowering stage. Over the 2-year study, sudangrass averaged 26.5 MT ha
-1

 while 

sorghum-sudangrass yielded 30.3 MT ha
-1

.   

Teff (Eragrostis tef) is another annual warm-season grass, originating from 

Ethiopia. While teff is not commonly grazed due to its shallow root system, numerous 

studies have evaluated the acceptability of teff hay by horses. Staniar et al. (2014) fed teff 

hay to horses at three maturities: boot stage, early heading, and late heading. This study 

revealed nutritional qualities such as DE, CP, Ca, P, copper (Cu), and Zinc (Zn) 

decreased with maturity as well as voluntary dry matter intake (DMI). Conversely, both 

NDF and NSC simultaneously increased with maturity. When fed to horses, hay 

harvested at the boot and early heading stage were accepted by horses while the DMI of 

the late heading teff hay was significantly lower. Additionally, the nutrient profile of teff 

hay was sufficient in meeting the nutritional requirements of mature horses. A similar 

study done by McCown et al. (2012) compared the acceptability of teff hay to timothy 

and alfalfa hays. Similar to the study done by Staniar et al. (2014), horses preferred teff 

hay cut at an earlier maturity however, the horses were unfamiliar with teff hay and 

discriminated against it in comparison to timothy and alfalfa hay.  

Grazing information on forage millets is limited and the information available is 

highly variable. Foxtail millet is also commonly referred to as Italian, German, Siberian, 
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or hay millet (Baltensperger, 1996).  This annual forage is characterized by slender, erect, 

leafy steams and growth between 50 and 150 cm. While DM yields of German millet can 

range from 7,270 to 8,860 kg DM ha
-1

 over 4 years (McCaughey et al. 2002) research has 

also shown limited regrowth for foxtail millets (Creamer and Baldwin, 2000). 

Pasture Non-Structural Carbohydrates 

During photosynthesis, plants go through carbon fixation in the presence of light 

and produce simple sugars. Excess sugars produced are converted into storage as fructans 

in C3 plants and as starch in C4 plants. Starch production and storage takes place in 

chloroplasts during a self-limiting process where starch production ceases when 

chloroplasts become saturated. Conversely, fructan accumulation in C3 plants is not self-

limiting and is translocated from leaf vacuoles to those of the stem for storage.  

Simple sugars and fructans comprise the water-soluble carbohydrate (WSC) 

fraction of the plant while the sum of simple sugars, fructans, and starch comprise NSC 

(Hall, 2014). Typically, warm season grasses have a lower NSC content compared to 

cool-season grasses because the storage of starch is self-limiting and there is no self-

limiting mechanism for the production of fructans in cool-season grass (C3) species 

(Longland and Byrd, 2006).  

Storage carbohydrates including simple sugars, fructans, and starch are believed 

to play a significant role in the development of metabolic disorders and laminitis (Geor, 

2009). Additionally, nearly half of all treated cases of laminitis occur in horses at pasture. 

As a result, pasture management and forages with a low NSC content can be utilized to 

prevent laminitis (Longland and Byrd, 2006).  
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Nitrate Buildup 

While all plants contain some nitrate, excessive levels can occur in forages as a 

result of stress or an abundance of nitrate in the soil. Two important factors contributing 

to nitrate buildup in plants include high rates of nitrogen fertilization and drought 

conditions (Vough et al., 2006). Nitrates are routinely absorbed by plant roots and 

incorporated in the plant tissue. However, during unfavorable conditions, the conversion 

process is delayed and nitrate buildup occurs in the stalks and stems of plants. When 

moisture conditions improve, the conversion process will accelerate and the nitrate 

content returns to a normal level. The forages most frequently accumulating excess 

nitrate include sudangrass, sorghum, pearl millet (Pennisetum glaucum), oats (Avena 

sativa), orchardgrass, and tall fescue (Festuca arundinacea; Vough et al., 2006).  

Nitrate content is a factor that needs to be considered when developing an 

animals’ diet. The nitrogen in nitrates is utilized by the animal to make protein and nitrite 

is an intermediate product during the conversion. However, when nitrate levels are high, 

they can overwhelm the animals’ digestive system and nitrite is created faster than it can 

be converted to ammonia. As a result, the excess nitrite is absorbed into the bloodstream 

where it reacts with oxygen-carrying hemoglobin. Through this reaction, hemoglobin 

becomes methemoglobin and it can no longer transport oxygen to the lungs and body 

tissues (Vough et al., 2006). Symptoms of nitrate toxicity are sudden, including dyspnea, 

extreme apprehension, weak heartbeat, low temperature, loss of coordination, blue 

coloration of the mucous membranes, dilation of the pupils, and marked respiratory 

distress as the animal literally suffocates (Vough et al., 2006). However, the toxicity level 
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is dependent on how much and how fast the nitrate is consumed and is more toxic in 

cattle than sheep or horses (Vough et al., 2006). 

While there is room to expand research regarding the lethal dose of nitrates in 

horses, some research has been performed to determine the impact nitrates have on horse 

health. Davidson et al. (1941) fed sheep, cattle, and one horse an extract made from straw 

high in KNO3 via stomach tube until death. When a 658 kg horse was fed 100 grams of 

KNO3 in the extract, the animal exhibited signs of nitrate poisoning within 20 minutes 

and died 1 hour and 20 minutes after administration of the extract. Other symptoms 

observed before death included a weak pulse, diarrhea, a 99.5°F temperature, colicky 

symptoms, sleepiness, lack of balance, labored breathing, inability to stand, and a 

grayish-brown colored tongue. 

Bradley et al. (1940) determined the effect of 50 grams of nitrate per 100 pounds 

of bodyweight in the horse. Within 11 hours of consumption, 54% of the hemoglobin was 

converted into methemoglobin in a 227 kg colt. Additionally, the colt was weak, ataxic 

and restless with profuse perspiration. The 331 kg mare did not exhibit signs until 21 

hours where she became ataxic, sweaty, and apprehensive as well. At this point, 67% of 

her hemoglobin had been converted into methemoglobin. The symptoms gradually 

disappeared and blood drawn 5 hours later showed a reduction (28%) of hemoglobin 

conversion into methemoglobin. However, when the mare was fed 100 grams of nitrate 

per 45 kg of bodyweight, she was down 20 hours post consumption at 67% hemoglobin 

conversion into methemoglobin and died shortly after at 70% conversion of hemoglobin 

into methemoglobin. 
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In a review performed by Oruc et al. (2010), nine horses in Bursa, Turkey died 

from nitrate poisoning. As a result, further details regarding this health concern were 

disclosed. The highest nitrate concentrations found in two grass samples had 9923 mg 

and 5581 mg of nitrate ion (NO3-N) per kg of dry matter. Lorgue et al. (1996) indicated 

an oral dose of nitrate between 61 and 152 g per animal can lead to acute poisoning in 

horses. In this case, horses consumed approximately 80 g per animal when considering 

pasture, concentrate, and drinking water. Additionally, lower amounts of nitrate levels, 

between 0.1% and 0.2%, have been known to affect pregnant animals, which could 

explain the greater impact on pregnant mares. 

When six non-pregnant mares were fed a high nitrate oat hay, containing between 

1.74% to 1.85% nitrates on a DM basis, the hematological differences in comparison to 

the control were not different (Burwash et al, 2005). The blood analysis evaluated 

methemoglobin, oxygenated hemoglobin, reduced hemoglobin, and hematocrit. However, 

a significant increase was observed in blood nitrate/nitrite levels within 3 hours of 

consumption of the high nitrate oat hay and did not return to baseline until 51 hours after 

feed withdrawal. Considering the methemoglobin did not increase in the blood analysis, 

these results suggest nitrate is absorbed in the small intestine and does not reach the 

cecum where it can be converted into nitrite by microbes. These findings suggest horses 

can safely consumer forages containing 2% nitrate without nitrate toxicosis.  

In a recent study, Hansen et al. (2016) evaluated the ability of soaking teff hay as 

a way to reduce nitrate concentrations. This study used teff hay containing high 

concentrations of nitrate (>2.0%) soaked in warm or cold water for 10 seconds, 1 hour, or 
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8 hours. The study revealed that soaking high nitrate teff hay in warm or cold water for 1 

h or longer reduced nitrate concentrations to a safe level for horses. However, soaking 

also reduced the concentrations of valuable nutrients in the hay.  

Prussic Acid Poisoning 

Prussic acid, also referred to as hydrocyanic acid (HCN), typically is not present 

in plants. However, the cyanogenetic glycoside, dhurrin, can degrade when the plant cells 

become damaged through conditions such as frosting, wilting, or stunting to form free 

HCN (Whittier, 2011).  The acid may then be metabolized into cyanide, which prevents 

the tissue from using oxygen by interfering with the cytochrome system. The cyanide 

molecules prevents the cells from using oxygen from the electron transport chain and 

cells die quickly (Faulkner and Parrett, 1999).  

The potential for prussic acid poisoning to occur increases in young plants, during 

periods of rapid regrowth, or during stressful situations such as drought or hot dry winds. 

Similar to nitrate buildup, prussic acid poisoning has a sudden onset with symptoms such 

as muscle tremors, rapid and difficult breath, dilated pupils, and bright pink mucous 

membranes and sudden death. Any forage analyzing more than 200 ppm HCN on an as-

fed basis is considered toxic (Whittier, 2011). Prussic acid poisoning can be prevented by 

being aware of weather conditions such as drought and frost, grazing pastures to a 

uniform height to prevent selective consumption leading to lush regrowth, rotational 

grazing, and a heavy stocking rate. 
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Protein and Amino Acids with Horses 

The goal when feeding protein to a horse is to provide adequate amounts in order 

for an ample concentration of amino acids to be circulating in the blood. When the amino 

acid requirements are met, the animal can synthesize tissues, hormones, and enzymes, as 

well as repair tissues (NRC, 2007). Individual amino acid requirements have yet to be 

determined for the horse, as a result, CP is the most common measurement used to 

balance protein in a horse’s diet and is calculated based on the N content of the feed. The 

problem with this measurement is that not all nitrogen is present in proteins , e.g., 

creatine, purine, and ammonium salts. As a result, this value does not accurately reflect 

the amount of protein the horse can digest and use (Briggs, 1997). Rather than focusing 

on nitrogen, the significance of feeding protein should be on amino acids requirements.  

This is extremely challenging due to the complexity and diversity of amino acid 

metabolism in the different tissues.  

Knowing the amino acid requirements are also important due to the restrictions of 

limiting amino acids. A limiting, or essential, amino acid refers to an amino acid which 

cannot be synthesized by the body in sufficient quantities to meet the requirements. 

Protein quality is directly dependent on the content of the most limiting amino acid 

relative to the horse’s needs. This means an amino acid imbalance can still occur if a 

second limiting amino acid is added to a diet when the first limiting amino acid is 

deficient. As a result, if a diet does not provide adequate quantities of essential amino 

acids, protein synthesis cannot proceed beyond the rate at which those amino acids are 
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available. Additionally, the necessary amino acids must be available at the same time; 

which is why they are known as limiting amino acids (NRC, 2007).  

Excess Protein Consumption 

Protein fed at a rate which exceeds amino acid requirements will not be used to 

synthesize proteins; excess protein is not stored. While little research has been done on 

excess protein consumption, feeding protein in excess of requirements has been a 

common practice in the horse industry (Harper, 2009). Horses are provided rations 

formulated with higher than the recommended dietary protein levels to ensure all 

essential amino acid requirements are being met. However this practice does not ensure 

that there is not a deficiency in any single, limiting amino acids (NRC, 2007). 

When excessive levels of protein are fed, the nitrogen is stripped away and the 

carbon skeletons of the excess amino acids are oxidized for energy or stored as fat and 

glycogen, but the amino nitrogen may be transferred to another carbon skeleton to make a 

non-essential amino acid or must be excreted as ammonia or urea. An increase in 

nitrogen excretion is capable of directly impacting the horse, as observed in other species 

(Funaba et al., 1996; Kim et al., 2011) through increased urine output; which may also 

lead to increased water requirements. The increase of urine output associated with excess 

protein can decrease the retention of Ca (Delimaris, 2013; Heaney, 2002; Roughead, 

2003); this may lead to problems including a decrease in bone mineralization as reviewed 

by Barzel and Massey (1998) and Delimaris (2013), and potentially lower bone density 

which can be especially problematic in exercising horses (Myburgh et al., 1990). 

Graham-Thiers et al. (1999, 2001) also concluded excess protein could result in a lower 
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blood pH in exercising horses at rest or completing sprints as a result of an acid-base 

balance interference.  

Nitrogen excretion, in the form of urea, can also indirectly impact horse health 

through the production of ammonia. When urea comes in contact with urease, an enzyme 

commonly found in feces, they react to form ammonia. Due to the high level of urease 

activity in feces, the conversion of urea to ammonia occurs rapidly after excretion. A 

study in Japan found the inhalation of high concentrations of ammonia is detrimental to 

the respiratory health of horses with signs of severe nasal discharge, swelling and 

irregular distribution of tracheal epithelium and edema of submucosa, and loss of nasal 

cilia (Katayama et al. 1995). High ammonia rates don’t only impact horses, agricultural 

workers exposed to ammonia contamination have exhibited headaches, eye irritation, and 

naseau (Schiffman et al., 2005). Additionally, Greger and Koneswaran (2010) found that 

25% of workers at swine concentrated animal feeding operations reported at least one of 

the following respiratory symptoms: asthma, bronchitis, acute respiratory distress 

syndrome, and organic dust toxicity syndrome. Respiratory health can be affected by 

ammonia due to its ability to react with other compounds to form particulate matter (PM) 

with a diameter of 2.5 microns or less (PM2.5). This specific classification of PM is 

concerning because the small size of the particles allows them to penetrate deep into the 

lungs.  

Environmental concerns are another factor to be considered when feeding excess 

protein. Estimations by FAO (2001) hold agriculture responsible for over 75% of 

ammonia emissions, with livestock contributing to the majority of ammonia production. 
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Three environmental concerns associated with excess nitrogen excretion include 

accumulation of nutrients in the soil, eutrophication in water, and global warming. First, 

excess nutrients in manure have the capability to leach into the soil. Sensitive crops 

including tomatoes, cucumbers, conifers, and fruit cultures can be damaged by over-

fertilization as a result of ammonia deposition (Van der Eerden et al., 1998). The 

deposition of ammonia on soils with a low buffering capacity also has the capability of 

causing soil acidification and basic cation depletion (Sheffield, 2012). Additionally, the 

leaching of nitrogen from manure is causing water nitrate to exceed tolerable levels. This 

form of nutrient enrichment can lead to harmful algal growth and the eutrophication can 

lead to a decline in aquatic species (Sharpley et al., 1994). Ammonia volatilization is also 

a concern as nitrate in the soil can be changed to ammonia gas (NH3), an emission 

effecting global warming (McCrory and Hobbs, 2001). In respect to greenhouse gases 

(GHG) responsible for trapping heat in the atmosphere, the global contribution to GHG 

emissions by the animal sector as a result of manure and urine is: 35 to 40% for CH4 and 

65% for N2O (Steinfield et al., 2006). These concerns bring up issues regarding the 

sustainability of natural resources. In horses, reducing the crude protein content of feed 

while supplying adequate amounts of amino acids would be one way to minimize these 

concerns. Additionally, waste management, specifically related to nitrogen excretion as a 

result of excess protein, is being measured in livestock and continues to be a concern. 

Protein Deficiency 

While there are concerns regarding excess protein in livestock diets, there are also 

detrimental impacts resulting from protein deficiency; adequate amounts of protein and 
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amino acids are needed for maintenance and growth of the horse. While protein 

deficiency rarely occurs as an isolated condition, low protein intake can lead to lack of 

growth, poor musculature, poor hair quality, reduced feed intake, and reduced hoof 

growth in horses (NRC, 1989). Additional physical signs of protein deficiency include 

weight loss in adult horses, fetal loss in pregnant mares, low milk production in lactating 

mares, and a loss of muscle in sedentary or exercising mature horses (NRC, 2007). It is 

obvious both excess protein and protein deficiency have damaging effects on horses, so it 

is important we find a balance by determining a ration based on the amino acid profile 

rather than CP.  

Unfortunately, determining an amino acid profile is not a simple task. Limitations 

on studies done in the whole horse can be traced to high costs associated with feeding and 

housing horses as well as confounding factors associated with other organs and body 

systems.  Additionally, horse euthanasia is highly controlled due to the conflicting role of 

the horse between livestock and a companion animal. 

Equine Skeletal Muscle 

Skeletal muscle represents the largest tissue mass in the horse, constituting 

approximately 50% of the horse's BW (Gunn, 1987).  Skeletal muscle is a composite 

structure of muscle cells, organized networks of nerves and blood vessels, and an 

extracellular connective-tissue matrix (Huard et al., 2002). This framework functions to 

produce joint movement and to support the regeneration process that occurs after injury.  

The basic structural element of the skeletal muscle is muscle fibers, also known as 

myofibers; a syncytium derived from the fusion of multiple myogenic precursor cells, or 
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myoblasts. These myoblasts fuse to form long, cylindrical, multinucleated myotubes that 

exhibit central nucleation. A myonuclei shift from the central to subsarcolemmal position 

allows the muscle cells to then be classified as myofibers. The sarcoplasm is the 

cytoplasm of a myofiber unit and contains a cellular matrix and organelles. Additionally, 

each myofiber is surrounded by a connective tissue layer known as the endomysium 

while a bundle of these myofibers is surrounded by the perimysium. Each myofiber unit 

also has a sarcolemma, or a plasma membrane surrounding the myofiber as well as a 

basal lamina or basement membrane; which is a 100 to 200-nm-thick external connective 

tissue layer comprised of proteins including collagen, fibronectin, laminin, and many 

glycoproteins (Gates and Huard, 2005).  

The capacity of skeletal muscle to regenerate after injury was documented 

primarily in German literature in the mid-19
th

 century (Scharner and Zammit, 2011). 

However, it wasn’t until Alexander Mauro (1961) detected the satellite cell that cellular 

regenerative potential was fully recognized.  These mononucleated cells lie under or are 

embedded in the basal lamina of the myofiber while remaining in contact with the plasma 

membrane (Soeta et al., 1998). Satellite cells are an important component of the muscle; 

while they are quiescent during most of adult life, they can become activated following 

injury, stress, or exercise and play a key role in the muscle regeneration process 

(Baquero-Perez et al., 2012; Huard et al., 2002). After activation, satellite cells divide and 

differentiate to contribute to muscle hypertrophy by adding new nuclei to preexisting 

fibers as satellite cell progeny, also known as myoblasts. Myoblasts then undergo 
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repeated mitosis in order to fuse into pre-existing myotubes or form new myotubes, 

which is similar to embryological development of muscles (Baquero-Perez et al., 2012). 

The rate of growth during the neonatal period surpasses all other stages of 

postnatal life, and skeletal muscle is responsible for the majority of the mass increase. 

The neonatal period is classified as the time when an animal is dependent on their 

caretakers for nutrition, which can also be described as up until weaning; this stage 

coincides with the attainment of full biochemical and functional maturity of the skeletal 

muscle. Growth can occur when the rate of protein synthesis exceeds the rate of protein 

degradation; which can be attributed to the accelerated rates of protein synthesis in 

neonates alongside the rapid accumulation of muscle nuclei (Davis et al., 2009). The 

enhanced activation of insulin and amino acid signaling components in skeletal muscle 

contributes to the rapid gain of skeletal muscle protein mass in neonates.  

By using satellite cells derived from equine skeletal muscle in cell culture, a 

controlled environment, including specific media contents, timing, and order of 

applications, is created to analyze the direct impact of numerous variables on the muscle.  

Importance of Muscle Cells in Culture 

Skeletal muscle can be isolated and studied in vitro to evaluate various aspects of 

skeletal muscle biology (Baquero-Perez et al. 2012). Previous studies have developed a 

method to isolate equine satellite cells from equine skeletal muscle (Greene and Raub, 

1992). Considering protein is the largest nonwater component of muscle, constituting 

approximately 65% of the dry mass of equine skeletal muscle (Badiani et al., 1997), 
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evaluating satellite cells isolated from skeletal muscle in culture is a valuable technique 

to study amino acids in the horse.  

While satellite cells are more prominent in young muscle, they are present in 

mature skeletal muscle in a mitotically quiescent state (Moss and Leblond, 1971; Schultz 

et al., 1978). Satellite cells play a key functional role in postnatal muscle growth and 

development (Moss and Leblond et al., 1971) as well as regeneration of injured muscle 

tissue (Heslop et al., 2000; Shiaffino et al., 1976). By studying these cells in culture, 

under controlled conditions, it is possible to determine external and internal factors that 

may play a role in enhancing growth and development in young horses as well as 

enhanced muscle recovery in injured horses.  

 Unfortunately, there are some setbacks with using muscle cells in culture. While 

research done by Allen et al. (1979) suggests myoblasts in culture can fuse into 

multinucleated myotubes accumulating muscle-specific protein, differentiation may be 

incomplete as myotubes express embryonic or neonatal isoforms of contractile proteins 

(Minty et al., 1982; Whalen, 1980) and enzymes (Iannaccone et al., 1982; Perriard et al., 

1982). While these concerns need to be recognized, the ability to culture and isolate 

satellite cells allows us to analyze intrinsic properties of satellite cells in the absence of 

changing environmental factors.  

Leucine 

Dietary amino acids stimulate protein synthesis following food intake (Gautsch et 

al., 1998; Yoshizawa et al., 1995 and 1998). The anabolic effect of amino acids can be 

attributed to two main factors 1) increased amino acid supply to the muscle resulting in 
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greater substrate availability for peptide synthesis and 2) amino acids functioning as 

nutritional signaling molecules to regulate mRNA translation. Leucine plays these dual 

roles.  Moreover, research also suggests that leucine can regulate not only protein 

metabolism but also lipid metabolism. However, leucine stimulated muscle protein 

synthesis only occurs when a sufficient supply of amino acids and substrates for protein 

synthesis are available (Escobar et al., 2005). As a result, leucine cannot independently 

enhance muscle protein synthesis without other amino acids to maintain the plasma 

concentration.  

The binding of mRNA to 43 S ribosome, is a principal site in regulation of 

translation initiation and has been known to be facilitated by leucine. This occurs as oral 

administration of leucine increases the availability of eIF4E due in part to leucine 

dependent hyper-phosphorylation of the translation repressor 4E-BP1. Phosphorylation of 

4E-BP1 decreases its affinity for eIF4E and allows it to form the eIF4G•eIF4E complex 

to increase translation initiation. Additionally, increased activity of the ribosomal protein 

S6 kinase (S6K1) has been associated with protein synthesis under conditions 

encouraging 4E-BP1 phosphorylation (Sonenberg, 1996). Anthony et al. (2000b) 

demonstrated the ability of leucine to enhance the phosphorylation state of S6K which 

suggests leucine has the ability to hyperphosphorylate both 4E-BP1 and S6K1 through a 

common signaling pathway. The activation of these key targets involved in translation 

initiation following leucine infusion indicates leucine may stimulate protein synthesis in 

an mTOR dependent manner (Escobar et al., 2005).  
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Signaling Pathways 

Amino acids play an important regulatory role on cellular processes as previous 

research has demonstrated their ability to increase protein synthesis (Anthony et al., 

2000a, 2000b; Svanberg et al., 1997) via enhanced mRNA translation (Buse and Reid, 

1975; Buse et al., 1979; Kimball et al., 1998). These processes are dependent upon 

activation of the rapamycin-sensitive mTOR pathway (Tremblay and Marette, 2001).   

In the mTOR pathway, translational control by amino acid-dependent signaling 

leads to the phosphorylation of p70S6k and 4E-BP1, two translational modulators located 

downstream of mTOR. In contrast, cells deprived of amino acids show a rapid decline in 

the phosphorylation of p70S6K and 4E-BP1 (Hara et al., 1998; Iiboshi et al., 1999 ;Wang 

et al., 1998). 

Previous Studies 

Multiple studies have been done in horses to determine how these pathways may 

be related to dietary amino acids. Wagner et al. (2012) looked at the ability of a high-

protein meal, following by an 18-hour period of feed-withholding, to stimulate the mTOR 

pathway, This study determined there was feeding-induced activation of translation 

initiation factors in the mTOR pathway including protein kinase B (Akt), p70 riboprotein 

S6 kinase (S6K1), riboprotein S6 (rpS6) and eukaryotic initiation factor 4E binding 

protein 1 (4EBP1). These translation initiation factors were compared across yearling, 

two year old, and mature horses. The results showed an increase in phosphorylation of 

Akt, S6K1, rpS6, and 4EBP1 at the postprandial state alongside an elevated plasma 

glucose, insulin, and amino acid concentrations regardless of age. These results also 
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indicated an increase in phosphorylation of S6K1 and rpS6 in yearlings and mature 

horses compared to two year olds.  

Additionally, Wagner et al. (2013) used the mTOR pathway to look at the impact 

advanced age has on whole-body protein synthesis. Mature horses were compared to 

aged horses and the muscle biopsies were performed to complete western immunoblot 

analysis to measure the activation of Akt, S6K1, rpS6, and 4EBP1. The results of this 

study showed advanced age had no effect on whole-body protein synthesis or increase in 

the phosphorylation of Akt, rpS6 or 4EBP1, even though aged horses had 42% lower 

phosphorylation of S6K1 than mature horses. 

A study performed by Urschel et al. (2011) determined the effect of refeeding 

after an 18 hour fast on translation initiation factors in the skeletal muscle of the mature 

horse. This study used a muscle biopsy from the gluteal muscle to measure the 

phosphorylation of translation initiation factors. These values were compared to plasma 

glucose, insulin, and amino acid concentrations from blood samples taken throughout the 

period. An increase in phosphorylation was observed in rpS6 and 4EBP1 as a result of 

refeeding. Additionally, higher plasma insulin, glucose and amino acid concentrations 

were observed during the postprandial compared to the post-absorptive state. These 

results suggest refeeding increases the rates of muscle protein synthesis in adult horses 

which may be mediated by the amino acid concentrations. 

More recent work done by Urschel et al. (2014) measured the role of insulin in 

regulating whole-body and muscle protein metabolism in horses. This study evaluated 

changes in plasma amino acid concentrations and activation of the mTOR signaling 



 

  26 

pathway in skeletal muscle of horses in response to graded rates of insulin infusion. 

Results indicated that insulin infusion increased amino acid utilization as well as 

upstream and downstream mTOR signaling in mature horses. These findings suggest 

insulin infusion has the capability of leading to whole-body and muscle protein synthesis 

in mature horses.   

mTORC1 

The mammalian target of rapamycin (mTOR) is a Serine/Threonine kinase 

responsible for cellular processes including cell metabolism, growth, proliferation, and 

migration (Easton and Houghton, 2006; Fingar et al., 2002; Sarbassov et al. 2005; Varma 

and Khandelwal, 2007; Wang and Proud, 2006; Wullschleger et al., 2006). More 

specifically, the rapamycin-sensitive mTOR complex 1 (mTORC1), consisting of mTOR, 

Raptor, and mLST8 (Previously known as GBL), regulates protein synthesis and cell 

growth by phosphorylating two regulators of protein synthesis: the ribosomal S6 kinase 

(S6K1) and the inhibitory partner of the translation initiation factor 4E binding protein 1 

(4E-BP1; Fingar et al., 2002). These downstream targets of mTORC1 influence 

translation initiation and elongation.  

When S6K1 becomes activated, it can phosphorylate nine different targets. One of 

these targets includes ribosomal protein S6 (rpS6); it has been reported that the 

phosphorylation of rpS6 will enhance cell size and proliferation (Ruvinsky et al., 2005). 

The phosphorylation of 4E-BP1 by mTORC1 inhibits the binding of eukaryotic initiation 

factor (eIF) 4E to 4E-BP1 to promote eIF4E to complex with eIF4G to enhance the 
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translation initiation complex formation (Hay and Sonenberg, 2004; Ma and Blenis, 

2009; Polak and Hall, 2009).  

The functions of the mTORC1 complex can be regulated by various proteins 

responding to nutrients, hormones, and muscle contractions (Laplante, 2009); these 

proteins include Akt (protein kinase B) and amino acids. Akt can activate mTORC1 by 

direct phosphorylation as well as indirectly by phosphorylating (and inhibiting) tuberous 

sclerosis complex 2 (TSC2; Hahn-Windgassen et al., 2005). mTORC1 is also positively 

regulated by amino acids, most specifically leucine (Anthony, 2000b).  

 Qian et al (2010) expanded the idea of mTORC1 regulation by demonstrating the 

ability of mTORC1 to sense protein misfolding and assisting in the regulation and 

balance between protein synthesis and degradation. In favorable nutrient conditions, 

mTORC1 stimulates mRNA translation and ribosomal biogenesis to promote cytosolic 

protein synthesis and cell proliferation; while mTORC1 activity can be inhibited when 

amino acids are scarce to down-regulate protein synthesis in the cytosol (Hara et al., 

1998; Hay and Sonenberg, 2004; Wang et al., 1998; Zoncu et al., 2011). These findings 

suggest the mTORC1 complex plays an important regulatory role during the hypertrophy 

process of skeletal muscles.  

4E-BP1 

The phosphorylation of 4E-BP1 is thought to be a downstream regulator of 

protein synthesis through the mTOR pathway (Figure 1.1). As a small protein, 4E-BP1 is 

a repressor protein of eukaryotic initiation factor 4E (eIF4E) and can impact 

eIF4G•eIF4E complex assembly. Acting as one of the eukaryotic initiation factors 
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composing eIF4F, eIF4E is a protein that binds directly to the m
7
GTP cap structure 

present at the 5’ end of most eukaryotic mRNAs. Considering nearly every mammalian 

mRNA contains the m
7
GTP cap structure at its 5’ end, eIF4E activity has a critical role in 

determining global rates of mRNA translation. The eIF4E•mRNA complex then binds to 

eIF4G, a large polypeptide acting as a scaffold protein, to bring the eIF4E•mRNA 

complex and 43S preinitiation complex together to allow initiation to proceed. The 

availability of eIF4E to bind eIF4G is dependent upon the phosphorylation of 4E-BP1 as 

4E-BP1 competes with eIF4G for the binding site on eIF4E, giving 4E-BP1 the ability to 

sequester eIF4E into an inactive complex (Haghihat et al., 1995; Mader et al., 1995). In 

contrast, the phosphorylation of 4E-BP1 through the mTOR, inhibits its ability to 

sequester eIF4E (Hay and Sonenberg, 2004; Ma and Blenis, 2009; Polak and Hall, 2009).  

In a study done by Vary and Lynch (2006), meal-feeding in rats resulted in 

increased phosphorylation of 4E-BP1 corresponding with a decreased abundance of the 

4E-BP1•eIF4E complex. Conversely, they observed a meal feeding-induced increase in 

eIF4G phosphorylation to stimulate eIF4G•eIF4E assembly, which correlates with 

protein synthesis.  The assembly of the eIF4G•eIF4E complex is dependent on the 

availability of eIF4E as well as the phosphorylation of eIF4G. Considering the 

phosphorylation of 4E-BP1 reduces the binding affinity for eIF4E, 4E-BP1 

phosphorylation relieves translation repression by allowing eIF4E to bind to eIF4G and 

thereby reducing 4E-BP1•eIF4E complex assembly. While the mechanism associating 

meal-feeding with eIF4G phosphorylation and eIF4G•eIF4E complex assembly remains 
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unknown, the phosphorylation of eIF4G has been correlated with conditions to stimulate 

protein synthesis (Bolster et al., 2004; Raught et al., 2000).  

4E-BP1 plays an important role in protein synthesis by influencing eIF4E 

availability. Considering skeletal muscle in diabetic (Kimball et al., 1996) and overnight-

fasted mice (Svanberg et al., 1997) have shown an increase 4E-BP1•eIF4E association, a 

decrease in the phosphorylation of 4E-BP1, as well as a decrease in the eIF4G•eIF4E 

complex, these conditions support the suggestions that binding of 4E-BP1 and eIF4G to 

eIF4E is mutually exclusive and can be regulated by 4E-BP1 phosphorylation. In a study 

done by Gautsch et al. (1998), prolonged exercise also demonstrated an increase in the 

4E-BP1•eIF4E complex and a decrease in the presence of eIF4G in the eIF4E 

immunoprecipitate. This study suggested feeding a protein component in the diet during 

exercise recovery is necessary in order to stimulate translation initiation the skeletal 

muscle. 

Ribosomal Protein S6 

Alongside 4E-BP1, p70
S6K 

and rpS6 are additional downstream translational 

modulators of mTOR (Figure 1.1). The rapamycin p70 S6 kinase (p70
S6K

) signaling 

pathway has recently been suggested to be a major regulator of protein synthesis in 

skeletal muscle. Ohanna et al. (2005) even found the genetic removal of p70
S6K

 gene 

resulted in smaller skeletal muscle mass. Previous research has indicated deprivation of 

amino acids in cells results in a rapid decline of p70
S6K

 and 4E-BP1 phosphorylation 

which can be rapidly reversed after amino acid re-addition in a rapamycin-sensitive 

manner. Additionally, insulin-induced phosphorylation of p70
S6K

 and 4E-BP1 is greatly 
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increased in the presence of amino acids in Chinese hamster ovary cells (Hara et al., 

1998). 

 Five Serine residues associated with 40S rpS6 have the capability of being 

phosphorylated by mammalian S6K including Ser
235/236/240/244/247

.  The phosphorylation of 

these five serine residues is known to occur at the carboxyl terminus of rpS6 in higher 

eukaryotes (Krieg et al., 1988). The phosphorylation begins with Ser
236

 and proceeds 

sequentially with Ser
235

, Ser
40

, Ser
244

, and Ser
247

 (Martin Pérez and Thomas, 1983; 

Meyuhas, 2008, 2015; Wettenhall et al., 1992). The phosphorylation of these serine 

residues are known to be major substrates for p70
S6K

 and ultimately promotes 

transcription of genes necessary for ribosome biogenesis to occur (Chauvin et al, 2014). 

Protein Synthesis 

Hypertrophy and atrophy of muscle mass is determined by relative rates of muscle 

protein synthesis; which can be impacted by nutritional (Svanberg et al., 1996; 

Yoshizawa et al. 1998) and hormonal (Umpleby and Russell-Jones, 1996) status, physical 

activity or inactivity (Ferrando et al., 1996), age (Forbes and Reina, 1970), and 

pharmacological therapies (Diaz et al., 2015). While skeletal muscle has a vital 

mechanical role, skeletal muscle protein has the capacity to store energy and amino acids 

to be used during injury, starvation, or disease to fulfill an important metabolic role 

(Rennie and Tipton, 2000). However, the ability of the muscle to store energy and amino 

acids is dependent on the dynamic state of muscle protein mass. As a result, having the 

capability to measure muscle protein synthesis is an important factor to determine the 

functionality of the muscle both mechanically and metabolically.  
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Previous methods used to measure muscle protein synthesis have centered around 

measuring the incorporation of a radioactively labeled tracers into proteins. While these 

methodologies can be very successful, expensive equipment and specialized techniques 

complicate the use of these approaches. High costs can be associated with the use and 

disposal of a radioactive tracer, administrative and record-keeping costs, as well as 

equipment such as scintillation counters. Radioactive tracers may also lack the sensitivity 

required to detect protein synthesis differences between cells within the same tissue. 

Recent work has developed a nonradioactive technique known as surface sensing 

of translation (SUnSET; Schmidt et al., 2009). In order to detect puromycin incorporation 

into nascent peptide chains, antibiotic puromycin (a structural analog of tyrosyl-tRNA) 

and anti-puromycin antibodies are used (Nathans, 1964; Schmidt et al., 2009). The 

incorporation of puromycin is a measurement of puromycin-conjugated peptides and 

accurately reflects the rate of protein synthesis (Nakano and Hara, 1979; Schmidt et al., 

2009). Most of the current research regarding this study has been done in the skeletal 

muscle due to high interest in identifying the molecular metabolism relating to skeletal 

muscle protein synthesis (Goodman et al., 2011).  Research performed by Goodman et al. 

(2011) was the first study to use this nonradioactive technique to measure changes in 

protein synthesis ex vivo and in vivo in whole tissues via western blots and at a single-cell 

level via immunohistochemistry. These techniques were validated in this study and 

demonstrate the ability to visualize and quantify protein synthesis as well as eliminate the 

need for radioactivity in either tissues or animals.  
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Figure 1.1. The phosphorylation cascade of the mTOR signaling pathway resulting from 

leucine intake. Leucine phosphorylates mTOR which in turn phosphorylates downstream 

effectors S6K1 and 4E-BP1. The phosphorylation of S6K1 phosphorylates multiple other 

sites including ribosomal protein S6 (rpS6) and leads to protein synthesis. The 

phosphorylation of 4E-BP1 at numerous serine residues inhibits the ability of 4E-BP1 to 

sequester eIF4E into an inactive complex, inhibiting translation initiation. This allows 

eIF4E to bind with eIF4g, resulting in translation initiation. 
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Summary 

 Warm-season grasses have the potential to provide forage in Upper Midwest pastures.  

The objectives of this research were to determine yield, forage nutritive value and 

preference of annual warm-season grasses under horse grazing.  Four adult horses (Equus 

caballus) grazed Japanese millet (Echinochloa esculenta (A. Braun) H. Sholz) Siberian 

millet (Setaria italica (L.) P. Beauv.), teff  (Eragrostis tef  (Zucc.) Trotter) sorghum 

sudan BMR (Sorghum bicolor (L.) Moench), sudangrass (Sorghum sudanense (Piper) 

Stapf.), and annual ryegrass (Lolium multiflorum L.) at mature and vegetative stages. 

Forages were seeded in two separate plots utilizing a randomized complete block design 

with three replicates per plot. Each plot was grazed at a distinct target maturity and each 

maturity was grazed a minimum of three times each grazing season over a two-year 

period. Sudangrass was consistently the highest yielding grass (P ≤ 0.0002), producing   
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≥ 5.5 MT ha
-1

 at the vegetative stage and ≥ 9.7 MT ha
-1

 at the mature stage while 

Japanese and Siberian millet exhibit the lowest yields at ≤ 5.5 MT ha
-1

 at the vegetative 

stage and ≤ 6.3 MT ha
-1

 at the mature stage. Annual ryegrass was the most preferred 

grass (P ≤ 0.0057) with ≥ 60% removal at  the vegetative stage and ≥ 40% removal at the 

mature stage. Siberian millet was the least preferred grass with ≤ 40% removal at the 

vegetative stage and ≤ 5% removal at the mature stage. While warm-season grasses meet 

the nutritional requirements of many classes of horses, Ca:P under 1:1 was observed as 

well as high NO3-N levels. These conditions could lead to limited mineral availability 

and possible nitrate toxicity. While teff and sudangrass have potential to be grazed by 

horses, Ca:P and NO3-N levels should be determined before grazing. 

Introduction 

Forage is a valuable and affordable feedstuff for horses and is commonly 

provided as fresh pasture and preserved hay. However, the cost of purchasing and storing 

hay is higher relative to the cost of feeding pasture (McCormick et al., 2006). 

Fortunately, well-managed pasture has the capability to meet or exceed the energy 

requirements for many classes of adult horses (NRC, 2007). Pastures in the Upper 

Midwest mainly consist of perennial cool-season grasses such as Kentucky bluegrass 

(Poa pratensis L.) and orchardgrass (Dactylis glomerata L.) with yields ranging from 

6,100 to 7,082 kg ha
-1

 (Martinson et al., 2016). Unfortunately, many cool-season grasses 

go through a summer slump during the warmest and driest times of the grazing season 

(Roberts et al., 2009), greatly reducing cool-season grass production and quality 

(Riesterer et al., 2000).  To better optimize seasonal distribution of forage production for 
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grazing livestock, pasture systems have been proposed that include multiple species with 

different patterns of seasonal growth and development (Jung et al., 1985). Cool-season 

grasses produce most of their growth in early spring and fall, while the majority of warm-

season grass growth is observed during the summer. Most research on grazing warm-

season pasture species has been conducted using beef cattle and lambs (Kiesling et al., 

1997; Moore et al., 2004; Tracy et al., 2010) with no known research conducted with 

horses.  

Warm-season annual forages, including sudangrass (Sorghum sudanense (Piper) 

Stapf.), sorghum-sudan (Sorghum bicolor (L.) Moench) hybrids, teff (Eragrostis tef 

(Zucc.) Trotter), and forage millet (Echinochloa esculenta (A. Braun) H. Sholz; 

Pennisetum glaucum (L.) R.Br.) cultivars have potential to provide forage during the 

summer grazing season in the North Central U.S. (Peterson, et al., 2003). Previous 

research compared annual and perennial warm-season grasses under cattle grazing and 

demonstrated similar yields and animal performance between sorghum-sudangrass 

cultivars and eastern gamagrass (Tripsacum dactyloides L.; Tracy et al., 2010). Sorghum-

sudangrass and sudangrass yields were between 6.7 and 18 MT ha
-1

 under livestock 

grazing (Burns and Wedin, 1964; Worker and Marble, 1968).  Sorghum-sudangrass crude 

protein (CP) ranged from 4.3% to 12.6% and neutral detergent fiber (NDF) ranged from 

63.1% to 72.2% (Beck et al., 2007) under livestock grazing, while sudangrass had 

slightly lower CP values (Farhoomand et al., 1968). Staniar et al. (2010) and McCown et 

al. (2012) determined teff was palatable and met most nutritional requirements of adult 

horses when fed as hay. Additionally, teff withstood multiple cuttings and yielded > 9 
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MT ha
-1

 when cut for hay production (Roseburg et al., 2005; Norberg et al., 2006). When 

forage millet cultivars were grazed by sheep, they were more nutrient dense when 

compared to sorghum and Japanese millet (Echinochloa esculenta (A. Braun) H. Sholz) 

resulted in the greatest palatability (Hedges et al., 1978).  

However, nitrate accumulation is a concern for livestock grazing warm-season 

grasses (Bradley et al., 1940; Davidson et al., 1941; Oruc et al., 2010). Nitrate 

accumulation may be the result of abundant N fertilization or stressful environmental 

conditions including drought or frost (Bolan and Kemp, 2003). While horses are more 

tolerant of high nitrate concentrations compared to other livestock, nitrate toxicity has 

been documented in horses (Bradley et al., 1940; Burwash et al., 2005; Davidson et al., 

1941; Oruc et al., 2010). Oral nitrate doses between 61 and 152 g per animal has led to 

acute nitrate poisoning in horses (Lorgue et al, 1996) while a case report performed by 

Oruc et al. (2010) demonstrated nitrate poisoning at 80 g per animal.  

Although past research has investigated the forage yield and nutritive value of 

annual warm season grasses grazed by cattle and sheep, limited research is available on 

annual warm-season forages under horse grazing. Therefore, the objectives of this 

research were to determine yield, forage nutritive value, and preference of annual warm-

season grasses at two maturities when grazed by horses. 

Materials and Methods 

Research was conducted in St. Paul, MN (44°59’14” N, 93°10’37” W) in 2014 

and 2015.  A seedbed was prepared using multiple disking and field cultivation passes 

prior to planting.  On May 30, 2014 and May 29, 2015, grasses were planted in 
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monoculture in a randomized complete block with three replicates. Two separate 

experiments were established to allow grass grazing at two maturities. Grasses were 

grazed at a vegetative (early stem elongation) and mature (early boot stage) stage of 

growth.  Grass maturity of the main stem was determined using a scale developed by 

Moore et al. (1991), where emergence of first leaf was equal to 1.0, onset of stem 

elongation was equal to 2.0, and boot stage was equal to 3.0.  Grasses included VNS 

Japanese millet, ‘Red’ Siberian millet (Setaria italica (L.) P. Beauv.), ‘Summer 

Lovegrass’ and ‘PCS 6010’ teff, ‘PCS 2020’ sorghum sudan BMR, ‘PCS 3010’ 

sudangrass, and ‘Jumbo’ annual ryegrass (Lolium multiflorum Lam.) seeded at 40, 40, 

13.5, 13.5, 40, 50, and 25 kg/ha, respectively.  Annual ryegrass was included as an annual 

cool-season grass control.  Plot size was 1.8 x 6.1 m.  The soil was a Waukegan silt loam 

(fine-silty over skeletal, mixed, superactive, mesic Typic Hapludoll) with a soil pH of 

6.6, 18 ppm P, and 85 ppm K, and 12.64 ppm NO3-N; no additional soil amendments, 

other than N, were required based on Minnesota fertility guidelines. In both 2014 and 

2015, 45 kg N ha
-1

 was applied prior to planting. 

 One day prior to the initiation of grazing, forage yield and forage nutritive values 

were determined by hand-harvesting random triplicate 0.51 x 0.51 m areas within each 

plot to a height of 10 cm.  Samples were dried for 24 h at 60º C and weighed to determine 

dry matter (DM). Dry matter percentage was used to adjust wet yields to a dry matter  

After drying, samples were ground through a 6-mm screen in a Wiley mill (Thomas 

Scientific, Swedesboro, NJ) followed by a 1-mm screen in a Cyclotec (Foss, Eden 

Prairie, MN).  Samples were mixed thoroughly and subsamples were analyzed for forage 



 

  51 

nutritive value by a commercial forage testing laboratory (Equi-Analytical, Ithaca, NY) 

using the following methods.  Crude protein was calculated as the percentage of N 

multiplied by 6.25 (method 990.03; AOAC, 2010).  Neutral detergent fiber was measured 

using filter bag techniques (Ankom Technology, 2013).  Starch concentrations were 

determined using a glucoamylase enzyme and measuring dextrose in an automated 

biochemical analyzer (YSI 2700 select biochemistry analyzer, YSI Incorporated, Yellow 

Springs, OH). Ethanol soluble carbohydrates and water soluble carbohydrates (WSC) 

were measured using techniques described by Hall et al (1999). Non-structural 

carbohydrates (NSC) were mathematically estimated by adding WSC plus starch 

(Longland and Byrd, 2006). Mineral concentrations were determined (Thermo Jarrell Ash 

IRIS Advantage HX Inductively Coupled Plasma Radial Spectrometer, Thermo 

Instrument Systems Inc., Waltham, MA) after microwave digestion (Microwave 

Accelerated Reaction System, CEM, Mathews, NC). Equine digestible energy (DE) was 

calculated using an equation developed by Pagan (1998).  Nitrate-nitrogen (NO3-N) 

concentrations were measured by a RQflex reflectometer method (Merck). 

The mature and vegetative plots were grazed separately for four hours when the 

grasses reached the average target maturity.  The four hour grazing length was selected 

based on estimated available herbage mass, estimated horse intake (Glunk and Siciliano, 

2011), and to allow for determination of horse preference while achieving a minimum 

average residual height of 10 cm to avoid over-grazing. In 2014, four adult stock-type 

horses grazed the vegetative growth stage on July 8, July 31, and August 26 and at the 

mature growth stage on July 14, August 14, and September 24.  In 2015, four adult stock-
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type horses grazed the vegetative growth stage on June 30, July 20, August 19, and 

September 29 and the mature growth stage on July 10, August 10, and September 22.   

All horses had ad libitum access to water throughout the study.  When not grazing, horses 

were housed in a dry lot and fed a mixed cool-season perennial grass hay.  Immediately 

after grazing, horse preference was determined by visually assessing the percentage of 

available forage removed on a scale of 0 (no grazing activity) to 100 (100% of the 

existing vegetation grazed down to 10 cm).  A similar approach has been successfully 

used on a diversity of species in Minnnesota (Marten et al., 1987; Ehlke et al., 2003; 

Allen et al., 2013).  Plants that were trampled were evaluated for preference using the 

same scale.  Upon completion of grazing, manure was removed and plots were mowed to 

a height of 10 cm and allowed to regrow.  All experimental procedures were conducted 

according to those approved by the University of Minnesota Institutional Animal Care 

and Use Committee. 

Data was analyzed using the MIXED procedure of SAS (version 9.4; SAS 

Institute Inc., Cary, NC).  Individual plots were the experimental unit, and statistical 

significance was set at P ≤ 0.05.  When analyzing the data, effects of year were 

significant and were analyzed separately. Replicate was considered a random effect and 

grass species was designated as a fixed effect.  Means are the least square means of the 

MIXED procedure (± SE), and mean separations were determined using Tukey’s HSD 

test.  Variables analyzed included maturity, yield, percent removal (preference), CP, 

NDF, NSC, Ca, P, DE, and NO3-N.  Weighted means were used to average preference 
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and forage nutritive values across grazing events and yield was the total for all grazing 

events. 

Results and Discussion 

Precipitation and Temperature 

  During the 2014 and 2015 grazing season, average monthly temperatures were 

mostly near historical averages (Figure 1.1), while precipitation over the growing season 

was slightly above average (Figure 1.1). The warmer monthly temperature in September 

2015 provided ideal growing conditions for the warm-season grasses and likely 

contributed to the fourth grazing event observed that year. 

Maturity 

  During both years, grass maturity was different between the vegetative and 

mature growth stages (P ≤ 0.0087) and among species (P ≤ 0.009), except during the 

mature grazing in 2014 (P = 0.2606; Table 2.1). At the vegetative stage, maturity ranged 

from the second leaf collared (1.6) to third node palpable (2.7).  At maturity, grass 

maturity ranged from the onset of stem elongation (2.0) to spikelets fully emerged (3.3). 

Yield 

  Differences in yield were observed across years and species; however, similar 

trends were observed (P ≤ 0.0002; Table 2.2). Compared to 2015, 2014 yields were lower 

(P ≤ 0.0457) for all forages except for both varieties of teff at the mature stage.   

  Sudangrass consistently had the highest yield across both years and maturities 

ranging from 5.5 to 21.3 MT ha
-1

. Japanese millet, Siberian millet and annual ryegrass 

were among the lowest yields forages ranging from 1.5 to 6.3 MT ha
-1

. There was no 
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difference in yield between the two teff varieties.  Teff was among the highest yield 

forages in 2014 but the lowest yielding in 2015. These changes could be a result of 

increased horse preference during 2015 which resulted in increased grazing pressure and 

over-grazing. 

   Similar to 2015 yield results, Worker and Marble (1968) determined sudangrass 

and sorghum sudangrass yielded 18 MT ha
-1

 when grazed for multiple years. Burns and 

Wedin (1964) determined that sudangrass yielded 6.7 MT ha
-1

 when grazed which is 

similar to results observed in 2014   Limited yield data exists for teff and millet species 

under livestock grazing.  Teff yield has been evaluated under a hay production system.   

Roseburg et al. (2015) and Norberg et al. (2006) determined teff yields ranged from 9 to 

13.5 MT ha
-1

 when the forage was harvested for hay. While these results are higher than 

the yields observed in the current study, a hay production system lacks the pressure and 

stress that livestock induce on forages during grazing (Klejin and Steinger, 2002). These 

results indicate that annual warm-season grasses, with the exception of Siberian and 

Japanese millet, have the potential of being productive pasture species under horse 

grazing.  

Yield Distribution 

  Regrowth potential of forages is an important consideration when selecting 

pasture species.   Annual ryegrass, teff, sudangrass and sorghum sudangrass had multiple 

regrowth periods following grazing throughout the grazing season while Siberian and 

Japanese millet had limited forage regrowth following the initial grazing (Data not 

shown). Siberian millet did not exhibit any regrowth while Japanese millet exhibited 
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regrowth for two grazings in 2014 and three grazings in 2015. These results mirror total 

yield and help to confirm that Japanese and Siberian millet are not ideal species for a 

pasture system.  

Creamer and Baldwin (2000) reported no regrowth of Japanese millet after the 

first mowing. When yield distribution was evaluated in sorghum-sudangrass cultivars, an 

average reduction of 0.15 to 0.2 Mg ha
-1

 was observed after each grazing with the first of 

four harvests representing an average of 68% of the cumulative DM yield (Fontaneli et 

al., 2001). The reduction in yield is believed to be a result of abiotic factors, stage of 

plant development, type of tissue removed during harvests, depletion of organic reserves, 

reduction of tiller number, and/or timing of apical meristem removal (Chapman and 

Lemaire, 1993; Richards, 1993).  

Nutritional Values 

  Forage crude protein concentration differed (P ≤ 0.0002) among grasses, with the 

exception of the mature growth stage in 2014 (Table 2.3-2.6). Annual ryegrass had the 

greatest CP concentrations ranging from 24 to 30% while sudangrass had the lowest CP 

concentrations ranging from 17% to 21%.    

 Crude protein concentrations were higher compared to results reported in teff (Staniar 

et al., 2010), sudangrass (Burns and Wedin, 1964) and sorghum sudangrass (Worker and 

Marble, 1968).  Crude protein concentrations were similar to results reported by Hansen 

et al. (2016) and Burns and Wedin (1964) who also observed greater CP concentration 

after nitrate accumulation and frost, respectively.   Relatively high levels of CP can been 

associated with abundant nitrogen fertilization or stressful environmental conditions 
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including drought and frost (Nicholson, 2007a).  No drought or frost events were 

observed during the 2014 or 2015 grazing seasons and University recommendations were 

followed when applying N fertilizer.  However, it is likely that high forage CP 

concentrations (derived from N analysis) were due to mineralization of soil organic 

matter derived from manure application during previous cropping systems (Crohn, 2004). 

Also, warm-season grasses are known to exhibit a higher N use efficiency compared to 

other forage types (Sage and Kubien, 2003).   

 Concentrations of NDF varied among the grasses (P < 0.0001; Tables 2.3-2.6) with 

annual ryegrass usually having less NDF compared to the warm-season grasses. Warm-

season grasses had similar NDF concentrations.  Cell wall content is known to be higher 

in warm- compared to cool-season grasses (Moore and Mott, 1973) which increases fiber 

concentration in warm-season forages. Lesser amounts of NDF in cool-season grasses 

compared to warm-season grasses have been observed (Moore et al., 2004; Reid et al., 

1988; Reid et al., 1990).   

 Neutral detergent fiber values are comparable to previous research done in teff. 

McCown et al. (2012) determined early heading teff hay had 66% NDF while late 

heading teff hay had 72% NDF.   Staniar et al. (2010) determined teff hay in the boot 

stage ranged from 68% at the boot stage to 71% at the early heading stage. While these 

results are slightly higher than the NDF values found in the current study,  it is possible 

teff in a grazing system would be less mature compared to teff harvested for hay.   

Non-structural carbohydrates are important among horse owners due to their 

impact on horses diagnosed with equine metabolic syndrome (EMS), polysaccharide 
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storage myopathy (PSSM) and laminitis (Firshman et al., 2003; Frank, 2009; Longland 

and Byrd, 2006). Although there are no nutritional requirements for NSC in the horse diet 

(NRC, 2007), researchers suggest limiting the overall diet of horses diagnosed with EMS, 

laminitis and PSSM to 10 to 12% NSC (Borgia et al., 2009; Frank 2009).  Diets for these 

horses are commonly referred to as “low NSC” or “low carb” diets (Hoffman, 2009).  

Although differences in NSC values were observed among the forages (P ≤ 0.0001) 

similar trends between years and maturities emerged.  Annual ryegrass had the highest 

NSC values ranging from 9 to 14% while Siberian millet exhibited the lowest NSC with 

values ≤7%.   However, based on the recommendation of a maximum of 12% NSC in the 

diet for horses diagnosed with EMS, PSSM or laminitis, only annual ryegrass in 2014 

exceeded this value (Tables 2.3-2.6).   The low NSC value of warm-season grasses makes 

them an appealing option for owners managing horses diagnosed with EMS, PSSM 

and/or laminitis.  Unlike cool-season grasses, warm-season grasses have a self-limiting 

carbohydrate storage mechanism (Longland and Byrd, 2006), which contributes to the 

lower concentrations of NSC. There has been little research reporting NSC values in 

warm-season annual forages except for teff.  Teff hay in the boot stage to late heading 

ranged from 5 to 8% NSC. These values are consistent with the findings. 

For most classes of horses, a Ca:P of 1:1 to 6:1 is recommended (NRC, 2007).  If 

the Ca:P is less than 1:1, calcium supplementation is necessary to increase mineral 

availability for bone metabolism (Caple et al., 1982; NRC, 2007).  Teff, sorghum 

sudangrass and Siberain millet consistently had an Ca:P ≤ 1:1 (Tables 2.3-2.6).  With the 
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exception of annual ryegrass at the mature stage in 2014, annual ryegrass, sudangrass and 

Japanese millet has Ca:P ratio ≥ 1:1.     

In previous research investigating teff hay, Ca:P were ≥1:1  (McCown et al., 

2012; Staniar et al., 2010; Hansen et al., 2016).  The research team is unsure why Ca:P 

for teff were ≤1:1.  However, soil fertility, local weather conditions, and the stress of 

grazing livestock could have contributed to these results.  When grazing warm-season 

grasses, horse owners should analyze their forage for Ca and P and supplement Ca as 

needed.     

All DE values exceeded 2.05 Mcal kg
-1

 with annual ryegrass resulting in the 

greatest DE compared to the warm-season grasses (P ≤ 0.0003; Tables 2.3-2.6).  There 

were minimal differences in DE among the warm-season grasses.  If a horse consumed 

2.5% of their bodyweight on a DM basis each day, the reported DE values would meet or 

exceed energy requirements for horses at maintenance (NRC, 2007). 

While nitrate and nitrite poisoning is considered to be rare in horses, some forages 

are capable of accumulating high concentrations of nitrates as a result of over fertilization 

or environmental stress (Lorgue, 1996; Nicholson, 2007b; Schneider, 1998). Values 

ranging from 1,354 to 2,654 ppm N-NO3 in sudangrass and 1,635 to 3,594 ppm N-NO3 in 

sorghum sudangrass (Burger and Hittle, 1967) have previously been reported. Hansen et 

al. (2016) found N-NO3 levels of teff hay in Kentucky ranged from 3,518 to 9,498 ppm. 

Toxic levels have yet to be determined in the horse, but previous research 

indicates horses can consume at least 2% nitrate, or 4,600 ppm nitrate-nitrogen (Burwash 

et al., 2005) before nitrate toxicosis will be observed. In the current study, nitrate values 
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ranged from 1,049 to 9,202 ppm N-NO3 on a DM basis (Table 2.7). With the exception of 

annual ryegrass, sudangrass and Japanese millet, in 2014 all forages were below the 

4,600 ppm N-NO3 suggested by Burwash et al. (2005).  However, in 2015, all forage 

were above this suggested value. While excessive drought and heat (Figure 2.1) were not 

observed during the 2014 and 2015 grazing seasons, the research team hypothesizes that 

mineralization of soil nitrogen is likely the cause of the high nitrate values (Crohn, 2004). 

Since horses had short-term (< 1 week each month), restricted (4 hours per day) grazing 

of these forages, no symptoms related to nitrate toxicosis were observed.   

  Previous research investigating nitrate values in sudangrass and sorghum 

sudangrass found values ranging from 1,354 to 2,654 ppm N-NO3 in sudangrass and 

1,635 to 3,594 ppm N-NO3 in sorghum sudangrass (Burger and Hittle, 1967).  Hansen et 

al. (2016) found N-NO3 levels of teff hay in Kentucky ranged from 3,518 to 9,498 ppm. 

Preference 

  Horses showed distinct preference for the forages with higher preference 

consistently observed for annual ryegrass in comparison to Siberian millet (P ≤ 0.0057; 

Figures 2.2). Annual ryegrass was usually the most preferred grass with removal ranging 

from 40 to 69%. Siberian and Japanese millet were usually the least preferred forages 

with removal less ≤ 40%.  Throughout the study, teff, sudangrass and sorghum 

sudangrass were moderately preferred with removal ranging from 14 to 84%.   

  It is difficult to compare current preference results with past research as 

differences in preference can only be observed when a choice is given (Marten et al., 

1987). Limited research is available regarding livestock preference while grazing annual 
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warm season grasses. However, McCown et al. (2012) observed that early headed teff 

hay was more preferred compared to the more mature teff and that horse preferred 

timothy hay over the alfalfa and teff hay (McCown et al., 2012). Our results are similar to 

McCown et al. (2012) with greater preference observed in vegetative compared to mature 

teff pastures.  

Conclusion 

 Under horse grazing, sudangrass and sorghum-sudangrass exhibited the highest yields 

and greatest regrowth, while annual ryegrass was consistently the most preferred forage. 

The warm-season annual grasses meet or exceed the nutrient requirements of most 

classes of horses.  The NSC values observed during this trial confirm that warm-season 

forages could be fed to horses diagnosed with equine metabolic syndrome or laminitis.   

While previous research has not indicated an inverted Ca:P of warm-season grasses, the 

current study suggests calcium supplementation may be necessary if horses graze annual 

warm-season grasses as a sole source of their diet.  The current research did confirm the 

potential of warm-season grasses to accumulate NO3-N. As a result, Ca:P and NO3-N 

levels should be determined before grazing warm-season forages.  
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Table 2.1. Stage of maturity for warm season grasses planted in 2014 and  

2015 in St. Paul, MN 

 

  

Vegetative 
 

Mature 

Species   2014   2015   2014   2015 

   
Annual Ryegrass 

 

2.3
ab

 
 

2.7
a
 

 
3.0 

 
2.8

ab
 

Teff '6010' 

 

2.1
abc

 
 

2.0
bc

 
 

2.8 
 

2.4
bc

 

Teff 'Summer Lovegrass' 

 

1.8
cd

 
 

2.1
abc

 
 

2.7 
 

2.4
bc

 

Sudangrass 

 

2.3
ab

 
 

2.2
ab

 
 

2.8 
 

2.7
b
 

Sorghum Sudangrass 

 

2.0
bcd

 
 

1.6
c
 

 
2.4 

 
2.0

c
 

Japanese Millet 

 

1.8
d
 

 
2.3

ab
 

 
2.7 

 
3.3

a
 

Siberian Millet 

 

2.4
a
 

 
1.9

bc
 

 
3.0 

 
2.9

ab
 

SEM  0.1  0.1  0.2  0.1 

P-value  0.0002  0.0009  0.2606  0.0002 

a-b
Within a column, means without a common superscript differ (P ≤ 0.05) 

ǂ Numerical index referring to stage of grass development (Moore et al., 1991). 

Emergence of first leaf is equal to 1.0, onset of stem elongation is equal to 2.0, 

and boot stage is equal to 3.0. 
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Table 2.2. Total yield of warm season grasses grazed by horses in 2014 and 

2015 in St. Paul, MN 

 

  

Vegetative 
 

Mature 

Species   2014   2015   2014   2015 

 
 

------------Metric Tons per hectare----------- 

Annual Ryegrass 

 

2.2
cd

 
 

4.7
cd

 
 

4.8
bc

 
 

4.9
c
 

Teff '6010' 

 

4.3
ab

 

 

5.1
c
 

 
7.6

ab
 

 
4.7

c
 

Teff 'Summer Lovegrass' 

 

4.5
ab

 
 

6.9
c
 

 
7.0

ab
 

 
5.5

c
 

Sudangrass 

 

5.5
a
 

 
13.5

a
 

 
9.7

a
 

 
21.3

a
 

Sorghum Sudangrass 

 

3.4
bc

 
 

9.8
b
 

 
6.4

b
 

 
11.7

b
 

Japanese Millet 

 

2.2
cd

 
 

5.5
c
 

 
5.8

bc
 

 
6.3

c
 

Siberian Millet 

 

1.5
d
 

 
2.5

d
 

 
3.0

c
 

 
6.0

c
 

SEM  0.3  0.6  0.7  0.7 

P-value  <0.0001  <0.0001  0.0002  <0.0001 
a-b

Within a column, means without a common superscript differ (P ≤ 0.05) 
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Table 2.3. Crude protein (CP), neutral detergent fiber (NDF), non-structural carbohydrates 

(NSC), calcium (Ca), phosphorus (P), and digestible energy (DE) of vegetative warm season 

grasses grazed by horses in 2014 in St. Paul, MN. 

Species 
 

CP NDF NSC Ca P 
 

DE 

  
-----------------% DM----------------- 

 

Mcal kg
-

1
 

Annual Ryegrass 26
a
 47

b
 14

a
 0.52

a
 0.46

a
 

 
2.43

a
 

Teff '6010' 22
bc

 60
a
 6

c
 0.27

c
 0.41

c
 

 
2.12

b
 

Teff 'Summer Lovegrass' 22
bc

 61
a
 6

c
 0.26

c
 0.40

c
 

 
2.09

b
 

Sudangrass 20
c
 60

a
 9

b
 0.41

ab
 0.41

c
 

 
2.14

b
 

Sorghum Sudangrass 22
bc

 59
a
 9

bc
 0.33

bc
 0.46

ab
 

 
2.16

b
 

Japanese Millet 23
b
 56

a
 10

b
 0.46

a
 0.42

bc
 

 
2.23

b
 

Siberian Millet 24
ab

 57
a
 7

bc
 0.44

ab
 0.46

a
 

 
2.18

b
 

SEM 
 

0.6 1.4 0.5 0.03 0.01 
 

0.02 

P-value   <0.0001 <0.0001 <0.0001 0.0001 0.0004   0.0003 

a-b
 Within a column, means without a common superscript differ (P < 0.05) 
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Table 2.4. Crude protein (CP), neutral detergent fiber (NDF), non-structural carbohydrates 

(NSC), calcium (Ca), phosphorus (P), and digestible energy (DE) of vegetative warm 

season grasses grazed by horses in 2015 in St. Paul, MN. 

Species 
 

CP NDF NSC Ca P 
 

DE 

  
-----------------% DM----------------- 

 
Mcal kg

-1
 

Annual Ryegrass 30
a
 44

b
 9

a
 0.54

abc
 0.52

bc
 

 
2.43

a
 

Teff '6010' 26
bc

 54
a
 6

b
 0.35

d
 0.48

bc
 

 
2.18

b
 

Teff 'Summer Lovegrass' 27
abc

 53
a
 7

ab
 0.44

bcd
 0.49

bc
 

 
2.23

b
 

Sudangrass 21
d
 55

a
 7

ab
 0.55

ab
 0.43

c
 

 
2.18

b
 

Sorghum Sudangrass 24
cd

 56
a
 5

bc
 0.44

bcd
 0.49

bc
 

 
2.16

b
 

Japanese Millet 26
abc

 53
a
 6

b
 0.66

a
 0.55

ab
 

 
2.23

b
 

Siberian Millet 28
ab

 53
a
 3

c
 0.37

cd
 0.62

a
 

 
2.25

b
 

SEM 
 

1 0.9 0.6 0.04 0.02 
 

0.01 

P-value   0.0002 <0.0001 0.0001 0.0003 0.0007   <0.0001 

a-b
 Within a column, means without a common superscript differ (P < 0.05) 
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Table 2.5. Crude protein (CP), neutral detergent fiber (NDF), non-structural carbohydrates 

(NSC), calcium (Ca), phosphorus (P), and digestible energy (DE) of mature warm season 

grasses grazed by horses in 2014 in St. Paul, MN. 

Species 
 

CP NDF NSC Ca P 
 

DE 

  
-----------------% DM----------------- 

 
Mcal kg

-1
 

Annual Ryegrass 24 52
b
 13

a
 0.42

a
 0.45

a
 

 
2.32

a
 

Teff '6010' 21 62
a
 9

b
 0.32

b
 0.38

bc
 

 
2.07

b
 

Teff 'Summer Lovegrass' 20 62
a
 8

b
 0.31

b
 0.38

bc
 

 
2.07

b
 

Sudangrass 17 60
a
 12

a
 0.37

ab
 0.37

c
 

 
2.14

b
 

Sorghum Sudangrass 20 60
a
 10

ab
 0.31

b
 0.43

ab
 

 
2.14

b
 

Japanese Millet 19 60
a
 8

b
 0.45

a
 0.37

c
 

 
2.14

b
 

Siberian Millet 20 61
a
 5

c
 0.37

ab
 0.40

abc
 

 
2.09

b
 

SEM 
 

1.5 0.8 0.6 0.02 0.01 
 

0.01 

P-value   0.1333 <0.0001 <0.0001 0.0005 0.0005   <0.0001 

a-b
 Within a column, means without a common superscript differ (P < 0.05) 
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Table 2.6. Crude protein (CP), neutral detergent fiber (NDF), non-structural carbohydrates 

(NSC), calcium (Ca), phosphorus (P), and digestible energy (DE) of mature warm season 

grasses grazed by horses in 2015 in St. Paul, MN. 

Species 
 

CP NDF NSC Ca P 
 

DE 

  
-----------------% DM----------------- 

 
Mcal kg

-1
 

Annual Ryegrass 27
a
 48

c
 11

a
 0.46

b
 0.43

a
 

 
2.32

a
 

Teff '6010' 24
abc

 57
b
 8

b
 0.39

b
 0.43

ab
 

 
2.12

bc
 

Teff 'Summer Lovegrass' 25
ab

 57
b
 7

b
 0.39

b
 0.39

abc
 

 
2.14

b
 

Sudangrass 19
d
 59

ab
 8

ab
 0.45

b
 0.36

bc
 

 
2.09

bc
 

Sorghum Sudangrass 22
bcd

 57
ab

 6
b
 0.39

b
 0.43

a
 

 
2.14

b
 

Japanese Millet 21
cd

 56
b
 9

ab
 0.66

a
 0.35

c
 

 
2.18

b
 

Siberian Millet 21
cd

 61
a
 7

b
 0.44

b
 0.39

abc
 

 
2.05

c
 

SEM 
 

0.8 0.7 0.5 0.04 0.04 
 

0.01 

P-value   <0.0001 <0.0001 <0.0001 0.003 0.0042   <0.0001 

a-b
 Within a column, means without a common superscript differ (P < 0.05) 
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Table 2.7. Nitrate Nitrogen contents of grasses grazed by horses in 2014 

and 2015 at two stages of maturity.  

  

Vegetative 
 

Mature 

Species   2014   2015   2014   2015 

 
 

------------NO3-N ppm----------- 

Annual Ryegrass 

 

6,821 
 

9,202 
 

6,641 
 

8,487 

Teff '6010' 

 

3,070 

 

6,932 
 

3,533 
 

6,223 

Teff 'Summer Lovegrass' 

 

2,547 
 

6,430 
 

3,980 
 

6,733 

Sudangrass 

 

2,793 
 

8,412 
 

5,191 
 

6,998 

Sorghum Sudangrass 

 

1,049 
 

7,693 
 

3,253 
 

7,901 

Japanese Millet 

 

2,347 
 

7,493 
 

4,813 
 

5,731 

Siberian Millet 

 

4,094 
 

9,073 
 

3,945 
 

6,504 

SEM  1,199  1,083  1,783  1,291 

P-value  0.0579  0.4953  0.6937  0.2460 
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Figure 2.1. Monthly air temperature (°C), precipitation (cm), and 30-year historical 

average for St. Paul, Minnesota (2014–2016). Weather data obtained from 

http://www.dnr.state.mn.us/climate/hisorical/index.html  
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Figure 2.2. Preference was assessed visually by percent removal after four horses grazed 

for four hours and analyzed for differences within each maturity and each year including 

vegetative 2014 (A), vegetative 2015 (B), mature 2014 (C), and mature 2015 (D). 

Grasses with different letters have different preferences where P ≤ 0.05. 

 

  
A B 

C D 



 

  70 

Literature Cited 

 

Allen, E., C. Sheaffer, and K. Martinson. 2012. Yield and persistence of cool-season  

 grasses under horse grazing. Agron. J. 104: 1741-1746. 

 

Allen, E., C. Sheaffer, and K. Martinson. 2013. Forage nutritive value and preference of  

 cool-season grasses under horse grazing. Agron. J. 105: 679-684. 

 

Archer, M. 1973a. The species preferences of grazing horses. J. Br. Grassl. Soc. 28: 123- 

 128. 

 

Archer, M. 1973b. Variations in potash levels in pastures grazed by horses. A preliminary  

 communication. Equine Vet. J. 5: 45-46.  

 

Beck, P.A., S. Hutchinson, S.A. Gunter, T.C. Losi, C.B.  Stewart, P.K. Capps, and J.M.  

 Phillips. 2007. Chemical composition and in situ dry matter and fiber  

 disappearance of sorghum x Sudangrass hybrids. J. Anim. Sci. 85: 545-555.  

 

Bolan, R.S. and P.D. Kemp. 2003. A review of factors affecting and prevention of 

 pasture-induced nitrate toxicity in grazing animals. In Proceedings of the New 

 Zealand grassland association. 65: 171-178. 

 

Borgia L., S.J. Valberg, K. Watts, and J. Pagan.  2009. Glycemic/insulemic response to 

 feeding hay with different water soluble carbohydrate content in healthy and 

 Polysaccharide Storage Myopathy-affected horses. J. Equine Vet Sci. 29(5): 355-

 357. 

 

Bradley, W.B., H.F. Eppson, and O.A. Beath. 1940. Livestock poisoning by oat hay and 

 other plants containing nitrate. University of Wyoming. Bull. No. 241. July 1940.  

 

Burns, J.C., and W.F. Wedin. 1964. Yield and chemical composition of sudangrass and 

 forage sorghum under three systems of summer management for late fall in situ 

 utilization. Agron. J. p. 457-460. 

 

Burwash, L., B. Ralston, and M. Olson. 2005. Effect of high nitrate feed on mature idle 

 horses. p. 174-179. In proceedings of the 19
th

 Equine Science Society 

 Symposium. 31 May – 3 June, Tucson AZ. 

 

Caple, I.W., J.M. Bourke, and P.G. Ellis. 1982. An examination of the calcium and 

 phosphorus nutrition of thoroughbred racehorses. Australian Vet. J. 58: 132-135. 

 

 

 



 

  71 

Chapman, D.F., and G. Lemaire. 1993. Morphogenetic and structural determinants of 

 plant regrowth after defoliation. p. 95-104. In M.J. Baker et al. (ed.) Proc Int. 

 Grassl. Congr., 17
th

 Palmerston North, New Zealand. 8-21 Feb, Keeling and 

 Mundy, Palmerston North, New Zealand. 

 

Creamer, N.G., and K.R. Baldwin. 2000. An evaluation of summer cover crops for use in 

 vegetable production systems in North Carolina. Hort. Sci. 35(4): 600-603.  

 

Crohn, D. 2004. Nitrogen mineralization and its importance in organic waste recycling. 

 In Proceedings, National Alfalfa Symposium. 13-5 Dec., San Diego, CA. UC 

 Cooperative Extension, University of California – Davis 95616.  

 

Davidson, W.B., J.L. Doughty, and J.L. Bolton. 1941. Nitrate poisoning of livestock. 

 Canadian Journal of Comparative Medicine. 5(11): 303-313.  

 

Ehlke, N.J., C.C. Sheaffer, G.C. Marten, D.J. Vellekson, and E.A. Ristau. 2003. 

 Registration of ‘HiPal’ cicer milkvetch. Crop Sci. 43: 731-732.  

 

Farhoomand, M.B. and W.F. Wedin. 1968. Changes in composition of sudangrass and 

 forage sorghum with maturity. Agron. J. 60: 459-463. 

 

Firshman A., S.J. Valberg, and J.B. Bender. 2003. Epidemiologic characteristics and 

 management of polysaccharide storage myopathy in Quarter Horses. Am. J. Vet. 

 Res. 64(10): 1291-1327. 

 

Fontaneli, R.S., L.E. Sollenberger, and C.R. Staples. 2001. Yield, yield distribution, and 

 nutritive value of intensively managed warm-season annual grasses. Agron. J. 93: 

 1257-1262. 

 

Frank N.  2009. Insulin resistance and equine metabolic syndrome. In Robinson, N.E., 

 and K.A. Sprayberry (eds.), Current Therapy in Equine Medicine. p. 727-740. 

 Elsevier Publications.  

 

Glunk, E.C., and P.D. Siciliano. 2011. Effect of restricted grazing on dry matter intake 

 rate. J. Equine Vet. Sci. 31(5-6): 296-297. 

 

Hall, M.B., W.B. Hoover, J.P. Jennings, and T.K. Miller. 1999. A method for partitioning 

 neutral detergent soluble carbohydrates. J. Sci. Food Agric. 79: 2079-2086.  

 

Hansen, T.L., A.L. Fowler, L.A. Strasinger, B.E. Harlow, S.H. Hayes, and L.M. 

 Lawrence. 2016. Effect of soaking on nitrate concentrations in teff hay. J. Equine 

 Vet Sci. 45: 53-57. 

 



 

  72 

Hedges, D.A., J.L. Wheeler, C. Mulcahy, and M.S. Vincent. 1978. Composition and 

 acceptability to sheep of twelve summer forage crops. Aust. J. Exp. Agric. Anim 

 Husb. 18(93): 520-526.  

 

Hoffman, R. 2009. Carbohydrate metabolism and metabolic disorders in horses. R. Bras. 

 Zootec. 38: 270-276. 

 

Hunt, W.F. and J.M. Hay. 1990. A photographic technique for assessing the pasture 

 species performance of grazing animals. Proc. N.Z. Grassl. Assoc. 51: 191-196. 

 

Jung, G.A., J.L. Griffin, R.E. Kocher, J.A. Shaffer, and C.F. Gross. 1985. Performance of 

 Switchgrass and Bluestem Cultivars Mixed with Cool-Season Species. 77(6): 

 846-850.  

 

Kiesling, D.O. and H.A. Swartz. 1997. Growth and carcass characteristics of lambs 

 grazing cowpea, sudangrass or fed in drylot. Small Ruminant Res. 26: 171-175. 

 

Klejin, D. and T. Steinger. 2002. Contrasting effects of grazing and hay cutting on the 

 spatial and genetic population structure of Veratrum album, an unpalatable, long-

 lived, clonal plant species. J. Ecol. 90(2): 360-370. 

 

Longland, A.C. and B.M. Byrd. 2006. Pasture nonstructural carbohydrates and equine 

 laminitis. J. Nutr. 136(7): 20995-21025. 

 

Lorgue, G., J. Lechenet, and A. Riviere. 1996. Nitrates-nitrites. Clinical Vet. Toxic. p. 

 143-145. Oxford: Blackwell Sci.  

 

Marten, G.C., C.C. Sheaffer, and D.L. Wyse. 1987. Forage nutritive value and 

 palatability of perennial weeds. Agron. J. 79: 980-986. 

 

Martinson, K.M., S.M. Wells, and C.C. Sheaffer. 2016. Horse preference, forage yield, 

 and species persistence of 12 perennial cool-season grass mixtures under horse 

 grazing. J. Equine Vet. Sci. 36: 19-35.  

 

McCormick, J.S., R.M. Sulc, D.J. Barker, and J.E. Beuerlein. 2006. Yield and nutritive 

 value of autumn-seeded winter-hardy and winter-sensitive annual forages. Crop 

 Sci. 46(5): 1981. 

 

McCown, S., M. Brummer, S. Hayes, G. Olson, S.R. Smith, and L. Lawrence. 2012. 

 Acceptability of teff hay by horses. J. Equine Vet. Sci. 32: 327-331.  

 

Minson, D.J. 1990. Forage in ruminant nutrition. New York: Academic Press. 

 



 

  73 

Moore, J.E. and G.O. Mott. 1973. Structural inhibitors of quality tropical grasses. In 

 Matches, A.G. (ed.), Anti-quality components of forages. p. 53-98. Madison: 

 Crop Science Society of America.  

 

Moore, K.J., L.E. Moser, K.P. Vogel, S.S. Waller, and B.E. Johnson. 1991. Describing 

 and quantifying growth stages of perennial forage grasses. Agron. J. 83: 1073-

 1077.  

 

Moore, K.J., T.A. White, R.L Hintz, P.K. Patrick, and E.C. Brummer. 2004. Sequential 

 grazing of cool- and warm-season pastures. Agron. J. 96: 1103-1111.  

 

Nicholson, S.S. 2007a. Southeastern plants toxic to ruminants. Vet. Clin. Food Anim. 27: 

 447-458. 

 

Nicholson, S.S. 2007b. Nitrate and nitrite accumulating plants. In Gupta, R.C. (ed.) 

 Veterinary Toxicology, 1
st
 ed. p. 87-877. Amsterdam, The Netherlands: Elsevier 

 B.V. 

 

Norberg, O.S., C.C. Shock, L.D. Saunders, E.B.G. Feibert, E.P. Eldredge, R. Rosenberg, 

 B. Charlton, and J. Smith. 2006. Teff (Eragrostis tef), an irrigated warm season 

 annual forage crop. OSU Agricultural Experiment Station – Special Report. 1070: 

 227-233.  

 

NRC. 2007. Nutrient Requirements of Horses. 6th ed. The National Academies Press, 

 Washington, D.C. 

 

Oruc, H.H., A. Akkoc, I. Uzunoglu, E. Kennerman. 2010. Nitrate poisoning in horses 

 associated with ingestion of forage and alfalfa. J. Equine Vet. Sci. 30:159-162. 

 

Pagan, J.D. 1998. Measuring the digestible energy content of horse feeds. In J.D. 

 Pagan (Ed.) Advances in Equine Nutrition. p. 71-76. Nottingham University 

 Press. Nottingham, United Kingdom. 

  

Peterson, P., M. Endres, D. Holen, C. Sheaffer, V. Crary, D. Swanson, J. Larson, and J. 

 Halgerson. 2003. Emergency forage plantings. p. 37. In proceedings of the 2003 

 symposium and joint meeting of professional nutrient applicators of Wisconsin, 

 WI Custom Operators, and WI Forage Council; Wisconsin Dells, WI. 30-31 Jan.. 

 

Reid, R.L., G.A. Jung, J.M. Cox-Ganser, B.F. Rybeck, and E.C. Townsend. 1990. 

 Comparative utilization of warm- and cool-season forages by cattle, sheep and 

 goats. J. Anim. Sci. 68: 2986-2994. 

 



 

  74 

Reid, R.L., G.A. Jung, and W.V. Thayne. 1988. Relationships between nutritive quality 

 and fiber components of cool season and warm season forages: a retrospective 

 study. J. Anim. Sci. 66: 1275-1291. 

 

Richards, J.H. 1993. Physiology of plants recovering from defoliation. In M.J. Baker et 

 al. (ed.) Proc. Int. Grassl. Congr., 17
th

 Palmerston North, New Zealand. 8-21 Feb. 

 Keeling and Mundy, Palmerston North, New Zealand. p. 85-94. 

 

Riesterer, J.L., M.D. Casler, D.J. Undersander, and D.K. Combs. 2000. Seasonal yield 

 distribution of cool-season grasses following winter defoliation. Agron. J. 92: 

 974-980. 

 

Roberts, C.A., G.D. Lacefield, D. Ball, and G. Bates. 2009. Management to optimize 

 grazing performance in the northern hemisphere. In H.A. Fribourg, D.B. 

 Hannaway, C.P. West (eds.), Tall Fescue for the Twenty-first Century. p. 85-99. 

 Agron. Monogr. 53. ASA, CSSA, SSSA, Madison, WI.  

 

Roseburg, R., S. Norberg, J. Smith, B. Charlton, K. Rykbost, and C. Shock. 2005. Yield 

 and quality of teff forage as a function of varying rates of applied irrigation and 

 nitrogen. Klamuth Experiment Station 2005 Annual Report: 119-136.  

 

Sage, R., and D. Kubien. 2003. Quo vadis C4? An ecophysiological perspective on global 

 change and the future of C4 plants. Photosynth. Res. 77: 209–225. 

 

Schneider, NR. 1998. Nitrate and nitrite poisoning. In Aiello, S.E. (ed.) The Merck 

 Veterinary Manual, 8
th

 ed. p. 2091-2094. White House Station, NJ: Merck & Co 

 Inc.  

 

Staniar, W.B. J.R. Bussard, N.M. Repard, M.H. Hall, and A.O. Burk. 2010. Voluntary 

 intake and digestibility of teff hay fed to horses. J. Anim. Sci. 88: 3296-3303.  

 

Tracy, B.F., M. Maughan, N. Post, and D.B. Faulkner. 2010. Integrating annual and 

 perennial warm-season grasses in a temperate grazing system. Crop Sci. 50: 2171-

 2177. 

 

Wilson, J.R. 1994. Cell wall characteristics in relation to forage digestion by ruminants. 

 J. Agr. Sci. 122: 173-182. 

 

Wilson, J.R., R.H. Brown, and W.R. Windham. 1983. Influence of leaf anatomy on the 

 dry matter digestibility of C3, C4, and C3/C4 intermediate type of Panicum species. 

 Crop Sci. 23: 141-146.  

 

Worker, G.F and V.L. Marble. 1968. Comparison of growth stages of sorghum forage 

 types as to yield and chemical composition. Agron. J. 60: 669-672 



 

  75 

Chapter 3 
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Summary 

 Limited research is available regarding the role of leucine in regulating equine 

skeletal muscle protein synthesis. The objective of this study was to evaluate the effect of 

leucine on protein synthesis in cultured equine satellite cells by evaluating translation 

initiation factors in a western blot, the incorporation of puromycin using a nonradioactive 

surface sensing of translation (SUnSET) method, and measuring the incorporation of 

[3H]Phenylalanine (
3
HPhe) in a protein synthesis assay. Satellite cells from equine 

semimembranosus muscle were grown in cell culture until they developed into myotubes. 

Treatments used in the western blot consisted of a no leucine control (CON), leucine 
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(LEU), control plus rapamycin (CR), and leucine plus rapamycin (LR). LEU exhibited 

higher 4E-BP1 and rpS6 phosphorylation when compared to CON with no change 

observed in mTOR phosphorylation. No increase in phosphorylation was observed in CR 

or LR treatments. Puromycin incorporation was measured on treatments including a no 

puromycin control, a no leucine control (CON), and a leucine treatment (LEU). These 

results showed a 1.6-fold increase in puromycin incorporation between CON and LEU (P 

= 0.0004). Treatments used in the protein synthesis assay consisted of a leucine titration 

ranging from 0-nm to 408-nm. These results showed muscle protein synthesis increased 

as a result of leucine treatments with significant differences observed at 204-nM and 408-

nM leucine compared to the untreated cells. These treatments exhibited a 1.6-fold 

increase in protein synthesis when compared to the untreated control (P ≤ 0.02).  This 

study demonstrated the phosphorylation of translation initiation factors downstream of 

mTOR as well as increased 
3
HPhe and puromycin with leucine treatment. These results 

suggest leucine can trigger muscle protein synthesis in horses through activation of the 

mTOR pathway. 

Introduction 

 Skeletal muscle constitutes approximately 50% of the live weight of the horse 

(Gunn, 1995) with protein as the largest nonwater component at 65% on a dry matter 

basis (Badiani et al, 1997). Consequently, the processes of skeletal muscle protein 

synthesis and degradation have an important impact on muscle mass and as a determinant 

of net protein balance. Protein synthesis is stimulated by the mTOR pathway, an 

intracellular signaling cascade influenced by signals such as nutrients, growth factors, 
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and energy levels (Laplante, 2009). Among these signals, leucine is known for its ability 

to trigger protein synthesis and cell growth.  

 Dietary leucine requirements have yet to be determined for the horse. This is due, 

in part, to leucine having numerous functions.  In addition to its role as a protein 

constituent, leucine is also involved in translation initiation (Anthony et al., 1999 and 

2000), leptin secretion (Lynch et al., 2006), as a nitrogen donor for muscle production of 

alanine and glutamine (Harper et al., 1984; Anthony et al., 2000; Yin et al., 2010), and 

glucose homeostasis (Layman and Walker, 2006; Zhang et al., 2007). Leucine’s impact 

on translation initiation is dependent upon its intracellular concentration, which in turn is 

dependent on the rate of leucine uptake from plasma, intracellular protein breakdown and 

rates of removal of leucine through intracellular amino acid oxidation and protein 

synthesis. 

 While the role of leucine as a regulator of protein synthesis has been well 

established in human (Griewe et al., 2001; Drummond and Rasmussen, 2008), rat 

(Crozier et al., 2005; Anthony et al., 2000) and mouse skeletal muscle (Funabiki et al., 

1992), there has been little to no data related to that role of leucine specifically in equine 

skeletal muscle. The lack of research available in the horse poses a problem as previous 

research performed in vitro on equine satellite cells has suggested distinct species 

differences in regards to physiological effects and the magnitude of a response in growth 

factors and regulators (Greene et al., 1995). Additionally, while in vivo research has 

evaluated the ability of leucine to stimulate glycogen synthesis following exercise 
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(Urschel et al, 2010; Brojer et al., 2012; Nostell et al., 2012) the relationship between 

leucine and protein synthesis has yet to be determined in the horse.  

 However, recent research has provided substantial information regarding the 

insulin and dietary amino acid responses in the horse. In a post-prandial state, an increase 

in the phosphorylation of S6K1 (Wagner et al., 2012, 2013), rpS6 (Wagner et al., 2012, 

2013; Urschel et al., 2011), 4E-BP1 (Wagner et al., 2012, 2013; Urschel et al., 2011), Akt 

(Wagner et al., 2013; Urschel et al., 2011), and Pkb (Wagner et al. 2012), was observed. 

After insulin infusion, increased phosphorylation of Pkb, 4E-BP1, and rpS6 was observed 

indicating an increase in whole-body and muscle protein synthesis in mature horses 

(Urschel et al., 2014). 

 While research in vivo provides valuable information, minimal work has been 

done in whole animals due to financial, space, and time constraints. Additionally, horses 

are unique animals as they can be considered as livestock or as a companion animal; 

these conflicting characterizations have limited in vivo research. Information gained from 

research utilizing muscle satellite cell cultures in other species has proved valuable as it 

offers a controlled, focused alternative to whole animal investigations; allowing for more 

defined hormonal and mechanical environments in the absence of confounding impacts 

from other organ systems. Therefore, the objective of this study is to evaluate the effect 

of leucine on protein synthesis in cultured equine satellite cells.  

 

 

 



 

  79 

Materials and Methods 

Satellite cell isolation 

 Satellite cell isolation was done using procedures developed in our laboratory 

(Hathaway et al., 1991, 1994; Frey et al., 1995; Johnson et al., 1998; Yi et al., 2001; 

Kamanga-Sollo et al., 2004). Three horses, ranging from 6 months to 10 years of age 

were euthanized and the semimembranosus muscle was dissected using sterile techniques 

and transported to the cell culture laboratory. Subsequent procedures were conducted in a 

sterile field under a tissue culture hood. After removal of the connective tissue, the 

muscle was passed through a sterile meat grinder. The ground muscle was incubated with 

0.1% pronase in Earl’s balanced salt solution for 1 h at 37°C with frequent mixing. After 

incubation, the mixture was centrifuged at 1,500 × g for 4 min at 25°C, the pellet was 

suspended in PBS (140 mM NaCl, 1 mM KH 2 PO 4, 3 mM KCl, 8 mM Na 2 HPO 4, pH 

7.4), and the suspension was centrifuged at 500 × g for 10 min at 25°C. The resultant 

supernatant was centrifuged at 1,500 × g for 10 min at 25°C to pellet the mononucleated 

cells. The PBS wash and differential centrifugation was repeated 2 more times. The 

resulting mononucleated cell preparation was suspended in cold (4°C) Dulbecco’s 

modified Eagle medium (DMEM) containing 20% horse serum (HS) and 10% (vol/vol) 

dimethylsulfoxide and frozen. Cells were stored frozen in liquid nitrogen for use in future 

studies. 

Cell Culture 

 The equine satellite cells (ESC) preparations were isolated using procedures 

developed in our laboratory (Johnson et al., 1998) and described above were plated on 
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culture dishes precoated with reduced growth factor basement membrane, matrigel 

(Becton Dickinson, Franklin Lakes, NJ), diluted with DMEM for a plating concentration 

of 0.024 mg/cm
2
. Cells were plated in DMEM containing 20% HS and incubated at 37°C, 

5% CO2 in a water-saturated environment. Cells were refed 20% HS at 72 h and again at 

96 h yielding cultures that were approximately 100% confluent by 120 h at which time 

they were fed differentiation media consisting of 3% HS. At approximately 168 h, 

myotube cultures were used as described below to measure the effects of leucine on 

protein synthesis or specific mRNA abundance. 

Western Blot 

 The media on myotube cultures was replaced with washout media containing the 

NEAA (Non-essential amino acids; table 3.1). Treatments consisted of a no leucine 

control (CON), leucine (LEU; 408nM), control plus rapamycin (CR), and leucine plus 

rapamycin (LR). At 5.5 hours post-washout, rapamycin was dropped in wells for a final 

concentration of 100 nM cultures; at 6 hours post-washout (30 minutes later), leucine 

treatments were applied for a final concentration of 408 nM. After 10 minutes of 

treatment, cultures were placed on ice, rinsed 1 time with ice cold PBS and then lysed 

with ice-cold lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM 

ethylenediaminetetraacetic, 1% IGEPAL 1 mM sodium fluoride, 1 mM 

polymethanesulfonyl fluoride, 1 mM sodium orthovanadate, 104 mM AEBSF, 80 μM, 

aprotinin, 4 mM Bestatin, 1.4 mM E-64,  2 mM and 1.5 mM Pepstatin. leupeptin), and 

centrifuged; the supernatant frozen at -80°C.    
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 Cell lysate protein concentrations were determined with a Micro-BCA protein 

assay kit (Thermo Fischer Scientific, Waltham, MA, USA) and equivalent amounts of 

protein (7 ug) from each sample were dissolved in Laemmli buffer and subjected to 

electrophoretic separation in triplicate on a 4 to 15% mini-protean gradient gel (Bio-Rad 

Laboratories, Hercules, CA, USA). Proteins were transferred to PVDF membrane in 

transfer buffer (242 mM Tris, 58 mM glycine, and 20% v/v methanol). Membranes were 

divided into 4 separate sections for independent identification of mTOR, Tubulin, pS6 

and 4E-BP1. The membranes were blocked in 5% powdered milk in TBST (Tris-buffered 

saline with 0.1% Tween 20) for 1 h followed by an overnight incubation in the primary 

antibodies. The primary antibodies were a rabbit anti-human polyclonal antibody at a 

concentration of 1:1,000 that recognized both total and Ser
2448

 phosphorylation of mTOR, 

β-tubulin, the total and Ser
235/236

 phosphorylation of rpS6, and the total and 

phosphorylated Thr
37/46

 of 4E-BP1. Membranes were washed for 30 minutes in TBST 

before they were incubated at room temperature (20°C) for 1 h in anti-mouse IgG 

(1:2,000). All antibodies were purchased from Cell Signaling Technology (Danvers, MA, 

USA). After 30 minutes of TBST washes, membranes were developed by use of a 

chemiluminescence kit (Li-Cor, Lincoln, NE, USA) and viewed by a gel imaging system 

(Li-Cor, Lincoln, NE, USA). Quantification of band densities were calculated by a 

computer software program (Image Digits Studio Ver. 3.1) to determine the abundance of 

mTOR, rpS6, and 4E-BP1. 

 Variation was limited as all samples for each animal were run on a single, 15-well 

gel for the examination of all proteins. The PVDF membrane was first blotted for the 
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phosphorylated protein abundance and then stripped with Restore
TM

-Plus (Thermo-

Fischer Scientific, Waltham, MA, USA) and probed again for total protein abundance. 

Membranes were tested following stripping to verify that all signals had been removed. 

Stripping and reprobing of membranes acted to minimize interassay error resulting from 

the quantification of total and phosphorylated protein abundances on different 

membranes.  

 Results were analyzed as a ratio of the phosphorylated form of each translation 

initiation factor normalized to the total protein abundance. These ratios were then 

compared as relative intensities with CON at 100%. 

Puromycin Western Blot 

  The differentiation medium was replaced with media containing the NEAA to act 

as a washout for 6 h. Treatments used in this study included control (CON) and leucine 

(LEU) treatment. Following the 6 h washout, treatments were applied for 3 h. At 2 h 

post-treatment puromycin was dropped into wells for a final concentration of 25 x 10
-7

 

uM with the exception of the puromycin negative controls. Cells were then collected in 

lysis buffer and subjected to western blot analysis. 

 Sample protein concentrations were determined with a Micro-BCA protein assay 

kit (Thermo Fischer Scientific, Waltham, MA, USA) and equivalent amounts of protein 

(7 ug) from each sample were dissolved in Laemmli buffer and subjected to 

electrophoretic separation in triplicate on a 4 to 15% mini-protean gradient gel (Bio-Rad 

Laboratories, Hercules, CA, USA). Proteins were transferred to PVDF membrane in 

transfer buffer (242 mM Tris, 58 mM glycine, and 20% v/v methanol). The membrane 
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was blocked in 5% powdered milk in TBST (Tris-buffered saline with 0.1% Tween 20) 

for 1 h followed by an overnight incubation at 4°C in horseradish peroxidase conjugated 

anti-mouse IgG Fc 2a antibody (1:500; Jackson ImmunoResearch Laboratories Inc., West 

Grove, PA, USA). Membranes were washed for 30 minutes in TBST before they were 

incubated at room temperature (20°C) for 1 h in anti-mouse IgG (1:5,000). After 30 

minutes of TBST washes, membranes were developed by use of a chemiluminescence kit 

and viewed by a gel imaging system. Quantification of band densities were calculated by 

a computer software program. Once the appropriate image was captured, a reversible 

protein stain kit (Thermo Fischer Scientific, Waltham, MA, USA) was used to stain the 

membrane to verify equal loading lanes. 

Protein Synthesis Assay 

The differentiation medium was replaced with media containing the NEAA, 

without leucine, as a washout for 6 h after which treatments consisting of a leucine 

titration from 0 nM to 408 nM was applied. After 3 h of treatment 3 uCi 
3
HPhe was 

dropped into each well.  At the end of 6 h of treatment, the wells were then rinsed with 

cold media and cold 5% TCA was applied and the cultures incubated at 4°C for at least 

12 hours.    

 Wells were washed 2 times with cold 5% TCA before 0.5N NaOH was applied 

for a 30 minute incubation period at 37°C. Cell lysate was collected, with triplicate 5 ul 

subsamples used for a BSA protein determination and the remainder was counted in a 

scintillation counter to quantify 
3
HPhe incorporation into ESC proteins.  
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Statistical Analysis 

Data was analyzed using the MIXED procedure of SAS (version 9.4; SAS 

Institute Inc., Cary, NC).  For each study, an individual well was considered the 

experimental unit, and statistical significance was set at P ≤ 0.05.  Replicate and animal 

were considered a random effect and treatments were designated as a fixed effect.  Means 

are the least square means of the MIXED procedure (± SE), and mean separations were 

determined using Tukey’s test.  Variables analyzed included cell signaling for mTOR, 

tubulin, rpS6, and 4E-BP1 in the total and phosphorylated form for the western blot, 

leucine and control treatments for the puromycin western blot, and a serial dilution of 

leucine ranging from 0 nm to 408 nm for the protein synthesis assay.   

Results 

Muscle Translation Initiation Factors  

 The phosphorylation of mTOR at Ser
2448

 was significantly (P = 0.0001) greater in 

LEU than LR with no difference observed between LEU and CON (Figure 3.1).  

 The phosphorylation of rpS6 at Ser
235/236

 was significantly greater (P = 0.0008) in 

LEU compared to CON, CR, and LR, with 161% relative intensity compare to CON at 

100%. Rapamycin treatments were significantly lower than the control as well with less 

than 40% relative intensity of S6 phosphorylation (Figure 3.1). 

 Phosphorylation of 4E-BP1 at Thr
37/46

 was significantly greater (P = 0.005) for 

LEU compared to the other treatments at 127% relative intensity while CON and 

rapamycin treatments ranged from 87 to 100% (Figure 3.1).  
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 To verify equal protein loading, translation initiation factors were normalized to 

their nonphosphorylated counterparts. Additionally, tubulin was assessed and no 

difference was observed across the treatments (P = 0.6923; data not shown).   

Puromycin Immunoblot 

To supplement the findings on muscle protein synthesis in response to leucine, a 

nonradioactive surface sensing of translation (SUnSET) method was used. Puromycin is 

an aminonucleotide antibiotic which incorporates into newly synthesized proteins as it 

blocks protein synthesis by causing premature termination of nascent polypeptide chains. 

Puromycin then mimics and aminoacyl-tRNA molecule and binds to the acceptor site of 

translating ribosomes leading to the formation of an amide bond between the C-terminus 

of the nascent polypeptide chain and the primary amine group of puromycin.  

 Puromycin incorporation detected in the immunoblot indicated the LEU and CON 

treatments had significantly greater (P = 0.0004) puromycin incorporation when 

compared to the puromycin negative treatment (Figure 3.2). Additionally, LEU had 

significantly (P = 0.0004) greater incorporation of puromycin when compared to CON, 

exhibiting a 1.6-fold increase. Staining by a reversible protein stain kit was also used to 

verify equal loading of protein (Figure 3.2). 

Protein Synthesis  

 Muscle protein synthesis increased as a result of leucine treatments with 

significant differences observed at 204 nM and 408 nM leucine compared to the 

untreated cells (P ≤ 0.02; Figure 3.3). The highest leucine treatment exhibited a 1.6-fold 

increase in protein synthesis when compared to the untreated cells. 
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Discussion 

 This study is the first to examine the effect of leucine on equine skeletal muscle 

protein synthesis in vitro. Leucine treatment resulted in a marked increase in the 

phosphorylation of rpS6 and 4E-BP1, downstream mTOR signaling factors, compared 

with untreated cells. Radioactive 
3
HPhe incorporation as well as nonradioactive 

puromycin incorporation increased in leucine treatments compared to the untreated cells 

to indicate leucine treatments led to increased protein synthesis in equine skeletal muscle. 

This in vitro cell model has given us the ability to evaluate muscle specific effects of 

leucine on equine skeletal muscle without the systemic impact associated with animal 

models. 

 In numerous reports, the importance of leucine in skeletal muscle has been 

established as a result of its unique ability to stimulate skeletal muscle protein synthesis 

by initiating signal transduction pathways leading to translation initiation (Anthony et al., 

2000; Buse et al., 1979; Buse and Reid, 1975; Li and Jefferson 1978). Specifically, 

previous research has demonstrated the ability of leucine to stimulate the phosphorylation 

of 4E-BP1 and S6K1, downstream translation initiation factors in the mTOR pathway 

(Kimball et al., 1999; Patti et al., 1998; Xu et al., 1998). 

Phosphorylation of mTOR leads to downstream phosphorylation of 4E-BP1 and 

S6K1, subsequently phosphorylating rpS6. The phosphorylation of 4E-BP1 is important 

due to its relationship with eIF4E. Recognition and unwinding of mRNA to allow the 43S 

ribosome to bind is an important regulatory site of translation initiation requiring the 

participation of eIF4E together with eIF4A and eIF4G into a complex termed eIF4F. The 
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availability of eIF4E to bind eIF4G is dependent upon the phosphorylation of 4E-BP1 as 

4E-BP1 and eIF4G compete for the same binding site. The phosphorylation of 4E-BP1 

through the mTOR complex inhibits its ability to sequester eIF4E into an inactive 

complex (Hay and Sonenberg, 2004; Ma and Blenis, 2009; Polak and Hall, 2009). 

 Recent research has investigated the relationship of 4E-BP1, eIF4E, and eIF4G.   

In a study done by Vary and Lynch (2006), meal-feeding in rats resulted in increased 

phosphorylation of 4E-BP1 corresponding with a decreased abundance of the eIF4E•4E-

BP1 complex. Conversely, they observed a meal feeding-induced increase in eIF4G 

phosphorylation to stimulate eIF4G•eIF4E assembly, which correlates with protein 

synthesis. Additionally, research by Kimball et al. (1998) demonstrated the ability of 

leucine to redistribute eIF4E from the inactive eIF4E•4E-BP1 complex to an active 

eIF4E•eIF4G complex. These changes were a result of increased 4E-BP1 

phosphorylation and led to increased translation initiation rates. These findings support 

suggestions that 4E-BP1 and eIF4G binding to eIF4E is mutually exclusive. 

Another primary site of regulation for translation initiation includes the translation 

initiation factor p70
S6K

. When S6K1 becomes activated, it can phosphorylate nine 

different targets including five serine residues associated with 40S ribosomal protein S6 

(rpS6) including Ser
235/236/240/244/247

. The phosphorylation begins with Ser
236

 and proceeds 

sequentially with Ser
235

, Ser
40

, Ser
244

, and Ser
247

 (Wettenhall et al., 1992; Martin-Perez 

and Thomas, 1983). The phosphorylation of these serine residues are known to be major 

substrates for p70
S6K

 and ultimately promote transcription of genes necessary for 

ribosome biogenesis to occur (Chauvin et al., 2014). 
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Additional research performed in L6 cells in culture have demonstrated the ability 

of rapamycin to block the leucine-induced activation of S6K1 and phosphorylation of 4E-

BP1 (Kimball et al., 1999). These claims have been supported by Anthony et al. (2000) 

as research demonstrated the ability of rapamycin to inhibit leucine-dependent 

hyperphosphorylation of 4E-BP1 and S6K1 in skeletal muscle in vivo. These results 

indicate leucine acts through the mTOR signaling pathway in skeletal muscle by 

increasing the availability of eIF4E to form the active eIF4G•eIF4E complex as well as 

activating S6K1.  

Research performed by Urschel et al. (2011) examined the impact of a high-

protein diet on the activation of the mTOR pathway in the horse. This study revealed a 

high-protein diet increased activation of downstream effectors of mTOR, 4E-BP1 and 

rpS6, suggesting postprandial increases in muscle protein synthesis rates in mature 

horses. This study performed in vivo yielded similar results to those observed in the 

current in vitro study to suggest similarities between the animal and cell culture model 

regarding mTOR activation. 

Conclusion 

The present study revealed the activation of downstream effectors of mTOR, 4E-

BP1 and rpS6, in response to leucine treatment in equine skeletal muscle in vitro. Leucine 

treatment also demonstrated increased protein synthesis as measured by radioactive 

3
HPhe incorporation and nonradioactive puromycin incorporation. These results suggest 

leucine stimulates protein synthesis in equine skeletal muscle through activation of the 

mTOR pathway. Additionally, leucine-induced mTOR activation in equine skeletal 
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muscle can be inhibited by rapamycin treatments. Use of the cell culture system with 

primary equine muscle cell lines has given us the opportunity to distinguish the impact of 

leucine on muscle and protein synthesis, independent of systemic interactions. 
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Table 3.1. Nonessential amino acid concentrations used in the media based on work 

performed by Bryden (1991) on amino acid proportions in the muscle. 

 

    mM 

Lysine 188 

Methionine 54 

Cysteine 19 

Threonine 116 

Tryptophan 35 

Isoleucine 105 

Leucine 204 

Histidine 122 

Phenylalanine 113 

Valine 118 

Arginine 139 



 

  91 

Figure 3.1. Effects of 408 nM L-leu on mTOR signaling pathway in equine satellite cell 

myotube cultures.  Translation initiation factors were assayed by western blot, in 

triplicate for each of 3 horses.  Results are expressed as mean + SEM.  Bars containing no 

letters in common are statistically different (P < 0.0001). No increase in phosphorylation 

was observed when cells were treated with rapamycin prior to leucine treatment. 
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Figure 3.2. Representative image of western blot analysis for puromycin incorporation 

into nascent proteins. Leucine treated cells increased puromycin incorporation by 167%.  

The specificity of the anti-puromycin blot was demonstrated by a sample that was not 

incubated with puromycin (far left lane). The reversible protein stain was then used to 

verify equal loading.  
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Figure 3.3. Effect of L-leu titration on protein synthesis in equine satellite cell myotube 

cultures.  Quadruple determinations were averaged for each assay for 3 assays, using 

satellite cells obtained from 3 different animals. Results are expressed as mean + SEM of 

CPM of 
3
HPhe per ug protein.  Bars containing no letters in common are statistically 

different (P < 0.02). 
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