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(ABSTRACT) 

Two studies were conducted to evaluate the effects of 

varying dietary sources of rumen available carbohydrate 

(RAC) and rumen available protein (RAP) on milk yield and 

milk composition, nutrient flow to the duodenum, ruminal and 

total tract nutrient digestibilities, and ruminal pH, 

ammonia-N, and VFA concentrations in lactating cows. The 

first study was a response surface design utilizing nine 

dietary combinations of RAC and RAP. The response surfaces 

of all milk variables were saddle-shaped. Because of the 

saddle-shaped surfaces, an optimum combination of RAP and 

RAC for milk production variables was not obvious from the 

limited range of RAC and RAP used in this study. Ridge 

analysis of the saddle surfaces predicted maximum milk yield 

when dietary RAC was below 69 % of the DM and RAP below 60% 

of CP in alfalfa-corn silage based diets. In the second 

study, four cannulated (ruminal and duodenal) cows were 

utilized in a 4x4 Latin Square design. Four of the nine 

original diets were selected to provide the largest range of 

RAC and RAP. Nutrient flow, digestiblities and ruminal 

parameters were evaluated. Although the in situ incubations



indicated that rates of DM, CP, and NDF degradabilities 

differed among diets, no effects on overall ruminal pH and 

total VFA concentrations were detected. Additionally, DM, 

OM, NDF, ADF, and N flows to the duodenum were not affected 

by dietary treatment. Nonmicrobial N flow was greater for 

the barley-based diet, yet microbial flow was not different. 

The differences in rates of availability determined by in 

situ methods were not large enough to illicit a measurable 

difference in nutrient digestion and utilization. 

Additionally, the data implied that none of the diets were 

limiting in RAC and RAP for vigorous microbial activity. 

Fat-corrected (3.5%) milk production was greatest (P<.05) 

when alfalfa-corn silage based diets contained supplements 

providing intermediate (69 % RAC) carbohydrate availability 

(corn and barley) and low (60 % RAP) ruminal protein 

availability (BM and SBM). The increase in fat-corrected 

milk was consistent with the predicted milk production 

response in the previous study when RAP exceeded 62% of CP. 

However, the ruminal parameters, nutrient flow, and nutrient 

digestibility measurements did not adequately explain the 

increased milk production when diets contained increased 

concentrations of BM.
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INTRODUCTION 

Microorganisms digest much of the feed ingested by 

ruminant animals, thus the interaction between carbohydrate 

and protein metabolism in the rumen is of particular 

importance. Protein deficiency in the rumen can decrease 

digestibility of carbohydrate. If carbohydrate is 

insufficient, nitrogen (N) can be inefficiently used as 

ruminal ammonia. The appropriate balance of the two for 

maximizing microbial protein synthesis and ultimately 

increasing milk production has yet to be identified for high 

producing dairy cattle. In order to meet this goal, 

nutritionists must become familiar with 1) factors affecting 

microbial protein synthesis, 2) quantitative and qualitative 

measurements of nutrients in feedstuffs, 3) potential for 

synchrony of carbohydrate and protein, and 4) animal effects 

that cause differences in production responses. 

The objectives of these studies were: 1) to evaluate 

diets varying in carbohydrate and protein availabilities for 

their effect on intake, milk production and composition, and 

growth of primiparous cows, and 2) to determine differences 

in ruminal fermentation, nutrient flow, and nutrient 

digestibilities in dual-cannulated cows fed similar diets.



CHAPTER 1 

LITERATURE REVIEW 

Factors Affecting Rumen Microbial Yield 

Rumen microbial nitrogen (MN) contributes 50 to 80 % of 

the nitrogen (N) reaching the small intestine of ruminant 

animals (29). Because of this significant contribution of N 

by the microorganisms, it is important to understand the 

numerous factors affecting microbial yield and flow of 

microbial matter to the small intestine. This discussion 

will be limited to dietary factors affecting microbial yield 

in cattle. 

Microbial Yield 

Microbial yield is usually defined as microbial flow to 

the small intestine in relation to organic matter apparently 

(OMAD) or truly digested (OMTD) in the rumen. Sniffen and 

Robinson (92) noted that problems exist with the inter- 

pretation of microbial yield data presented as OMAD, 

especially where undigested dietary organic matter (0M) 

residue is small and microbial OM flow is large. However, 

if N concentration of bacterial OM flow is not reported, 

estimation of bacterial N:0OM can be misleading and 

inaccurate with unsupported assumptions. As a result, much



reported data define microbial yield as g MN/100 g OMAD for 

comparative purposes. 

Positive relationships existed for OMTD (xr? =.39) and 

OMAD (r* =.25) with passage of MN to the small intestine. 

These data suggested that OM fermented in the rumen is an 

important factor affecting the amount of MN that passes to 

the small intestine. Organic matter truly digested in the 

rumen appears to be a more accurate predictor of the 

quantity of MN leaving the rumen than OMAD, yet OM intake 

was more highly correlated with MN passage to the small 

intestine than either OMTD or OMAD. The authors suggested 

that factors other than the quantity of OM fermented in the 

rumen contribute to the quantity of MN passing to the small 

intestine. 

Although OMAD and OMTD are most commonly reported to 

indicate measures of the efficiency of microbial yield, some 

reports indicate that microbial yields may be more closely 

related to carbohydrate rather than total organic matter 

intake (66). Net rumen microbial yield (efficiency) is a 

function of costs of maintenance and death. Sniffen and 

Robinson (92) described this relationship in the following 

equation: 1/Y¥Y = M/K + 1/Y,, where Y = yield, grams of 

bacteria per gram carbohydrate (CHO) fermented; M = grams of 

CHO per gram bacteria per hour; K = growth rate per hour; 

and Y, = maximum growth yield, grams of bacteria per gram



glucose. Rohr (82) suggested that 90% of the variation in 

microbial protein yield could be explained by carbohydrate 

availability. However, a single measurement of carbohydrate 

potentially digested in the rumen has yet to be developed, 

thus more variation between laboratories would likely exist 

in comparison to organic matter measures. 

Microbial growth is directly affected by various 

dietary factors and feeding management factors that 

influence the OMAD and the OMTD in the rumen. These factors 

include feed intake, ruminal dilution rate (15,95), forage 

to concentrate ratio, source and amount of carbohydrate and 

protein (10,92,95), feeding frequency, feed processing and 

storage (92), and nitrogen:sulfur ratio (95). This review 

will be limited to a discussion of the effects of feed 

intake, ruminal dilution rate, forage to concentrate ratio, 

source and amount of carbohydrate and protein on microbial 

yield and flow to the small intestine. 

Feed Intake 

Dry matter intake affects microbial yield because 

intake may vary up to fivefold or more during a lactation 

(92). Although it seems evident that increasing feed intake 

would result in greater flow of microbial N (MN) from the 

rumen, several studies have indicated no relationship 

between intake and microbial yield (18,101). However, these



studies reported intake of only 1.5 % to 2.5 % of body 

weight (BW), and only three levels of feed intake. Other 

studies have shown higher bacterial yield at higher intakes 

(19,56,74). Stern and Hoover (95) reported a lower mean 

yield of 27 g MN/100 g OMAD based on a summary of 64 

observations from the literature. These data included beef 

cattle and sheep experiments in which intake was low. 

In dairy cattle, higher feed intake resulted in 

consistently higher microbial yield and efficiency of 

microbial growth in comparison to data from sheep and beef 

(60). From calculations made by Oldham (69) on data from 

several studies reporting intake (greater than 12 kg DM/d) 

and microbial N/kg apparent digested OM (MN/OMAD), it 

appeared that cows at high intakes produced significantly 

higher levels of MN. Oldham suggested that dry matter 

intakes greater than 20 kg/d would likely result in an 

average of 35 g MN/100 g OMAD. 

Dairy cattle data demonstrate the positive relationship 

between high levels of intake and MN synthesis. Clark et 

al. (10) summarized an extensive dairy cattle data set to 

evaluate the relationship of OM intake (OMI) to the passage 

of N fractions to the small intestine. In a summary of 36 

experiments in which 145 different diets were fed, a 

positive relationship between OMI and nonammonia N (NAN) 

passage to the small intestine was detected (r’? = .83). The



relationship was not as strong when the MN fraction was 

excluded (r? = .54). Additionally, the relationship between 

OMI and the passage of MN to the small intestine was 

positive (r’? = .62) when OMI increased from about 3 to 23 

kg/d. These positive relationships between increasing OMI 

and passage of both nonammonia nonmicrobial N (NANMN) and MN 

out of the rumen indicated that both of these fractions 

(NANMN and MN) contributed significantly to the total 

passage of NAN. 

Greater feed intake also increases rumen turnover 

rates. As turnover rates increase, the likelihood of 

increased amounts of incompletely digested particles being 

emptied from the rumen would be increased. Coincidently, 

increased MN flow from the rumen would result (106). Thus, 

microbial efficiency can be directly affected by rumen 

dilution rate (or rumen turnover) as a response to increased 

feed intake. 

Rumen Turnover 

Increased feed intake often results in greater rumen 

particulate and liquid turnover rates (16,15). Increased 

passage of fluids and solids to the small intestine 

increases quantity of OMTD, amount of N (including MN), and 

amino acids (AA) passed to the small intestine. Increasing 

the OMTD provides additional nutrients for microbial growth.



An increased rate of growth coupled with faster passage of 

microbes to the small intestine may reduce recycling of 

energy and N within the rumen. Reduced recycling would 

occur because of decreased cell lysis, resulting in 

decreased maintenance requirements of the microbes, thus 

more nutrients available for microbial growth (95). 

Rumen liquid and particulate turnover rates have a 

significant effect on microbial protein synthesis. Harrison 

and McAllan (25) illustrated from a theoretical calculation 

based on in vitro reports, that maximal yield of microbes 

would be approached by increasing the dilution rate. 

However, Sniffen and Robinson (92) cited four studies in 

which attempts to increase microbial yield in vivo by 

increasing liquid fractional turnover rate have been 

unsuccessful. Lack of consistency between in vitro and in 

vivo data probably reflects fundamental differences between 

the two. Oldham (69) noted some confusion in the literature 

in attempting to relate fractional rate of liquid outflow 

from the rumen to dilution rate of bacteria in continuous 

culture. The two were not synonymous because the microbial 

pool does not relate only to the fluid of the rumen. 

It is likely that the relationship between increased 

microbial yield with greater liquid outflow reflects its 

close relationship to particulate turnover rate (16,15). 

Evan’s reviews indicated a close relationship between liquid



and particulate turnover over a wide range of reported 

values from the literature from cattle and sheep. 

Rode and coworkers (77) reported a 15% increase in 

efficiency of microbial protein synthesis when ground hay 

replaced long hay in cattle diets supplemented with corn and 

soybean meal. With ground forage in the diet, ruminal OMAD 

decreased, feed N flow increased, and particulate turnover 

rate increased. The increased efficiency of microbial 

protein synthesis was directly related to ruminal 

particulate turnover rate and inversely related to liquid 

dilution rate. Because of less residence time in the rumen, 

ground forage would be fermented to a lesser extent than 

long forage. 

In a second study (77), MN synthesis was positively 

related to the turnover of the particulate digesta in the 

rumen, regardless of liquid dilution rate. Efficiency was 

greater with long hay compared with chopped, and with 

inclusion of 75 % forage compared with 25%. No effect due 

to barley or corn supplement was related to efficiency of 

bacterial growth. 

On the contrary, efficiency of bacterial growth (g 

MN/100g OMTD or OMAD) was improved by increasing liquid 

dilution rate caused by increased feed intake (9.1 vs 6.1 

kg/d) in beef cattle (19). Particulate dilution rate was 

unaffected by intake. The positive relationship between



liquid dilution rate and efficiency of bacterial synthesis 

could be attributed to a decreased proportion of the total 

energy expenditure used as maintenance energy with faster 

liquid flow. 

An explanation for the differences in influence of 

liquid and solid turnover on efficiency of microbial growth 

in the rumen may be explained by work with dairy cattle by 

Rode and Satter (77). Efficiency of microbial protein 

synthesis increased by increasing solids turnover regardless 

of changes in liquid dilution rate. However, when little or 

no change occurred in particulate turnover, liquid turnover 

rate positively influenced the efficiency of microbial 

protein synthesis (74,77). Additionally, solids turnover 

was increased with higher intake in dairy cattle. The level 

of intake was much higher when compared with the beef cattle 

data (19). Although turnover rate of both the particulate 

and liquid fractions have been reported to modify microbial 

yield, these relationships were less strong than the ratio 

of microbial protein to dietary OM in the rumen of dairy 

cattle (10,92). 

Forage to Concentrate Ratio 

The ratio of forage to concentrate in the diet also 

affects amount of microbial protein reaching the small 

intestine (77). Clark et al. (10) noted that effects due to



changes in forage to concentrate ratio may be more 

appropriately attributed to the amount and rate of OM 

fermentation in the rumen rather than specific levels of 

forage and concentrate. If additional OM were fermented in 

the rumen, more available energy should be provided for 

increasing microbial protein synthesis. As cited by Sniffen 

and Robinson (92), Hagemeister et al. (24) suggested that 

the efficiency of energy utilization for synthesis of 

bacterial protein is greatest in diets containing between 30 

and 70% concentrate. 

Diets high in concentrate may decrease efficiency of 

microbial protein synthesis. Potentially, with fewer large 

particles available for attachment, flow of MN may be 

reduced concomitant with increased microbial recycling. 

High concentrate diets may also result in a rapid rate of 

starch degradation which would cause uncoupled fermentation, 

thus inefficient energy utilization. Inclusion of a more 

Slowly degraded forage OM source would allow more energy to 

be trapped by the microorganisms. Adding forage to high 

concentrate diets increased total feed intake and increased 

liquid and particulate flow to the small intestine (23). 

This allowed for greater washout of microbial proteins 

attached to small feed particles. 

With very high levels of forage (> 70%), microbial 

yield is depressed (51,78,77). The decreased quantity and 

10



efficiency of microbial protein flow to the small intestine 

may be due to a deficiency of energy (from concentrate) or a 

diversion of energy toward microbial maintenance resulting 

in slower growth. When the concentrate portion consisted of 

high fiber by-product ingredients, instead of grain, 

Tamminga et al. (101) observed no relationship between 

forage:concentrate ratio and microbial yield. By-product 

ingredients are commonly fed as dairy feeds, yet, little 

research has been reported concerning ruminal utilization of 

these feeds in dairy cattle. Further research is needed in 

this area. 

Few dairy cattle studies have been designed to 

specifically evaluate the effects of varying the forage to 

concentrate ratio on MN synthesis in the rumen (38,78,77). 

Although forage levels in these studies ranged from 24 to 81 

%, an optimum ratio of forage to concentrate that would 

maximize ruminal production and passage of N to the small 

intestine was not determined. The ingredient composition of 

the forages and concentrates selected for dairy cattle 

feeding apparently have a greater influence on microbial 

protein synthesis and rumen fermentation than simply 

altering the forage to concentrate ratio. 

The composition of individual feed ingredients has long 

been recognized as significant to efficiency and yield of 

microbial protein synthesis. Many articles and reviews have 

ll



been published concerning effects of carbohydrate fractions 

and protein fractions on microbial growth in vitro, and more 

recently in vivo. However, characterization of these 

fractions in feedstuffs and their availability in the rumen 

continue to be evaluated. 

Carbohydrate Sources 

Carbohydrates are the most important source of energy 

for rumen microbes. Carbohydrates are classified as 

structural carbohydrates (SC), such as those in NDF, and 

nonstructural carbohydrates (NSC), such as starches, soluble 

sugars, and other reserve carbohydrates (107). 

Nonstructural carbohydrates include sugars, starches, 

and pectins. The soluble, non-starch polysaccharides, 

pectins, are precipitated by sodium laurel sulfate of 

neutral detergent solution and are 90-100% digested in the 

rumen (68). They are primarily found in citrus, beet pulp, 

and legumes but are low in grasses (105). Galactans are 

unique to legumes as the carbohydrate reserve, in place of 

starch (105). Fructosans are the storage carbohydrate in 

temperate grasses and B - glucans are unique to the cell 

wall of grasses and to the bran of oats, barley, rye, and 

triticale (105). 

The largest portion of NSC is starch. Seventy to 80 % 

of most cereal grain carbohydrate is starch (66). Starch is 

12



arranged in a highly organized fashion composed of two major 

molecules, amylose and amylopectin. Amylose is a linear 

polymer of alpha-1-4-D-glucose units. Amylopectin is a 

branched polymer with linear chains of alpha-1-4-D-glucose 

that have an alpha-1~-6 branch point every 20 to 25 glucose 

residues (20). Starch granules are "pseudocrystals" that 

contain regions of organized "crystalline" form (primarily 

amylopectin) and nonorganized "amorphous" areas (20). 

Structural carbohydrates are associated with the cell 

wall. The maturity and plant species greatly affect the 

ratio of cellulose, hemicellulose, and lignin. In turn, the 

insoluble digestible and indigestible fractions vary greatly 

between feeds. 

Carbohydrate Measurements 

The starch and sugars of feedstuffs can be measured 

quantitatively (105). A commonly reported enzymatic method 

of measuring total nonstructural (TNC) carbohydrate content 

of feedstuffs is that of Smith (86). This procedure 

utilizes Taka-diastase, an alpha-amylase derived from 

Aspergilus oryzae that represents more than 30 different 

enzymatic functions (67). Its action is not only 

amylolytic, but also proteolytic and lipolytic, thus in some 

feeds the TNC would be overestimated. A type A amylase of 

Bacillus subtilus has also been used, but it is specific for 
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alpha~-1 to 4 glucosidic linkages of starch (67). Certain 

readily fermentable carbohydrates may be underestimated in 

the type A procedure. A single reliable technique that can 

quantitate several digestible carbohydrates (starch and 

Sugars) across a range of feeds has yet to be developed. 

The NSC fraction can also be calculated by difference: 

NSC = 100 - (NDF + CP + EE + ASH) (66) or NSC = 100 - [(NDF 

- NDF protein) + CP + EE + ASH] (105). Van Soest noted that 

the calculated NSC could be close to determined starch and 

sugar values for many feeds but was larger when the feed 

contained large quantities of nonstarch polysaccharides, 

i.e., pectin. The significance of this difference lies in 

the different fermentation pathways of starches, sugars and 

pectins. Starch and sugars in large amounts in the rumen 

can cause a switch to lactic acid fermentation, but pectins 

and B - glucans are not fermented to lactate (99). 

A further evaluation of the quantitative measurements 

of feed carbohydrates was reported by Nocek and Tamminga 

(68). Fifty NSC determinations of common grain, by- 

products, and forage sources were extracted from the 

literature and compared. They identified values from the 

total nonstructural carbohydrate (TNC) procedure of Smith 

(86) with Taka-diastase, nonstructural carbohydrate (NSC) by 

difference calculation (100 - (NDF + CP + EE + ASH)), and 

enzymatic methods of starch using bacterial amylases 
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(STARCH). STARCH measurements were most commonly reported 

in the literature. 

Determinations of TNC, NSC, and STARCH averaged 74.6, 

73.7, and 76.1% of DM for corn; 69.4, 58.0, and 60.6% for 

barley; and 12.9, 25.2, and 1.3% for soybean meal, 

respectively. Forage sources were more variable than grain 

sources. Alfalfa silage was 5.8% TNC, 24.7% NSC, and 8.1% 

STARCH; whereas, corn silage averaged 32.0% TNC, 36.1% NSC, 

and 39.4% STARCH. The largest variations between 

measurements could possibly be due to the peculiarities of 

the carbohydrate composition of the specific feed sources 

(proportions of starch and types of sugars). 

The structural carbohydrate (SC) fraction of feedstuffs 

is measured most conveniently as NDF. The NDF fraction 

includes cellulose, hemicellulose, and lignin as the major 

components. The NDF procedure was originally developed for 

forages, thus, modifications for concentrate sources were 

developed. Various modifications using amylases have been 

proposed (105). 

Because NDF is easily measured and commonly reported in 

the literature, it has been used as a means of defining 

physical and chemical restrictions of feeding the dairy cow. 

Mertens (57) suggested values of 31% NDF for cows producing 

29 to 36 kg milk; 28% NDF when milk production exceeds 36 

kg. The NDF is highly related to dry matter intake (DMI) 
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and the depression in digestibility asociated with high 

intakes (57). However, NDF is a chemical entity that does 

not necessarily reflect rumen availability (66). A 

measurement of the availability is critical to providing the 

proper combination of rapidly available (NSC) and slowly 

available (SC) or degradable carbohydrate sources that 

should promote maximum microbial yield (36). 

Nocek and Russell (66) suggested that in situ 

measurements of NDF availability could be used to estimate 

ruminal carbohydrate availability. The following equation 

was developed as a prediction of the rumen available 

carbohydrate as a percent of total carbohydrate: Rumen 

available carbohydrate (RAC) = 

[.9 (NDS - (protein + lipid)) + (NDF x NDF availability) ] 

((NDS - (protein + lipid)) + NDF] 

where NDF = neutral detergent fiber and NDS = neutral 

detergent solubles (100 - NDF). The .9 value was included 

because unpublished work estimated that 90% of NSC was 

almost completely digested in the rumen by 24 h. The 

numerator represented the portion of the carbohydrate 

fraction that was considered potentially available in the 

rumen; whereas, the denominator represented a sum of the NSC 

and SC or total carbohydrate. The ease of using this 

equation is attractive since the NDF, CP, and EE values of 

most feedstuffs can be easily obtained. However, the data 
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base of NDF availability is very limited. Eighty-seven 

reported measurements of NDF rumen availability were 

obtained from the literature by Nocek and Russell (66), yet 

many of these were from the same lab and only a few of 

different grains, forages, and by-product feeds. 

In general, the rank of ease of degradation of commonly 

fed feedstuffs is: wheat, barley, oats, corn, and sorghum 

greater than legumes (107). Potential rate of fermentation 

of all carbohydrates largely determines efficiency with 

which the microbial population can use them. 

True characterization of degradability of carbohydrate 

fractions has not been adequately determined. However, 

several attempts have been made (6,27,53). Standardization 

of a technique describing qualitative characteristics of 

feed carbohydrate is needed, but several dynamic components 

are involved (67,68). 

The largest data base of both quantitative and 

qualitative determinations is of the starch component of 

NSC. Ruminal starch degradabilities have been reported from 

in vitro (27), in vivo (68), and in situ (101) 

determinations. In vitro techniques use enzymes and short 

incubation times to estimate starch degradability rates. 

These values should be used for comparative purposes since 

they may not represent actual rates in vivo. 
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Nocek and Tamminga (68) compared the quantitative and 

qualitative measurements from 83 determinations in vivo or 

47 in situ or in vitro measurements. The relationship 

between starch content and ruminal degradability of starch 

(in situ, in vivo) was significant, but the starch content 

(quantitative measure) accounted for little of the 

variability associated with rate of degradability (r’* = 

.29). More of the variability associated with degradability 

was accounted for by the in situ measures. The relationship 

between in situ and in vivo starch degradability was in situ 

= -89.8 + 2.01 (in vivo), r* = .65, P<.005. These data 

suggested that the various methods were comparable, but the 

authors warned that the data set was small and more 

comparisons were needed from various laboratories since the 

in situ data was from only 5 different reports. 

Barley and Corn as Carbohydrate Sources 

Barley and corn grains have been reported most often as 

comparative carbohydrate sources varying in carbohydrate 

digestibility. Waldo (110) reported 23 observations in the 

literature of barley starch digestibilities at the abomasum 

or duodenum. The mean starch digestibility was 94 % +/- 

2.4. Very little variation occurred in these data from 

different sources or loads, different ruminant species, 

different processing methods, or by changing percentage in 
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the ration. Thirty published observations of corn starch 

digestibility were compared by Waldo (110). The average 

corn starch digestibility was 78 % +/- 12.5. Much more corn 

than barley starch escaped ruminal degradation. Variations 

in the corn data were also much higher than found in the 

barley data. Variations could be attributed to different 

loads or lots, plant varieties, processing methods, and 

differences between species (beef and sheep). 

Matras et al. (52) evaluated the effect of barley, 

steam-flaked sorghum, and dry-rolled sorghum in combination 

with urea, urea:bloodmeal:corn gluten meal (50:25:25), or 

bloodmeal:corn gluten meal (50:50) on N utilization in 

growing lambs. Greatest microbial N synthesis (allantoin N 

excretion) occurred when dry-rolled barley was fed. 

However, grain sources did not differ in N balance or the 

proportion of N retained. This implied that greater 

microbial N synthesis did not overcome the amount of NANMN 

provided to the small intestine by other grain sources. 

Oldham et al. (70) reported greater bacterial yield 

when dairy cows were fed barley grain compared to corn grain 

in diets containing 10 or 40 % poor quality hay diets at 

moderate intakes. The more rapid degradation of barley 

starch than corn starch may have supported higher bacterial 

yield. 
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�H�i�g�h�e�r� �m�i�c�r�o�b�i�a�l� �y�i�e�l�d� �a�l�s�o� �o�c�c�u�r�r�e�d� �w�h�e�n� �p�e�l�l�e�t�t�e�d� 
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�c�o�r�n�-�b�a�s�e�d� �d�i�e�t� �i�n�c�r�e�a�s�e�d� �p�a�s�s�a�g�e� �o�f� �N�A�N�M�N� �b�y� �5�0� �g�/�d�.� 

�I�n� �d�a�i�r�y� �c�a�t�t�l�e� �(�1�5�0� �d� �p�o�s�t�-�p�a�r�t�u�m�)� �c�o�n�s�u�m�i�n�g� �d�r�y�-� 
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�c�o�r�n�-�b�a�s�e�d� �d�i�e�t�s� �w�a�s� �i�n�c�r�e�a�s�e�d�,� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �t�h�e� �l�o�w� 

�r�u�m�i�n�a�l� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �c�o�r�n� �a�n�d� �g�r�e�a�t�e�r� �D�M�I� �o�f� 

�c�o�r�n� �c�o�m�p�a�r�e�d� �w�i�t�h� �b�a�r�l�e�y�.� 

�R�o�d�e� �a�n�d� �S�a�t�t�e�r� �(�7�7�)� �f�e�d� �g�r�o�u�n�d� �c�o�r�n�-� �o�r� �g�r�o�u�n�d� �b�a�r�l�e�y�-� 

�b�a�s�e�d� �c�o�n�c�e�n�t�r�a�t�e�s� �t�o� �c�o�w�s� �r�e�c�e�i�v�i�n�g� �e�i�t�h�e�r� �l�o�n�g� �o�r� �c�h�o�p�p�e�d� 

�f�u�l�l�-�b�l�o�o�m� �a�l�f�a�l�f�a� �h�a�y�.� �F�o�r�a�g�e� �t�o� �c�o�n�c�e�n�t�r�a�t�e� �r�a�t�i�o�s� �w�e�r�e� 

�e�i�t�h�e�r� �2�5�:�7�5� �o�r� �7�5�:�2�5�.� �C�o�w�s� �w�e�r�e� �i�n� �m�i�d�l�a�c�t�a�t�i�o�n�,� �p�r�o�d�u�c�i�n�g� 

�>� �2�0� �k�g� �m�i�l�k�/�d�.� �N�o� �d�i�f�f�e�r�e�n�c�e�s� �d�u�e� �t�o� �s�o�u�r�c�e� �o�f� �c�e�r�e�a�l� 

�g�r�a�i�n� �w�e�r�e� �d�e�t�e�c�t�e�d� �f�o�r� �O�M�I�,� �N�I�,� �O�M�A�D�,� �o�r� �p�a�s�s�a�g�e� �o�f� �M�N�,� 

�N�A�N�M�N�,� �o�r� �N�A�N� �t�o� �t�h�e� �d�u�o�d�e�n�u�m�,� �o�r� �M�N�/�O�M�A�D� �(�e�f�f�i�c�i�e�n�c�y� �o�f� 

�m�i�c�r�o�b�i�a�l� �s�y�n�t�h�e�s�i�s�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �t�r�e�n�d�s� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� 

�M�c�C�a�r�t�h�y� �e�t� �a�l� �(�5�3�)�.� 

�N�i�t�r�o�g�e�n� �S�o�u�r�c�e�s� 

�N�i�t�r�o�g�e�n� �s�o�u�r�c�e� �a�n�d� �t�h�e� �d�e�g�r�e�e� �o�f� �r�u�m�i�n�a�l� �d�e�g�r�a�d�a�t�i�o�n� 

�p�l�a�y� �a� �m�a�j�o�r� �r�o�l�e� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �e�f�f�i�c�i�e�n�c�y� �o�f� �m�i�c�r�o�b�i�a�l� 

�p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�.� �M�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �a�n�d� �r�u�m�e�n� �O�M� 

�d�i�g�e�s�t�i�b�i�l�i�t�y� �w�i�l�l� �b�e� �d�e�p�r�e�s�s�e�d� �i�f� �t�h�e� �b�a�s�a�l� �d�i�e�t� �i�s� 

�d�e�f�i�c�i�e�n�t� �i�n� �N�.� �P�r�o�v�i�d�i�n�g� �t�h�e� �p�r�o�p�e�r� �a�m�o�u�n�t� �a�n�d� �t�y�p�e� �o�f� 

�n�i�t�r�o�g�e�n� �t�o� �t�h�e� �r�u�m�e�n� �i�s� �p�r�i�m�a�r�i�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �s�o�u�r�c�e� 

�o�f� �f�e�e�d� �p�r�o�t�e�i�n� �s�e�l�e�c�t�e�d�.� 

�D�i�e�t�a�r�y� �p�r�o�t�e�i�n� �c�a�n� �b�e� �p�a�r�t�i�t�i�o�n�e�d� �i�n�t�o� �t�w�o� �p�o�o�l�s� �t�h�a�t� 

�a�r�e� �s�o�l�u�b�l�e� �o�r� �i�n�s�o�l�u�b�l�e� �i�n� �r�u�m�e�n� �f�l�u�i�d� �a�n�d� �i�n�t�o� �p�o�o�l�s� �t�h�a�t� 
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�a�r�e� �d�e�g�r�a�d�e�d� �o�r� �u�n�d�e�g�r�a�d�e�d� �b�y� �r�u�m�i�n�a�l� �m�i�c�r�o�-�o�r�g�a�n�i�s�m�s�.� 

�U�n�d�e�r� �p�r�a�c�t�i�c�a�l� �f�e�e�d�i�n�g� �r�e�g�i�m�e�s�,� �t�h�e� �e�x�t�e�n�t� �o�f� �p�r�o�t�e�i�n� 

�d�e�g�r�a�d�e�d� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �r�a�t�e� �o�f� �p�r�o�t�e�o�l�y�s�i�s� �a�n�d� 

�r�e�t�e�n�t�i�o�n� �t�i�m�e� �i�n� �t�h�e� �r�u�m�e�n�.� 

�P�i�c�h�a�r�d� �a�n�d� �V�a�n� �S�o�e�s�t� �(�8�)� �p�r�o�p�o�s�e�d� �t�h�a�t� �f�e�e�d� �p�r�o�t�e�i�n�s� 

�a�r�e� �d�e�g�r�a�d�e�d� �a�t� �d�i�f�f�e�r�e�n�t� �r�a�t�e�s�.� �T�h�e�y� �c�l�a�s�s�i�f�i�e�d� �p�r�o�t�e�i�n�s� 

�a�s� �s�o�l�u�b�l�e� �a�n�d� �i�n�s�o�l�u�b�l�e� �p�r�o�t�e�i�n�s�.� �T�h�e� �w�a�t�e�r�-�s�o�l�u�b�l�e� 

�n�o�n�p�r�o�t�e�i�n� �n�i�t�r�o�g�e�n� �f�r�a�c�t�i�o�n� �d�e�g�r�a�d�e�d� �r�a�p�i�d�l�y� �a�n�d� �c�o�m�p�l�e�t�e�l�y� 

�i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �f�r�a�c�t�i�o�n� �A�.� �A�m�m�o�n�i�a�,� �a�m�i�n�e�s�,� �f�r�e�e� �a�m�i�n�o� 

�a�c�i�d�s�,� �a�n�d� �n�i�t�r�a�t�e�s� �b�e�l�o�n�g� �i�n� �t�h�i�s� �c�l�a�s�s�.� �F�r�a�c�t�i�o�n�s� �B�,�,� �B�,�,� 

�a�n�d� �C� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �i�n�s�o�l�u�b�l�e�.� �T�h�e� �r�a�p�i�d�l�y� �d�e�g�r�a�d�e�d� 

�f�r�a�c�t�i�o�n� �(�0�-�2�h�)� �i�s� �B�,�,� �m�o�r�e� �s�l�o�w�l�y� �d�e�g�r�a�d�e�d� �f�r�a�c�t�i�o�n� �i�s� �B�,�,� 

�a�n�d� �C� �i�s� �c�o�n�s�i�d�e�r�e�d� �c�o�m�p�l�e�t�e�l�y� �u�n�a�v�a�i�l�a�b�l�e� �f�o�r� �d�i�g�e�s�t�i�o�n�.� 

�T�h�e� �r�a�t�e� �o�f� �r�u�m�e�n� �t�u�r�n�o�v�e�r� �w�i�l�l� �m�o�s�t� �g�r�e�a�t�l�y� �a�f�f�e�c�t� �t�h�e� 

�r�a�p�i�d�l�y� �d�e�g�r�a�d�e�d� �B�,� �f�r�a�c�t�i�o�n�.� �I�n� �s�i�t�u� �m�e�a�s�u�r�e�m�e�n�t�s� �h�a�v�e� 

�b�e�c�o�m�e� �a�n� �a�c�c�e�p�t�e�d� �m�e�a�s�u�r�e� �o�f� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �i�n�s�o�l�u�b�l�e� 

�f�r�a�c�t�i�o�n�s�.� �A� �d�i�s�c�u�s�s�i�o�n� �o�f� �f�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �i�n� �s�i�t�u� 

�m�e�a�s�u�r�e�m�e�n�t�s� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �a� �l�a�t�e�r� �s�e�c�t�i�o�n� �o�f� �t�h�i�s� �r�e�v�i�e�w�.� 

�S�e�v�e�r�a�l� �m�e�t�h�o�d�s� �o�f� �d�e�t�e�r�m�i�n�i�n�g� �f�r�a�c�t�i�o�n� �A� �h�a�v�e� �b�e�e�n� 

�e�m�p�l�o�y�e�d�:� �d�i�s�t�i�l�l�e�d� �a�n�d� �h�o�t� �w�a�t�e�r�,� �b�o�r�a�t�e�-�p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r�,� 

�7�0�%� �e�t�h�a�n�o�l�,� �s�o�d�i�u�m� �c�h�l�o�r�i�d�e�,� �M�c�D�o�u�g�a�l ��s� �a�r�t�i�f�i�c�i�a�l� �s�a�l�i�v�a�,� 

�B�u�r�r�o�u�g�h ��s� �m�i�n�e�r�a�l� �m�i�x�t�u�r�e�s�,� �a�n�d� �a�u�t�o�c�l�a�v�e�d� �r�u�m�e�n� �f�l�u�i�d� 

�(�6�7�)�.� �H�o�w�e�v�e�r�,� �v�a�l�u�e�s� �f�o�r� �s�o�l�u�b�l�e� �N� �f�o�r� �t�h�e� �s�a�m�e� �f�e�e�d�s�t�u�f�f� 

�v�a�r�i�e�s� �w�i�t�h� �s�o�l�v�e�n�t�,� �t�h�u�s� �s�e�l�e�c�t�i�o�n� �o�f� �a�n� �a�p�p�r�o�p�r�i�a�t�e� 

�s�o�l�v�e�n�t� �i�s� �d�i�f�f�i�c�u�l�t�.� 
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�P�r�i�m�a�r�y� �s�o�u�r�c�e�s� �o�f� �N� �f�o�r� �r�u�m�e�n� �b�a�c�t�e�r�i�a� �a�r�e� �p�r�o�v�i�d�e�d� �b�y� 

�f�r�a�c�t�i�o�n�s� �A� �a�n�d� �B�,�.� �A�l�m�o�s�t� �a�l�l� �r�u�m�e�n� �b�a�c�t�e�r�i�a� �u�t�i�l�i�z�e� 

�m�o�s�t�l�y� �a�m�m�o�n�i�a�;� �s�o�m�e�,� �h�o�w�e�v�e�r�,� �a�l�s�o� �u�t�i�l�i�z�e� �p�e�p�t�i�d�e�s� �(�1�2�)� 

�a�n�d� �a�m�i�n�o� �a�c�i�d�s� �(�4�1�)�.� �A�n� �e�s�t�i�m�a�t�e�d� �5�0� �-� �8�0� �%� �o�f� �M�N� �i�s� 

�d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �r�u�m�e�n� �a�m�m�o�n�i�a� �p�o�o�l� �(�4�1�)�.� �T�h�e� �r�e�m�a�i�n�d�e�r� 

�p�r�o�b�a�b�l�y� �i�s� �o�b�t�a�i�n�e�d� �a�s� �p�e�p�t�i�d�e�s� �a�n�d� �a�m�i�n�o� �a�c�i�d�s� �f�r�o�m� 

�d�i�e�t�a�r�y� �o�r� �e�n�d�o�g�e�n�o�u�s� �s�o�u�r�c�e�s�.� �B�r�a�n�c�h�e�d�-�c�h�a�i�n� �C�c�,� �a�n�d� �C�,� 

�a�c�i�d�s� �a�r�e� �r�e�q�u�i�r�e�d� �b�y� �s�o�m�e� �s�p�e�c�i�e�s� �f�o�r� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� 

�(�6�0�)� �b�u�t� �c�r�o�s�s�f�e�e�d�i�n�g� �o�f� �m�i�c�r�o�b�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� �m�a�y� �m�e�e�t� �t�h�i�s� 

�n�e�e�d�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �a�m�m�o�n�i�a� �r�e�q�u�i�r�e�d� �f�o�r� �m�i�c�r�o�b�i�a�l� �g�r�o�w�t�h� �h�a�s� 

�b�e�e�n� �r�e�s�e�a�r�c�h�e�d�,� �m�o�d�e�l�l�e�d�,� �a�n�d� �r�e�v�i�e�w�e�d� �e�x�t�e�n�s�i�v�e�l�y� �(�6�0�)�.� 

�I�n� �v�i�t�r�o� �o�b�s�e�r�v�a�t�i�o�n�s� �o�f� �S�a�t�t�e�r� �a�n�d� �S�l�y�t�e�r� �(�8�5�)� �s�h�o�w�e�d� 

�m�a�x�i�m�u�m� �m�i�c�r�o�b�i�a�l� �g�r�o�w�t�h� �t�o� �o�c�c�u�r� �w�h�e�n� �t�h�e� �a�m�m�o�n�i�a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �r�u�m�e�n� �f�l�u�i�d� �r�e�a�c�h�e�d� �5� �t�o� �8� �m�g�/�1�0�0� �m�l�.� �A�n� 

�i�n� �v�i�v�o� �o�b�s�e�r�v�a�t�i�o�n� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �S�a�t�t�e�r� �a�n�d� �S�l�y�t�e�r� 

�i�n�d�i�c�a�t�e�d� �m�a�x�i�m�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �w�a�s� �a�c�h�i�e�v�e�d� �w�h�e�n� �r�u�m�e�n� 

�a�m�m�o�n�i�a� �r�e�a�c�h�e�d� �5� �m�g�/�1�0�0� �m�l�.� �O�t�h�e�r� �i�n� �v�i�v�o� �s�t�u�d�i�e�s� �h�a�v�e� 

�i�n�d�i�c�a�t�e�d� �d�e�s�i�r�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �9� �m�g�/�1�0�0� �m�l� �(�3�2�)� �a�n�d� �2�9� 

�m�g�/�1�0�0� �m�l� �(�5�8�)�.� �I�n� �a� �r�e�v�i�e�w� �b�y� �H�o�o�v�e�r� �(�3�1�)�,� �a� �r�u�m�e�n�-�f�l�u�i�d� 

�a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �6�.�2� �m�g�/�1�0�0� �m�l� �a�p�p�e�a�r�e�d� �t�o� �b�e� 

�o�p�t�i�m�u�m� �w�h�e�n� �t�h�e� �d�i�e�t�a�r�y� �p�r�o�t�e�i�n� �l�e�v�e�l� �e�x�c�e�e�d�e�d� �6�%� �C�P�.� 

�T�h�e�s�e� �d�a�t�a� �c�o�n�s�i�s�t�e�d� �o�f� �a� �s�u�m�m�a�r�y� �o�f� �9� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� 

�r�u�m�e�n� �a�m�m�o�n�i�a� �r�a�n�g�e�s� �f�r�o�m� �7� �t�o� �7�6� �m�g�/�1�0�0� �m�l� �r�u�m�e�n� �f�l�u�i�d�.� �I�n� 

�g�e�n�e�r�a�l�,� �t�h�e� �m�i�c�r�o�b�i�a�l� �r�e�q�u�i�r�e�m�e�n�t� �f�o�r� �a�m�m�o�n�i�a� �i�s� �r�e�l�a�t�e�d� �t�o� 
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�s�u�b�s�t�r�a�t�e� �a�v�a�i�l�a�b�i�l�i�t�y�,� �f�e�r�m�e�n�t�a�t�i�o�n� �r�a�t�e�,� �m�i�c�r�o�b�i�a�l� �m�a�s�s�,� 

�a�n�d� �y�i�e�l�d� �(�8�4�)�.� 

�A�l�t�h�o�u�g�h� �r�u�m�e�n� �b�a�c�t�e�r�i�a� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �e�f�f�i�c�i�e�n�t� 

�s�c�a�v�e�n�g�e�r�s� �o�f� �a�m�m�o�n�i�a� �a�n�d� �c�a�n� �g�r�o�w� �a�t� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� 

�u�n�c�o�u�p�l�e�d� �f�e�r�m�e�n�t�a�t�i�o�n� �c�o�u�l�d� �o�c�c�u�r� �i�f� �t�h�e� �N� �l�e�v�e�l� �i�n� �t�h�e� 

�r�u�m�e�n� �b�e�c�o�m�e�s� �t�o�o� �l�o�w�.� �T�h�i�s� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �f�e�r�m�e�n�t�a�t�i�o�n� 

�w�i�t�h�o�u�t� �u�s�e�f�u�l� �A�T�P� �p�r�o�d�u�c�t�i�o�n� �f�o�r� �m�i�c�r�o�b�i�a�l� �u�s�e� �(�6�9�)�.� �R�u�m�e�n� 

�a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�v�e�r�a�g�e�d� �l�e�s�s� �t�h�a�n� �4� �m�g�/�1�0�0� �m�l� �(�5�3�)� 

�a�n�d� �a�b�o�u�t� �2� �m�g�/�1�0�0� �m�l� �(�3�8�)� �i�n� �h�i�g�h� �p�r�o�d�u�c�i�n�g� �d�a�i�r�y� �c�o�w�s� 

�w�i�t�h�o�u�t� �a�n�y� �d�e�t�r�i�m�e�n�t�a�l� �a�f�f�e�c�t� �o�n� �M�N� �s�y�n�t�h�e�s�i�s�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �a�m�o�u�n�t� �o�f� �O�M�T�D� �a�p�p�e�a�r�e�d� �t�o� �b�e� �m�o�r�e� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� 

�M�N� �s�y�n�t�h�e�s�i�s� �t�h�a�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �a�m�m�o�n�i�a� �i�n� �b�o�t�h� �s�t�u�d�i�e�s�.� 

�I�f� �t�h�e� �N� �l�e�v�e�l� �i�s� �t�o�o� �h�i�g�h�,� �e�n�e�r�g�y� �m�a�y� �b�e� �t�h�e� �l�i�m�i�t�i�n�g� 

�f�a�c�t�o�r� �f�o�r� �e�f�f�i�c�i�e�n�t� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �N� �b�y� �t�h�e� �m�i�c�r�o�b�e�s� �(�9�5�)�.� 

�A�s� �i�n�c�r�e�a�s�i�n�g� �l�e�v�e�l�s� �o�f� �c�o�r�n� �g�l�u�t�e�n� �m�e�a�l� �w�e�r�e� �f�e�d� �t�o� �d�a�i�r�y� 

�c�o�w�s� �c�o�n�s�u�m�i�n�g� �c�o�r�n� �s�i�l�a�g�e� �-� �a�l�f�a�l�f�a� �h�a�y� �t�o�t�a�l� �m�i�x�e�d� �d�i�e�t�s�,� 

�r�u�m�e�n� �a�m�m�o�n�i�a� �l�e�v�e�l�s� �i�n�c�r�e�a�s�e�d� �t�o� �1�4�.�4� �m�g�/�1�0�0� �m�l�.� �N�o� 

�d�i�f�f�e�r�e�n�c�e� �w�a�s� �d�e�t�e�c�t�e�d� �i�n� �O�M�T�D� �i�n� �t�h�e� �r�u�m�e�n� �o�r� �M�N� �f�l�o�w�,� 

�t�h�u�s� �e�n�e�r�g�y� �a�p�p�e�a�r�e�d� �t�o� �b�e� �l�i�m�i�t�i�n�g� �M�N� �s�y�n�t�h�e�s�i�s� �a�s� �l�e�v�e�l�s� 

�o�f� �r�u�m�e�n� �u�n�d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n� �i�n�c�r�e�a�s�e�d�.� 

�I�n� �a� �s�u�r�v�e�y� �o�f� �t�h�e� �d�a�i�r�y� �l�i�t�e�r�a�t�u�r�e�,� �C�l�a�r�k� �e�t� �a�l�.� �(�1�0�)� 

�i�d�e�n�t�i�f�i�e�d� �f�o�u�r� �s�t�u�d�i�e�s� �d�e�s�i�g�n�e�d� �t�o� �c�o�m�p�a�r�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�a�l�t�e�r�i�n�g� �N� �i�n�t�a�k�e� �o�n� �r�u�m�e�n� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �M�N� 

�s�y�n�t�h�e�s�i�s� �a�n�d� �f�l�o�w� �t�o� �t�h�e� �d�u�o�d�e�n�u�m�.� �A�s� �e�x�p�e�c�t�e�d�,� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �C�P� �c�o�n�t�e�n�t� �o�f� �t�h�e� �d�i�e�t� �a�n�d� �t�h�e� 
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�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �r�u�m�i�n�a�l� �a�m�m�o�n�i�a� �w�a�s� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� 

�(�r�?�=�.�5�0�)� �i�n� �t�h�e� �c�o�m�b�i�n�e�d� �d�a�t�a� �s�e�t�s�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �r�u�m�e�n� �f�l�u�i�d� �a�m�m�o�n�i�a� �a�n�d� �M�N� 

�p�a�s�s�a�g�e� �t�o� �t�h�e� �s�m�a�l�l� �i�n�t�e�s�t�i�n�e� �w�a�s� �v�e�r�y� �l�o�w� �(�r ��=�.�0�8�)� �w�h�e�n� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �v�a�r�i�e�d� �f�r�o�m� �2� �t�o� �3�0� �m�g�/�1�0�0� �m�l�.� �T�h�i�s� 

�r�e�l�a�t�i�o�n�s�h�i�p� �i�m�p�l�i�e�d� �t�h�a�t� �p�a�s�s�a�g�e� �o�f� �M�N� �t�o� �t�h�e� �d�u�o�d�e�n�u�m� �i�s� 

�m�o�r�e� �h�i�g�h�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �O�M�T�D� �t�h�a�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �r�u�m�e�n� 

�f�l�u�i�d� �a�m�m�o�n�i�a� �w�h�e�n� �t�h�e� �l�e�v�e�l� �e�x�c�e�e�d�s� �2� �t�o� �5� �m�g� �N�H�,�/�1�0�0� �m�l�.� 

�A� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �n�i�t�r�o�g�e�n� �c�a�n� �b�e� �d�e�r�i�v�e�d� �b�y� 

�r�u�m�e�n� �m�i�c�r�o�b�e�s� �f�r�o�m� �s�o�u�r�c�e�s� �o�t�h�e�r� �t�h�a�n� �a�m�m�o�n�i�a�,� �s�u�c�h� �a�s� 

�a�m�i�n�o� �a�c�i�d�s� �a�n�d� �p�e�p�t�i�d�e�s�.� �E�n�e�r�g�y� �u�s�u�a�l�l�y� �l�i�m�i�t�s� �m�i�c�r�o�b�i�a�l� 

�g�r�o�w�t�h� �i�n� �t�h�e� �r�u�m�e�n�;� �y�e�t�,� �u�n�d�e�r�f�e�e�d�i�n�g� �c�o�n�d�i�t�i�o�n�s� �u�t�i�l�i�z�i�n�g� 

�l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� �r�u�m�e�n� �u�n�d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n�,� �a�m�m�o�n�i�a� �o�r� 

�o�t�h�e�r� �s�o�u�r�c�e�s� �o�f� �N� �(�a�m�i�n�o� �a�c�i�d�s�,� �p�e�p�t�i�d�e�s�)� �m�a�y� �b�e�c�o�m�e� �m�o�r�e� 

�l�i�m�i�t�i�n�g� �t�h�a�n� �e�n�e�r�g�y�.� 

�S�o�y�b�e�a�n� �m�e�a�l� �a�n�d� �B�l�o�o�d� �m�e�a�l� �a�s� �P�r�o�t�e�i�n� �S�o�u�r�c�e�s� 

�S�e�v�e�r�a�l� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�h�a�t� �i�n�d�i�c�a�t�e� �l�o�w�e�r� 

�M�N� �s�y�n�t�h�e�s�i�s� �w�i�t�h� �i�n�c�l�u�s�i�o�n� �o�f� �t�h�e� �r�u�m�e�n� �u�n�d�e�g�r�a�d�a�b�l�e� 

�p�r�o�t�e�i�n� �s�u�p�p�l�e�m�e�n�t�,� �b�l�o�o�d�m�e�a�l�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �c�o�m�p�a�r�e�d� 

�b�l�o�o�d�m�e�a�l�-�c�o�n�t�a�i�n�i�n�g� �d�i�e�t�s� �w�i�t�h� �t�h�o�s�e� �c�o�n�t�a�i�n�i�n�g� �s�o�y�b�e�a�n� 

�m�e�a�l� �a�s� �t�h�e� �p�r�i�m�a�r�y� �p�r�o�t�e�i�n� �s�u�p�p�l�e�m�e�n�t� �i�n� �v�i�t�r�o� �(�2�)�,� �c�a�t�t�l�e� 

�(�3�7�,� �1�1�1�)� �a�n�d� �s�h�e�e�p� �(�7�,� �3�4�)�.� �F�e�e�d�i�n�g� �a� �m�o�r�e� �d�e�g�r�a�d�a�b�l�e� 

�s�o�u�r�c�e� �o�f� �p�r�o�t�e�i�n� �(�i�n� �t�h�i�s� �c�a�s�e�,� �s�o�y�b�e�a�n� �m�e�a�l�)� �m�a�y� �p�r�o�v�i�d�e� 

�m�o�r�e� �a�m�i�n�o� �a�c�i�d�s� �a�n�d� �p�e�p�t�i�d�e�s� �r�e�q�u�i�r�e�d� �f�o�r� �m�i�c�r�o�b�i�a�l� �g�r�o�w�t�h� 
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�S�i�n�c�e� �m�i�c�r�o�b�i�a�l� �n�i�t�r�o�g�e�n� �f�l�o�w� �w�a�s� �l�o�w�e�r� �w�h�e�n� �b�l�o�o�d�m�e�a�l� �w�a�s� 

�f�e�d� �i�n� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �s�o�y�b�e�a�n� �m�e�a�l�.� 

�I�n� �v�i�t�r�o� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �b�y� �B�a�s� �e�t� �a�l�.� �(�2�)� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �d�i�e�t�s� �c�o�n�t�a�i�n�i�n�g� �b�l�o�o�d� �m�e�a�l� �h�a�d� �l�o�w�e�r� �o�r�g�a�n�i�c� �m�a�t�t�e�r� 

�a�n�d� �f�i�b�e�r� �d�i�g�e�s�t�i�o�n�,� �a�m�m�o�n�i�a�-�N�,� �V�F�A� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �a�n�d� �N� 

�d�e�g�r�a�d�a�t�i�o�n� �b�u�t� �h�i�g�h�e�r� �N�A�N�,� �d�i�e�t�a�r�y� �N�,� �t�o�t�a�l� �A�A�,� �a�n�d� 

�e�s�s�e�n�t�i�a�l� �A�A� �f�l�o�w�s� �t�h�a�n� �d�i�e�t�s� �c�o�n�t�a�i�n�i�n�g� �l�i�g�n�o�s�u�l�f�a�t�e�-� 

�t�r�e�a�t�e�d� �s�o�y�b�e�a�n� �m�e�a�l�,� �f�e�a�t�h�e�r� �m�e�a�l�,� �o�r� �s�o�y�b�e�a�n� �m�e�a�l�.� �A�l�l� 

�d�i�e�t�s� �c�o�n�t�a�i�n�e�d� �1�.�4�%� �o�f� �D�M� �a�s� �u�r�e�a�.� �C�o�m�b�i�n�i�n�g� �l�i�g�n�o�s�u�l�f�a�t�e�-� 

�t�r�e�a�t�e�d� �s�o�y�b�e�a�n� �m�e�a�l� �a�n�d� �b�l�o�o�d� �m�e�a�l� �r�e�s�u�l�t�e�d� �i�n� �s�i�m�i�l�a�r� 

�o�r�g�a�n�i�c� �m�a�t�t�e�r� �a�n�d� �f�i�b�e�r� �d�i�g�e�s�t�i�b�i�l�i�t�i�e�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� 

�s�o�y�b�e�a�n� �m�e�a�l� �d�i�e�t�s�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�i�s� �c�o�m�b�i�n�a�t�i�o�n� �w�a�s� 

�S�i�m�i�l�a�r� �t�o� �t�h�e� �t�r�e�a�t�e�d� �s�o�y�b�e�a�n� �m�e�a�l� �i�n� �V�F�A� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� 

�N�A�N�,� �a�n�d� �e�s�s�e�n�t�i�a�l� �a�n�d� �t�o�t�a�l� �A�A� �f�l�o�w�s�.� �T�h�e�s�e� �d�a�t�a� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �b�l�o�o�d� �m�e�a�l� �l�i�m�i�t�e�d� �M�N� �s�y�n�t�h�e�s�i�s� �a�l�t�h�o�u�g�h� �u�r�e�a� �w�a�s� 

�i�n�c�l�u�d�e�d� �i�n� �t�h�e� �d�i�e�t�.� �A�m�m�o�n�i�a�-�N� �o�r� �o�t�h�e�r� �p�r�o�d�u�c�t�s� �o�f� 

�r�u�m�i�n�a�l� �p�r�o�t�e�i�n� �d�i�g�e�s�t�i�o�n� �m�a�y� �h�a�v�e� �b�e�e�n� �l�i�m�i�t�i�n�g� �M�N� 

�s�y�n�t�h�e�s�i�s� �w�h�e�n� �b�l�o�o�d� �m�e�a�l� �w�a�s� �i�n�c�l�u�d�e�d�,� �y�e�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�t�h�e� �t�r�e�a�t�e�d�-�s�o�y�b�e�a�n� �m�e�a�l� �m�a�y� �h�a�v�e� �p�r�o�v�i�d�e�d� �t�h�e�s�e� �n�e�e�d�e�d� 

�p�r�o�d�u�c�t�s�.� �A� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �b�l�o�o�d� �m�e�a�l� �a�n�d� �s�o�y�b�e�a�n� �m�e�a�l� �a�l�s�o� 

�c�h�a�n�g�e�d� �t�h�e� �A�A� �c�o�m�p�o�s�i�t�i�o�n� �b�y� �i�n�c�r�e�a�s�i�n�g� �h�i�s�t�i�d�i�n�e� �a�n�d� 

�l�e�u�c�i�n�e� �f�l�o�w�s� �t�o� �s�m�a�l�l� �i�n�t�e�s�t�i�n�e�.� 

�F�e�e�d�i�n�g� �s�u�p�p�l�e�m�e�n�t�a�l� �p�r�o�t�e�i�n� �w�i�t�h� �l�o�w� �r�u�m�i�n�a�l� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �i�n�c�r�e�a�s�e�d� �p�a�s�s�a�g�e� �o�f� �N�A�N� �o�n�l�y� �w�h�e�n� �i�t� �c�o�m�p�o�s�e�d� 

�3�5�%� �o�r� �m�o�r�e� �o�f� �t�h�e� �t�o�t�a�l� �d�i�e�t�a�r�y� �C�P� �i�n� �d�a�i�r�y� �c�a�t�t�l�e� �d�i�e�t�s� 
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�(�1�0�)�.� �T�h�e� �a�m�o�u�n�t� �o�f� �N�A�N�M�N� �f�l�o�w�i�n�g� �t�o� �t�h�e� �d�u�o�d�e�n�u�m� �n�e�e�d�s� �t�o� 

�e�x�c�e�e�d� �t�h�e� �a�m�o�u�n�t� �o�f� �d�e�c�r�e�a�s�e� �i�n� �M�N� �f�l�o�w� �c�a�u�s�e�d� �b�y� �f�e�e�d�i�n�g� 

�h�i�g�h� �l�e�v�e�l�s� �o�f� �s�u�p�p�l�e�m�e�n�t�a�l� �u�n�d�e�g�r�a�d�e�d� �p�r�o�t�e�i�n�.� �W�h�e�n� 

�f�e�e�d�i�n�g� �p�r�o�t�e�i�n� �o�f� �l�o�w� �r�u�m�i�n�a�l� �d�e�g�r�a�d�a�b�i�l�i�t�y� �(�f�i�s�h�m�e�a�l�,� 

�b�l�o�o�d�m�e�a�l�,� �c�o�r�n� �g�l�u�t�e�n� �m�e�a�l�,� �f�e�a�t�h�e�r�m�e�a�l�,� �d�i�s�t�i�l�l�e�r ��s� �d�r�i�e�d� 

�g�r�a�i�n�s� �w�i�t�h� �s�o�l�u�b�l�e�s�,� �o�r� �b�l�o�o�d�m�e�a�l�:�f�i�s�h�m�e�a�l�,� 

�b�l�o�o�d�m�e�a�l�:�f�e�a�t�h�e�r�m�e�a�l�,� �o�r� �d�e�h�y�d�r�a�t�e�d� �a�l�f�a�l�f�a� �a�n�d� �c�o�r�n� �g�l�u�t�e�n� 

�m�e�a�l�)� �c�o�m�p�a�r�e�d� �w�i�t�h� �f�e�e�d�i�n�g� �s�o�y�b�e�a�n� �m�e�a�l� �h�i�g�h�e�r� �i�n� 

�d�e�g�r�a�d�a�b�i�l�i�t�y�,� �N�A�N� �f�l�o�w� �w�a�s� �l�o�w�e�r� �d�a�t�a� �f�r�o�m� �s�e�v�e�r�a�l� �d�a�i�r�y� 

�c�a�t�t�l�e� �e�x�p�e�r�i�m�e�n�t�s� �(�1�0�)�.� �T�h�i�s� �d�e�c�r�e�a�s�e� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �a� 

�d�e�c�r�e�a�s�e� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �M�N� �p�r�o�v�i�d�e�d� �t�o� �t�h�e� �s�m�a�l�l� 

�i�n�t�e�s�t�i�n�e�.� �A� �l�a�c�k� �o�f� �a�v�a�i�l�a�b�l�e� �N� �a�n�d� �e�n�e�r�g�y� �s�y�n�c�h�r�o�n�y� 

�p�r�o�b�a�b�l�y� �d�e�c�r�e�a�s�e�d� �M�N� �s�y�n�t�h�e�s�i�s�.� 

�S�y�n�c�h�r�o�n�y� �o�f� �R�u�m�i�n�a�l� �C�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �P�r�o�t�e�i�n� 

�F�e�w� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �d�e�s�i�g�n�e�d� �s�p�e�c�i�f�i�c�a�l�l�y� �t�o� �e�v�a�l�u�a�t�e� 

�v�a�r�y�i�n�g� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �p�r�o�t�e�i�n� �a�v�a�i�l�a�b�i�l�i�t�i�e�s� �i�n� �t�h�e� �r�u�m�e�n� 

�f�o�r� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �s�y�n�c�h�r�o�n�y� �t�o� �a�f�f�e�c�t� �m�i�c�r�o�b�i�a�l� �g�r�o�w�t�h�.� 

�D�i�f�f�e�r�e�n�c�e�s� �i�n� �d�e�s�c�r�i�b�i�n�g� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� 

�p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n�s� �s�t�i�l�l� �e�x�i�s�t� �b�e�t�w�e�e�n� �l�a�b�o�r�a�t�o�r�i�e�s�.� 

�P�a�r�t�i�c�u�l�a�r�l�y�,� �r�a�t�e�s� �o�f� �d�e�g�r�a�d�a�b�i�l�i�t�y� �a�r�e� �p�o�o�r�l�y� �d�e�s�c�r�i�b�e�d�.� 

�T�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �p�r�o�b�a�b�l�y� �a�r�e� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �r�u�m�e�n� 

�f�e�r�m�e�n�t�a�t�i�o�n� �r�e�s�p�o�n�s�e�s� �t�o� �v�a�r�y�i�n�g� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �p�r�o�t�e�i�n� 

�s�o�u�r�c�e�s�.� 
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�I�n� �1�9�5�8�,� �L�e�w�i�s� �a�n�d� �M�c�D�o�n�a�l�d� �(�4�3�)� �e�m�p�h�a�s�i�z�e�d� �t�h�e� 

�i�m�p�o�r�t�a�n�c�e� �o�f� �p�r�o�v�i�d�i�n�g� �a� �c�a�r�b�o�h�y�d�r�a�t�e� �t�h�a�t� �c�a�n� �b�e� �a�t�t�a�c�k�e�d� 

�b�y� �t�h�e� �m�i�c�r�o�b�e�s� �a�t� �a� �s�t�e�a�d�y� �r�a�t�e� �t�h�a�t� �i�s� �r�o�u�g�h�l�y� �c�o�m�p�a�r�a�b�l�e� 

�w�i�t�h� �t�h�a�t� �a�t� �w�h�i�c�h� �N� �b�e�c�o�m�e�s� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �r�u�m�e�n�.� 

�R�e�s�e�a�r�c�h�e�r�s� �f�r�o�m� �W�e�s�t� �V�i�r�g�i�n�i�a� �U�n�i�v�e�r�s�i�t�y� �c�o�n�s�i�d�e�r� �t�h�e� 

�r�a�t�i�o� �o�f� �N�S�C� �t�o� �d�e�g�r�a�d�a�b�l�e� �i�n�t�a�k�e� �p�r�o�t�e�i�n� �(�D�I�P�)� �a�s� �a� �p�r�i�m�a�r�y� 

�f�a�c�t�o�r� �a�f�f�e�c�t�i�n�g� �m�a�x�i�m�u�m� �b�a�c�t�e�r�i�a�l� �g�r�o�w�t�h� �(�3�0�,�9�7�)�.� �V�a�r�g�a� �e�t� 

�a�l�.� �(�1�0�8�)� �f�o�u�n�d� �t�h�a�t� �m�i�c�r�o�b�i�a�l� �g�r�o�w�t�h� �d�e�c�r�e�a�s�e�d� �i�n� �v�i�t�r�o� 

�w�h�e�n� �t�h�e� �N�S�C�:�D�I�P� �e�x�c�e�e�d�e�d� �6�.�0�.� �B�a�c�t�e�r�i�a�l� �e�f�f�i�c�i�e�n�c�y� �(�2�4� �t�o� 

�2�9� �g� �M�N�/�k�g� �O�M�A�D�)� �i�n�c�r�e�a�s�e�d� �n�o�n�s�i�g�n�i�f�i�c�a�n�t�l�y� �a�s� �t�h�e� �r�a�t�i�o�s� 

�n�a�r�r�o�w�e�d� �t�o� �l�e�s�s� �t�h�a�n� �3�.�4�.� �T�h�e� �N�S�C� �l�e�v�e�l� �w�a�s� �5�3�%� �i�n� �t�h�e�s�e� 

�d�i�e�t�s�.� �A �� �p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �w�a�s� �t�h�a�t� �a�n� �i�m�b�a�l�a�n�c�e� �i�n� 

�N�S�C�:�D�I�P� �m�a�y� �h�a�v�e� �r�e�s�u�l�t�e�d� �i�n� �u�n�c�o�u�p�l�e�d� �f�e�r�m�e�n�t�a�t�i�o�n�,� �t�h�u�s� 

�r�e�d�u�c�e�d� �m�i�c�r�o�b�i�a�l� �g�r�o�w�t�h�.� 

�W�h�e�n� �d�i�e�t�s� �w�e�r�e� �f�o�r�m�u�l�a�t�e�d� �w�i�t�h� �3� �l�e�v�e�l�s� �o�f� �N�S�C� �(�2�5�,� 

�3�7�,� �5�4�%� �o�f� �D�M�)� �a�n�d� �v�a�r�y�i�n�g� �l�e�v�e�l�s� �o�f� �D�I�P� �i�n� �c�o�n�t�i�n�u�o�u�s� 

�c�u�l�t�u�r�e� �(�9�7�)�,� �t�h�e� �N�S�C�:�D�I�P� �r�a�t�i�o� �w�h�e�r�e� �m�a�x�i�m�u�m� �b�a�c�t�e�r�i�a�l� 

�e�f�f�i�c�i�e�n�c�y� �o�c�c�u�r�r�e�d� �w�e�r�e� �t�h�o�s�e� �r�a�t�i�o�s� �l�e�s�s� �t�h�a�n� �3�.�0�.� �A�c�r�o�s�s� 

�a�l�l� �l�e�v�e�l�s� �o�f� �N�S�C�,� �b�a�c�t�e�r�i�a�l� �e�f�f�i�c�i�e�n�c�y� �d�e�c�r�e�a�s�e�d� �a�s� �D�I�P� 

�d�e�c�r�e�a�s�e�d� �u�n�t�i�l� �N�S�C�:�D�I�P� �w�i�d�e�n�e�d� �t�o� �g�r�e�a�t�e�r� �t�h�a�n� �8�:�1�.� 

�R�e�g�a�r�d�l�e�s�s� �o�f� �D�I�P� �l�e�v�e�l�,� �b�a�c�t�e�r�i�a�l� �e�f�f�i�c�i�e�n�c�y� �(�g� �M�N�/�k�g� �D�M� 

�d�i�g�e�s�t�e�d�)� �w�a�s� �l�o�w�e�r� �f�o�r� �d�i�e�t�s� �c�o�n�t�a�i�n�i�n�g� �2�5�%� �N�S�C�.� 

�A�p�p�a�r�e�n�t�l�y�,� �a�v�a�i�l�a�b�l�e� �e�n�e�r�g�y� �w�a�s� �l�i�m�i�t�i�n�g� �r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� 

�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �N� �s�o�u�r�c�e�s� �w�h�e�n� �2�5�%� �N�S�C� �w�a�s� �u�s�e�d�.� 
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�W�h�e�n� �t�h�e� �N�S�C�:�D�I�P� �c�o�n�c�e�p�t� �w�a�s� �a�p�p�l�i�e�d� �t�o� �l�a�c�t�a�t�i�n�g� 

�c�a�t�t�l�e� �d�i�e�t�s�,� �m�i�c�r�o�b�i�a�l� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �u�n�a�f�f�e�c�t�e�d� �b�y� �d�i�e�t� 

�(�9�6�)� �w�h�e�n� �N�S�C� �v�a�r�i�e�d� �f�r�o�m� �2�4� �t�o� �3�8�%� �o�f� �t�h�e� �D�M� �a�n�d� �D�I�P� �v�a�r�i�e�d� 

�f�r�o�m� �9�.�0� �t�o� �1�3�.�2�%� �o�f� �t�h�e� �D�M� �(�4�9�.�9� �t�o� �7�3�.�3�%� �o�f� �C�P�)�.� �T�h�e� 

�l�o�w�e�s�t� �f�l�o�w� �o�f� �M�N� �o�c�c�u�r�r�e�d� �w�h�e�n� �t�h�e� �d�i�e�t� �c�o�n�t�a�i�n�i�n�g� �l�o�w� �N�S�C� 

�(�2�4�%�)� �a�n�d� �D�I�P� �(�4�9�.�9�%�)� �w�a�s� �f�e�d�.� �M�i�c�r�o�b�i�a�l� �N� �s�y�n�t�h�e�s�i�s� �w�a�s� 

�m�a�x�i�m�i�z�e�d� �a�t� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �l�e�v�e�l�,� �3�1�%� �N�S�C� �a�n�d� �6�4�.�4�%� �D�I�P�.� 

�E�n�h�a�n�c�e�d� �M�N� �f�l�o�w� �w�a�s� �m�e�a�s�u�r�e�d� �w�h�e�n� �N�S�C� �e�x�c�e�e�d�e�d� �2�4�%� �a�n�d� �D�I�P� 

�w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �4�9�.�9�%� �o�f� �t�h�e� �C�P�.� �H�o�w�e�v�e�r�,� �t�o�t�a�l� �N� �f�l�o�w� �w�a�s� 

�n�o�t� �d�i�f�f�e�r�e�n�t� �a�c�r�o�s�s� �d�i�e�t�s�.� �M�i�l�k� �p�r�o�d�u�c�t�i�o�n� �(�>�3�0�.�4� �k�g�/�d�)� 

�a�n�d� �d�r�y� �m�a�t�t�e�r� �i�n�t�a�k�e� �(�>�1�8�.�3� �k�g�/�d�)� �d�i�d� �n�o�t� �d�i�f�f�e�r� �r�e�g�a�r�d�l�e�s�s� 

�o�f� �t�h�e� �N�S�C�:�D�I�P�.� �T�h�e�s�e� �d�a�t�a� �i�m�p�l�i�e�d� �t�h�a�t� �s�y�n�c�h�r�o�n�y� �o�f� 

�a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �p�r�o�t�e�i�n� �c�o�u�l�d� �m�a�x�i�m�i�z�e� �M�N� 

�s�y�n�t�h�e�s�i�s� �w�h�e�n� �t�h�e� �N�S�C�:�D�I�P� �r�a�t�i�o� �w�a�s� �l�e�s�s� �t�h�a�n� �2�.�6� �a�n�d� �a�t� 

�l�e�a�s�t� �3�1�%� �N�S�C� �a�n�d� �4�9�.�9�%� �D�I�P� �w�a�s� �p�r�o�v�i�d�e�d�.� �I�n� �t�u�r�n�,� �o�n�e� 

�w�o�u�l�d� �e�x�p�e�c�t� �l�e�s�s� �s�u�p�p�l�e�m�e�n�t�a�l� �r�u�m�e�n� �u�n�d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n� 

�(�R�U�P�)� �w�o�u�l�d� �b�e� �n�e�e�d�e�d� �f�o�r� �m�e�e�t�i�n�g� �t�h�e� �a�n�i�m�a�l ��s� �a�m�i�n�o� �a�c�i�d� 

�r�e�q�u�i�r�e�m�e�n�t�s�.� �T�h�e� �l�a�c�k� �o�f� �a� �r�e�s�p�o�n�s�e� �i�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �m�a�y� 

�h�a�v�e� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �s�o�m�e� �a�m�i�n�o� �a�c�i�d�s� �t�h�a�t� �w�e�r�e� �n�o�t� �p�r�o�v�i�d�e�d� 

�b�y� �m�i�c�r�o�b�i�a�l� �o�r� �s�u�p�p�l�e�m�e�n�t�a�l� �p�r�o�t�e�i�n� �w�i�t�h� �t�h�e�s�e� �d�i�e�t�a�r�y� 

�c�o�m�b�i�n�a�t�i�o�n�s� �w�e�r�e� �l�i�m�i�t�i�n�g� �m�i�l�k� �s�y�n�t�h�e�s�i�s�.� 

�L�i�k�e�w�i�s�e�,� �w�h�e�n� �M�a�c�G�r�e�g�o�r� �e�t� �a�l�.� �(�4�5�)� �f�e�d� �d�i�e�t�s� 

�d�i�f�f�e�r�i�n�g� �i�n� �N�S�C� �(�2�4�.�9� �v�s� �3�2�.�9�%� �o�f� �D�M�)� �a�n�d� �h�i�g�h� �i�n� �D�I�P� �(�6�0� �-� 

�8�0�%� �o�f� �C�P�)�,� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�i�l�k� �y�i�e�l�d� �(�>�3�1� �k�g�)�,� �f�a�t�-� 

�c�o�r�r�e�c�t�e�d� �m�i�l�k�,� �o�r� �s�o�l�i�d�s�-�c�o�r�r�e�c�t�e�d� �m�i�l�k� �w�e�r�e� �m�e�a�s�u�r�e�d�.� 

�3�0



�M�i�l�k� �p�r�o�d�u�c�t�i�o�n� �t�e�n�d�e�d� �t�o� �b�e� �h�i�g�h�e�s�t� �o�n� �t�h�e� �h�i�g�h� �N�S�C� �d�i�e�t�.� 

�F�o�r�a�g�e� �s�o�u�r�c�e� �w�a�s� �m�i�x�e�d� �t�i�m�o�t�h�y�/�l�e�g�u�m�e� �s�i�l�a�g�e� �a�n�d� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�e� �c�o�n�t�a�i�n�e�d� �p�r�i�m�a�r�i�l�y� �c�o�r�n� �a�n�d� �c�o�r�n� �b�y�p�r�o�d�u�c�t�s� 

�(�c�o�r�n� �g�l�u�t�e�n� �f�e�e�d�,� �c�o�r�n� �g�l�u�t�e�n� �m�e�a�l�,� �c�o�r�n� �d�i�s�t�i�l�l�e�r ��d�r�i�e�d� 

�g�r�a�i�n�s�,� �h�o�m�i�n�y�,� �c�o�r�n� �s�o�l�u�b�l�e�s�,� �c�o�r�n� �g�r�a�i�n�,� �p�o�t�a�t�o� �p�u�l�p�,� 

�w�h�e�a�t� �b�r�a�n�,� �s�o�y�b�e�a�n� �m�e�a�l�,� �b�r�e�w�e�r�s� �d�r�i�e�d� �g�r�a�i�n�s�,� �o�a�t�s� �g�r�a�i�n�,� 

�a�n�d� �w�h�e�a�t� �m�i�d�d�s�)�.� 

�B�o�t�h� �t�h�e� �h�i�g�h� �(�3�2�.�9�%�)� �a�n�d� �l�o�w� �(�2�4�.�9�%�)� �l�e�v�e�l�s� �o�f� �N�S�C� �a�n�d� 

�h�i�g�h� �l�e�v�e�l� �o�f� �D�I�P� �f�e�d� �b�y� �M�a�c�G�r�e�g�o�r� �e�t� �a�l�.� �(�4�5�)� �m�a�y� �h�a�v�e� 

�p�r�o�v�i�d�e�d� �a�d�e�q�u�a�t�e� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �N� �f�o�r� �o�p�t�i�m�a�l� �M�N� 

�s�y�n�t�h�e�s�i�s�.� �T�h�e�s�e� �l�e�v�e�l�s� �w�e�r�e� �a�b�o�v�e� �t�h�e� �2�4�%� �N�S�C� �(�%� �o�f� �D�M�)� 

�a�n�d� �4�9�.�9�%� �D�I�P� �(�%� �o�f� �C�P�)� �s�u�g�g�e�s�t�e�d� �b�y� �S�t�o�k�e�s� �e�t� �a�l�.� �(�9�7�)� �f�o�r� 

�e�n�h�a�n�c�i�n�g� �M�N� �f�l�o�w�.� �T�h�e�o�r�e�t�i�c�a�l�l�y�,� �t�h�e�s�e� �d�i�e�t�s� �m�a�y� �h�a�v�e� �b�e�e�n� 

�l�o�w� �i�n� �d�i�e�t�a�r�y� �l�y�s�i�n�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �h�i�g�h� �p�r�o�p�o�r�t�i�o�n� �o�f� �c�o�r�n� 

�p�r�o�d�u�c�t�s� �i�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�e�.� �H�o�w�e�v�e�r�,� �M�N� �t�y�p�i�c�a�l�l�y� �c�o�n�t�a�i�n�s� 

�a� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �l�e�v�e�l� �o�f� �l�y�s�i�n�e�,� �t�h�u�s� �l�y�s�i�n�e� �f�l�o�w� �t�o� �t�h�e� 

�d�u�o�d�e�n�u�m� �m�a�y� �h�a�v�e� �i�n�c�r�e�a�s�e�d� �(�8�6�)�.� �Y�e�t�,� �a�m�i�n�o� �a�c�i�d� 

�d�e�t�e�r�m�i�n�a�t�i�o�n�s� �w�e�r�e� �n�o�t� �c�o�n�d�u�c�t�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� 

�A� �l�a�c�k� �o�f� �a� �r�e�s�p�o�n�s�e� �i�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �c�o�m�p�o�s�i�t�i�o�n� 

�d�u�e� �t�o� �c�h�a�n�g�e�s� �i�n� �d�i�e�t�a�r�y� �N�S�C� �a�n�d� �D�I�P� �h�a�d� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d� 

�b�y� �o�t�h�e�r�s�.� �C�a�s�p�e�r� �a�n�d� �S�c�h�i�n�g�o�e�t�h�e� �(�6�)� �v�a�r�i�e�d� �N�S�C� �b�y� 

�p�r�o�v�i�d�i�n�g� �d�r�i�e�d� �w�h�e�y� �(�h�i�g�h� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �p�r�o�t�e�i�n� 

�d�e�g�r�a�d�a�b�i�l�i�t�y�)�,� �r�o�l�l�e�d� �b�a�r�l�e�y� �(�h�i�g�h� �c�a�r�b�o�h�y�d�r�a�t�e� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �a�n�d� �s�o�l�u�b�i�l�i�t�y�)�,� �o�r� �g�r�o�u�n�d� �s�h�e�l�l�e�d� �c�o�r�n� �(�l�o�w� 

�c�a�r�b�o�h�y�d�r�a�t�e� �d�e�g�r�a�d�a�b�i�l�i�t�y� �a�n�d� �s�o�l�u�b�i�l�i�t�y�)� �i�n� �c�o�m�b�i�n�a�t�i�o�n� 
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�w�i�t�h� �r�a�p�i�d�l�y� �a�v�a�i�l�a�b�l�e� �N� �(�u�r�e�a�)� �o�r� �a� �l�e�s�s� �r�a�p�i�d�l�y� �a�v�a�i�l�a�b�l�e� 

�N� �s�u�p�p�l�e�m�e�n�t� �(�s�o�y�b�e�a�n� �m�e�a�l�)�.� �T�h�e� �s�y�n�c�h�r�o�n�y� �o�f� �c�a�r�b�o�h�y�d�r�a�t�e� 

�a�n�d� �p�r�o�t�e�i�n� �a�v�a�i�l�a�b�i�l�i�t�y� �d�i�d� �n�o�t� �i�n�f�l�u�e�n�c�e� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n�.� 

�I�n� �a� �s�e�c�o�n�d� �s�t�u�d�y� �(�5�)� �i�n� �w�h�i�c�h� �t�h�e� �s�a�m�e� �s�u�p�p�l�e�m�e�n�t�s� �w�e�r�e� �f�e�d� 

�e�x�c�e�p�t� �t�h�e� �d�r�i�e�d� �w�h�e�y� �d�i�e�t�s�,� �a�g�a�i�n� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�i�l�k� 

�y�i�e�l�d� �w�e�r�e� �d�e�t�e�c�t�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �c�a�r�b�o�h�y�d�r�a�t�e�-�p�r�o�t�e�i�n� 

�s�y�n�c�h�r�o�n�y�.� �I�n� �b�o�t�h� �e�x�p�e�r�i�m�e�n�t�s�,� �D�M�I� �w�a�s� �d�e�c�r�e�a�s�e�d� �b�y� 

�i�n�c�l�u�s�i�o�n� �o�f� �b�a�r�l�e�y� �i�n� �t�h�e� �d�i�e�t�s�.� �[�I�n� �t�u�r�n�,� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� 

�w�a�s� �h�i�g�h�e�r� �i�n� �t�h�e� �c�o�r�n�-�b�a�s�e�d� �d�i�e�t�s�.� 

�L�i�k�e�w�i�s�e�,� �D�M�I� �w�a�s� �l�o�w�e�r� �i�n� �b�a�r�l�e�y�-�b�a�s�e�d� �a�s� �c�o�m�p�a�r�e�d� �t�o� 

�c�o�r�n�-�b�a�s�e�d� �d�i�e�t�s�,� �r�e�g�a�r�d�l�e�s�s� �o�f� �p�r�o�t�e�i�n� �s�o�u�r�c�e� �(�f�i�s�h�m�e�a�l� �o�r� 

�s�o�y�b�e�a�n� �m�e�a�l�)� �(�5�3�)�.� �A�g�a�i�n�,� �t�h�e� �h�i�g�h�e�r� �D�M�I� �o�f� �c�o�r�n� �d�i�e�t�s� 

�c�o�m�p�a�r�e�d� �w�i�t�h� �b�a�r�l�e�y� �r�e�s�u�l�t�e�d� �i�n� �i�n�c�r�e�a�s�e�d� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� 

�w�i�t�h� �t�h�e� �c�o�r�n�-�b�a�s�e�d� �d�i�e�t�s�.� �N�o� �p�r�o�t�e�i�n� �x� �c�a�r�b�o�h�y�d�r�a�t�e� �a�f�f�e�c�t� 

�o�n� �m�i�l�k� �y�i�e�l�d� �w�a�s� �r�e�p�o�r�t�e�d�.� �M�i�c�r�o�b�i�a�l� �n�i�t�r�o�g�e�n� �e�f�f�i�c�i�e�n�c�y� 

�(�g� �M�N�/�k�g� �O�M�T�D�)� �w�a�s� �a�l�s�o� �u�n�a�f�f�e�c�t�e�d� �b�y� �c�a�r�b�o�h�y�d�r�a�t�e� �o�r� 

�p�r�o�t�e�i�n� �s�o�u�r�c�e�s�.� 

�H�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� �N�S�C� �s�o�u�r�c�e�s� �f�e�d� �w�e�r�e� �b�a�r�l�e�y� �(�h�i�g�h� 

�s�t�a�r�c�h� �d�e�g�r�a�d�a�b�i�l�i�t�y�,� �9�0�.�5�%�)� �a�n�d� �m�i�l�o� �(�l�o�w� �s�t�a�r�c�h� 

�d�e�g�r�a�d�a�b�i�l�i�t�y�,� �7�0�.�5�%�)� �i�n� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �e�i�t�h�e�r� �c�o�t�t�o�n�s�e�e�d� 

�m�e�a�l� �(�h�i�g�h� �N� �d�e�g�r�a�d�a�b�i�l�i�t�y�,� �5�6�.�6�%�)� �o�r� �b�r�e�w�e�r�s� �d�r�i�e�d� �g�r�a�i�n�s� 

�(�l�o�w� �N� �d�e�g�r�a�d�a�b�i�l�i�t�y�,� �6�5�.�0�%�)�,� �t�h�e� �b�a�r�l�e�y�-�c�o�t�t�o�n�s�e�e�d� �m�e�a�l� 

�d�i�e�t�s� �r�e�s�u�l�t�e�d� �i�n� �h�i�g�h�e�s�t� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �(�2�8�)�.� �T�h�e� �b�a�r�l�e�y�-� 

�c�o�t�t�o�n�s�e�e�d� �m�e�a�l� �d�i�e�t� �(�2�7�)� �w�a�s� �a�l�s�o� �h�i�g�h�e�s�t� �i�n� �e�f�f�i�c�i�e�n�c�y� �o�f� 

�m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �(�e�x�p�r�e�s�s�e�d� �a�s� �g� �M�N�/�k�K�g� �T�F�O�M�)�.� 

�3�2



�B�a�r�l�e�y� �d�i�e�t�s� �c�a�u�s�e�d� �h�i�g�h�e�r� �f�l�o�w� �o�f� �M�N� �p�a�s�s�i�n�g� �t�o� �t�h�e� 

�d�u�o�d�e�n�u�m� �t�h�a�n� �m�i�l�o� �d�i�e�t�s�,� �r�e�g�a�r�d�l�e�s�s� �o�f� �p�r�o�t�e�i�n� �s�o�u�r�c�e�.� �T�h�e� 

�i�n�c�r�e�a�s�e�d� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �m�a�y� �h�a�v�e� �r�e�s�u�l�t�e�d� �f�r�o�m� �t�h�e� 

�s�t�i�m�u�l�a�t�e�d� �M�N� �y�i�e�l�d� �c�a�u�s�e�d� �b�y� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �o�f� �t�h�e� �r�u�m�e�n� 

�d�e�g�r�a�d�a�b�l�e� �s�t�a�r�c�h� �a�n�d� �p�r�o�t�e�i�n� �f�r�o�m� �b�a�r�l�e�y� �a�n�d� �c�o�t�t�o�n�s�e�e�d� 

�m�e�a�l�.� 

�W�h�i�l�e� �a�c�t�u�a�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �d�u�e� �t�o� 

�c�h�a�n�g�e�s� �i�n� �d�i�e�t�a�r�y� �N�S�C� �a�n�d� �D�I�P� �h�a�v�e� �b�e�e�n� �d�i�f�f�i�c�u�l�t� �t�o� �f�i�n�d�,� 

�U�S� �p�a�t�e�n�t�s� �h�a�v�e� �b�e�e�n� �i�s�s�u�e�d� �f�o�r� �q�u�a�n�t�i�t�a�t�i�n�g� �N�S�C� �a�n�d� �S�C� �a�n�d� 

�f�u�r�t�h�e�r� �u�t�i�l�i�z�i�n�g� �t�h�e�s�e� �i�n� �d�a�i�r�y� �c�o�w� �r�a�t�i�o�n� �f�o�r�m�u�l�a�t�i�o�n�s� 

�(�6�4�,�6�5�)�.� �U�s�e� �o�f� �t�h�i�s� �p�a�t�e�n�t�e�d� �p�r�o�c�e�d�u�r�e� �h�a�s� �r�e�s�u�l�t�e�d� �i�n� 

�s�i�g�n�i�f�i�c�a�n�t� �i�n�c�r�e�a�s�e�s� �i�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �(�6�8�)�,� �y�e�t� 

�s�u�p�p�o�r�t�i�v�e� �r�e�s�e�a�r�c�h� �h�a�s� �n�o�t� �b�e�e�n� �r�e�p�o�r�t�e�d�.� �H�o�w�e�v�e�r�,� �w�h�e�n� 

�m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �r�e�s�p�o�n�s�e�s� �w�e�r�e� �p�o�o�l�e�d� �f�r�o�m� �1�5� �n�u�t�r�i�t�i�o�n� 

�s�t�u�d�i�e�s� �f�r�o�m� �c�o�w�s� �p�r�o�d�u�c�i�n�g� �>� �3�0� �k�g� �m�i�l�k�,�  ��o�p�t�i�m�a�l�"� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �p�r�e�d�i�c�t�e�d�:� �7�8�%� �c�a�r�b�o�h�y�d�r�a�t�e� �(�C�H�O� �=� �N�S�C� 

�+� �N�D�F�)�,� �5�3�%� �R�A�C� �(�a�s� �a� �p�e�r�c�e�n�t� �o�f� �C�H�O� �i�n�t�a�k�e�)�,� �1�5�.�6�%� �C�P�,� �a�n�d� 

�6�6�%� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �p�r�o�t�e�i�n� �(�R�A�P�)�.� �T�h�e� �a�v�e�r�a�g�e� �8�.�5� �k�g�/�d� 

�r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �(�R�A�C�)� �i�n�t�a�k�e� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� 

�a�m�o�u�n�t� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e�s�e� �a�u�t�h�o�r ��s� �t�h�e�o�r�e�t�i�c�a�l� �r�u�m�e�n� �m�o�d�e�l� 

�f�o�r� �m�a�x�i�m�u�m� �y�i�e�l�d� �o�f� �m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �(�6�6�)�.� �T�h�e� �u�s�e� �o�f� �R�A�C� 

�d�i�f�f�e�r�s� �f�r�o�m� �N�S�C� �b�y� �i�n�c�l�u�d�i�n�g� �a�n� �a�v�a�i�l�a�b�i�l�i�t�y� �v�a�l�u�e� �o�f� �t�h�e� 

�S�C� �i�n� �a�d�d�i�t�i�o�n� �t�o� �c�o�n�s�i�d�e�r�i�n�g� �N�S�C�.� 

�A�c�t�u�a�l� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �r�e�s�p�o�n�s�e� �t�o� �r�a�t�i�o�n�s� �b�a�l�a�n�c�e�d� �f�o�r� 

�R�A�C� �a�n�d� �R�A�P� �m�a�y� �v�a�r�y� �d�u�e� �t�o� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �c�h�e�m�i�c�a�l� 
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�a�n�a�l�y�s�e�s� �c�h�a�r�a�c�t�e�r�i�z�i�n�g� �t�h�e� �f�e�e�d� �n�u�t�r�i�e�n�t�s�,� �v�a�r�i�a�t�i�o�n�s� �i�n� �i�n� 

�s�i�t�u� �r�e�s�u�l�t�s� �f�r�o�m� �c�o�w�s� �a�t� �h�i�g�h� �a�n�d� �l�o�w� �i�n�t�a�k�e�s�,� �v�a�r�i�a�t�i�o�n�s� 

�d�u�e �� �t�o� �f�e�e�d� �s�o�u�r�c�e�s�,� �a�n�d� �a�n�i�m�a�l� �v�a�r�i�a�t�i�o�n�s� �(�p�a�r�i�t�y�,� �s�t�a�g�e� �o�f� 

�l�a�c�t�a�t�i�o�n�)�.� 

�I�n� �S�i�t�u� �D�e�t�e�r�m�i�n�a�t�i�o�n�s� �o�f� �F�e�e�d�s�t�u�f�f�s� 

�T�h�e� �i�n� �s�i�t�u� �b�a�g� �t�e�c�h�n�i�q�u�e� �h�a�s� �r�e�c�e�i�v�e�d� �e�x�t�e�n�s�i�v�e� 

�e�v�a�l�u�a�t�i�o�n� �a�s� �a� �t�e�c�h�n�i�q�u�e� �f�o�r� �e�s�t�i�m�a�t�i�n�g� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� 

�f�e�e�d� �p�r�o�t�e�i�n� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e� �t�o� �t�h�e� �r�u�m�e�n�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� 

�i�n�v�o�l�v�e�s� �t�h�e� �s�u�s�p�e�n�s�i�o�n� �o�f� �f�e�e�d� �m�a�t�e�r�i�a�l�s� �i�n� �t�h�e� �r�u�m�e�n� �o�f� �a� 

�c�a�n�n�u�l�a�t�e�d� �a�n�i�m�a�l� �t�o� �a�l�l�o�w� �c�o�n�t�a�c�t� �o�f� �t�h�e� �t�e�s�t� �f�e�e�d� �w�i�t�h� �t�h�e� 

�r�u�m�i�n�a�l� �e�n�v�i�r�o�n�m�e�n�t� �(�p�r�o�p�e�r� �p�H�,� �b�u�f�f�e�r�,� �t�e�m�p�e�r�a�t�u�r�e�,� 

�e�n�z�y�m�e�s�,� �m�i�c�r�o�b�e�s�)�.� �M�a�s�t�i�c�a�t�i�o�n�,� �r�u�m�i�n�a�t�i�o�n�,� �a�n�d� �f�e�e�d� 

�p�a�s�s�a�g�e� �a�r�e� �n�o�t� �s�i�m�u�l�a�t�e�d� �b�y� �t�h�i�s� �t�e�c�h�n�i�q�u�e�.� 

�T�h�e� �k�e�y� �t�o� �t�h�e� �u�s�e�f�u�l�n�e�s�s� �o�f� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �i�s� �t�h�e� 

�s�t�a�n�d�a�r�d�i�z�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�c�e�d�u�r�e� �a�m�o�n�g� �l�a�b�o�r�a�t�o�r�i�e�s�.� �S�o�m�e� 

�k�e�y� �f�a�c�t�o�r�s� �t�h�a�t� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �i�n�c�l�u�d�e� �b�a�g� �p�o�r�o�s�i�t�y�,� 

�p�a�r�t�i�c�l�e� �s�i�z�e�,� �s�a�m�p�l�e� �s�i�z�e� �t�o� �b�a�g� �s�u�r�f�a�c�e� �a�r�e�a�,� �d�i�e�t�a�r�y� �a�n�d� 

�a�n�i�m�a�l� �e�f�f�e�c�t�s�,� �a�n�d� �m�i�c�r�o�b�i�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n�.� �N�o�c�e�k� �(�6�7�)� 

�p�r�e�s�e�n�t�e�d� �a�n� �e�x�c�e�l�l�e�n�t� �r�e�v�i�e�w� �o�f� �h�o�w� �t�h�e�s�e� �v�a�r�i�a�b�l�e�s� �a�f�f�e�c�t� 

�t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� �n�y�l�o�n� �b�a�g� �t�e�c�h�n�i�q�u�e�.� �H�i�s� �r�e�c�o�m�m�e�n�d�e�d� 

�g�u�i�d�e�l�i�n�e�s� �f�o�c�u�s�e�d� �o�n� �t�h�e� �v�a�r�i�a�b�l�e�s� �t�h�a�t� �c�o�u�l�d� �b�e� 

�s�t�a�n�d�a�r�d�i�z�e�d� �b�e�t�w�e�e�n� �l�a�b�o�r�a�t�o�r�i�e�s� �(�T�a�b�l�e� �1�)�.� 

�A�n�o�t�h�e�r� �v�a�r�i�a�b�l�e� �t�h�a�t� �c�o�u�l�d� �e�a�s�i�l�y� �b�e� �s�t�a�n�d�a�r�d�i�z�e�d� 

�b�e�t�w�e�e�n� �l�a�b�o�r�a�t�o�r�i�e�s� �n�o�t� �c�o�n�s�i�d�e�r�e�d� �b�y� �N�o�c�e�k� �(�6�7�)� �i�s� �t�h�a�t� �o�f� 
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�t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �b�a�g� �i�n� �t�h�e� �r�u�m�e�n�.� �S�t�r�i�t�z�l�e�r� �a�n�d� 

�c�o�w�o�r�k�e�r�s� �(�9�8�)� �c�o�m�p�a�r�e�d� �d�r�y� �m�a�t�t�e�r� �d�i�s�a�p�p�e�a�r�a�n�c�e� �o�f� �b�a�r�l�e�y� 

�s�t�r�a�w� �o�r� �r�y�e� �g�r�a�s�s� �h�a�y� �i�n� �n�y�l�o�n� �b�a�g�s� �a�t�t�a�c�h�e�d� �t�o� �c�o�r�d�s� �o�f� 

�2�5�,� �4�0�,� �7�5�,� �o�r� �1�0�5� �c�m� �s�u�s�p�e�n�d�e�d� �f�r�o�m� �t�h�e� �r�u�m�e�n� �c�a�n�n�u�l�a�e�.� 

�I�n�c�r�e�a�s�i�n�g� �c�o�r�d� �l�e�n�g�t�h� �i�n�c�r�e�a�s�e�d� �t�h�e� �d�r�y� �m�a�t�t�e�r� 

�d�i�s�a�p�p�e�a�r�a�n�c�e� �f�r�o�m� �t�h�e� �b�a�g�s� �a�s� �w�e�l�l� �a�s� �m�i�c�r�o�b�i�a�l� 

�c�o�n�t�a�m�i�n�a�t�i�o�n� �i�n� �t�h�e� �b�a�g�s�.� �A�s� �a�n� �e�x�a�m�p�l�e�,� �b�a�r�l�e�y� �s�t�r�a�w� 

�i�n�c�u�b�a�t�e�d� �f�o�r� �2�4� �h� �i�n�c�r�e�a�s�e�d� �d�r�y� �m�a�t�t�e�r� �d�i�s�a�p�p�e�a�r�a�n�c�e� �f�r�o�m� 

�1�2�.�1�,� �1�6�.�2�,� �2�0�.�3�,� �t�o� �3�1�.�9�%� �a�s� �c�o�r�d� �l�e�n�g�t�h�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� 

�2�5�,� �4�0�,� �7�5�,� �t�o� �1�0�5� �c�m�.� �S�h�o�r�t�e�r� �c�o�r�d� �l�e�n�g�t�h�s� �d�e�c�r�e�a�s�e�d� 

�m�o�t�i�l�i�t�y� �o�f� �t�h�e� �b�a�g� �w�i�t�h�i�n� �t�h�e� �d�i�g�e�s�t�a�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

�c�o�l�o�n�i�z�a�t�i�o�n� �o�f� �m�i�c�r�o�b�e�s� �w�a�s� �d�e�c�r�e�a�s�e�d� �w�h�e�n� �t�h�e� �b�a�g�s� �w�e�r�e� 

�l�i�m�i�t�e�d� �t�o� �t�h�e� �d�o�r�s�a�l� �s�a�c�.� �T�h�e� �a�u�t�h�o�r�s� �r�e�c�o�m�m�e�n�d�e�d� �a� �n�e�e�d� 

�f�o�r� �s�t�a�n�d�a�r�d�i�z�a�t�i�o�n� �o�f� �c�o�r�d� �l�e�n�g�t�h�.� �O�r�s�k�o�v� �(�7�1�)� �s�u�g�g�e�s�t�e�d� 

�t�h�a�t� �t�h�e� �c�o�r�d� �l�e�n�g�t�h� �b�e� �a�t� �l�e�a�s�t� �5�0� �c�m� �t�o� �p�e�r�m�i�t� �f�r�e�e� 

�m�o�v�e�m�e�n�t�s� �o�f� �t�h�e� �b�a�g� �a�n�d� �t�o� �a�l�l�o�w� �t�h�e� �b�a�g�s� �t�o� �b�e� �s�q�u�e�e�z�e�d� �b�y� 

�r�u�m�i�n�a�l� �c�o�n�t�r�a�c�t�i�o�n�s�.� 

�S�e�v�e�r�a�l� �d�y�n�a�m�i�c� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l�s� �t�h�a�t� �i�n�c�o�r�p�o�r�a�t�e� 

�s�e�v�e�r�a�l� �c�o�m�p�o�n�e�n�t�s� �o�f� �r�u�m�i�n�a�l� �d�i�g�e�s�t�i�o�n� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� 

�(�4�0�,�5�1�,�7�1�,�1�0�6�,�1�0�9�)�.� �T�h�e�s�e� �m�o�d�e�l�s� �a�l�l�o�w� �f�o�r� �k�i�n�e�t�i�c� 

�i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �d�a�t�a� �i�n� �t�e�r�m�s� �o�f� �n�u�t�r�i�e�n�t� �a�v�a�i�l�a�b�i�l�i�t�y� �i�n� 

�t�h�e� �r�u�m�e�n�.� 
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�T�a�b�l�e� �1�.� �R�e�c�o�m�m�e�n�d�e�d� �g�u�i�d�e�l�i�n�e�s� �f�o�r� �r�u�m�i�n�a�l� �i�n� �s�i�t�u� 
�d�i�g�e�s�t�i�o�n� �p�r�o�c�e�d�u�r�e� �(�A�d�a�p�t�e�d� �f�r�o�m� �N�o�c�e�k� �(�6�7�)�)�.� 
� � 

� � 

�V�A�R�I�A�B�L�E� �R�E�C�O�M�M�E�N�D�A�T�I�O�N� 

�A�.� �B�a�g� �p�o�r�o�s�i�t�y� �4�0� �t�o� �6�0� �u�m� 
�B�.� �P�a�r�t�i�c�l�e� �s�i�z�e� �P�r�o�t�e�i�n�,� �e�n�e�r�g�y� �s�u�p�p�l�.�,� �2�m�m� 

�W�h�o�l�e� �g�r�a�i�n�s�,� �5�m�m� 
�F�i�b�r�o�u�s� �b�y�-�p�r�o�d�u�c�t�s�,� �5�m�m� 
�H�a�y�s� �(�>�8�0�%� �D�M�)�,� �S�m�m� 
�S�i�l�a�g�e�s� �(�a�i�r� �o�r� �f�r�e�e�z�e�-�d�r�y�)�,� �5�m�m� 

�C�.� �S�a�m�p�l�e� �s�i�z�e� �t�o� �1�0� �t�o� �2�0� �m�g�/�c�m �� 
�b�a�g� �s�u�r�f�a�c�e� �a�r�e�a� 

�D�.� �M�i�c�r�o�b�i�a�l� �U�s�e� �c�o�r�r�e�c�t�i�o�n�,� �r�e�g�a�r�d�l�e�s�s� �o�f� 
�c�o�n�t�a�m�i�n�a�t�i�o�n� �m�a�r�k�e�r� �(�D�A�P�A�,� �R�N�A�,� �N�,� �s�*�,� �e�t�c�.�)� 

�E�.� �D�i�e�t� �M�e�e�t� �n�u�t�r�i�e�n�t� �r�e�q�u�i�r�e�m�e�n�t�s� 
�D�o�c�u�m�e�n�t� �i�n�g�r�e�d�i�e�n�t� �c�o�m�p�o�s�i�t�i�o�n� 
�I�n�c�l�u�d�e� �t�e�s�t� �i�n�g�r�e�d�i�e�n�t� �i�n� �b�a�s�a�l� 
�F�e�e�d� �a� �t�o�t�a�l� �m�i�x�e�d� �r�a�t�i�o�n�,� �a�d�-�l�i�b� 

�F�.� �A�n�i�m�a�l�/�p�e�r�i�o�d� �U�s�e� �t�e�s�t� �a�n�i�m�a�l� �t�h�a�t� �m�a�t�c�h�e�s� 
�a�n�i�m�a�l� �f�o�r� �w�h�i�c�h� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� 
�w�i�l�l� �b�e� �a�p�p�l�i�e�d� 
�R�e�p�l�i�c�a�t�e� �a�t� �l�e�a�s�t� �t�w�i�c�e� �i�f� �o�n�l�y� 
�o�n�e� �t�e�s�t� �a�n�i�m�a�l� �u�s�e�d� 
�F�o�r� �e�a�c�h� �a�n�i�m�a�l� �a�n�d� �p�e�r�i�o�d�,� �i�n�s�e�r�t� 
�b�a�g�s� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� �i�n� �r�e�l�a�t�i�o�n� 
�t�o� �f�e�e�d�i�n�g� 

�G�.� �P�r�e�r�u�m�i�n�a�l� �S�o�a�k� �b�a�g�s� �i�n� �w�a�t�e�r� �o�r� �b�u�f�f�e�r� �(�3�9�C�)� 
�i�n�c�u�b�a�t�i�o�n� �p�r�i�o�r� �t�o� �r�u�m�i�n�a�l� �i�n�c�u�b�a�t�i�o�n� 

�H�.� �B�a�g� �i�n�s�e�r�t�i�o�n� �I�n�s�e�r�t� �a�t� �s�p�e�c�i�f�i�c� �t�i�m�e� �i�n�t�e�r�v�a�l�s� 
�a�n�d� �r�e�m�o�v�e� �a�s� �a� �g�r�o�u�p� 

�I�.� �P�o�s�t�r�u�m�i�n�a�l� �w�a�s�h�i�n�g� �R�i�n�s�e� �i�n� �t�a�p� �w�a�t�e�r� �u�n�t�i�l� �r�i�n�s�e� 
�w�a�t�e�r� �i�s� �c�l�e�a�r� 

�J�.� �I�n�c�u�b�a�t�i�o�n� �t�i�m�e�s� �0� �t�o� �6� �h�:� �3� �t�o� �6� �t�i�m�e� �p�o�i�n�t�s� 
�6� �t�o� �2�4� �h�:� �3� �t�o� �6� �t�i�m�e� �p�o�i�n�t�s� 

�>�2�5�h�:� �6� �t�o� �1�2�-�h� �i�n�t�e�r�v�a�l�s� 

�K�.� �E�x�p�r�e�s�s�i�o�n� �o�f� �E�s�t�i�m�a�t�e�d� �r�u�m�i�n�a�l� �a�v�a�i�l�a�b�i�l�i�t�y� 
�r�e�s�u�l�t�s� �a�s� �s�u�g�g�e�s�t�e�d� �b�y� �O�r�s�k�o�v� �a�n�d� �M�c�D�o�n�a�l�d� 

�(�7�1�)� �o�r� �V�a�n� �S�o�e�s�t� �e�t� �a�l�.� �(�1�0�6�)� 
� � 
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�O�r�s�k�o�v� �a�n�d� �M�c�D�o�n�a�l�d� �(�7�1�)� �c�a�l�c�u�l�a�t�e�d� �p�r�o�t�e�i�n� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �(�D�)� �a�s� �a� �p�e�r�c�e�n�t� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�:� 

�D�=�A� �+� �(�B� �x� �k�,�)�/�(�K�.�N� �+� �k�,�)� 

�w�h�e�n� �D� �=� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �(�%�)�;� 

�A� �=� �r�e�a�d�i�l�y� �d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n� �(�3�%�)�;� 

�B� �=� �p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n� �d�e�g�r�a�d�e�d� �a�t� �a� �m�e�a�s�u�r�a�b�l�e� �r�a�t�e� �(�%�)�;� 

�k�y�,� �=� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�t�i�o�n� �c�o�n�s�t�a�n�t� �o�f� �B� �f�r�a�c�t�i�o�n�;� 

�K�.� �=� �r�u�m�e�n� �t�u�r�n�o�v�e�r� �r�a�t�e� �(�.�0�5�/�h�)�.� 

�M�a�d�s�e�n� �a�n�d� �H�v�e�l�p�l�u�n�d� �(�4�9�)� �f�o�u�n�d� �a� �c�l�o�s�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� 

�t�h�e� �i�n� �s�i�t�u� �e�s�t�i�m�a�t�e�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �n�y�l�o�n� �b�a�g� �t�e�c�h�n�i�q�u�e� 

�a�n�d� �i�n� �v�i�v�o� �d�e�g�r�a�d�a�t�i�o�n�,� �e�s�p�e�c�i�a�l�l�y� �w�h�e�n� �a� �r�u�m�e�n� �t�u�r�n�o�v�e�r� 

�r�a�t�e� �o�f� �.�0�8�/�h� �w�a�s� �u�s�e�d� �i�n� �t�h�e� �m�o�d�e�l�.� �O�t�h�e�r�s� �h�a�v�e� �a�l�s�o� 

�r�e�p�o�r�t�e�d� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �m�e�a�s�u�r�e�m�e�n�t�s� 

�(�5�1�,�1�1�4�)�.� 

�I�n� �v�i�v�o� �D�i�g�e�s�t�a� �M�a�r�k�e�r�s� 

�M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �p�o�s�t�r�u�m�i�n�a�l� �n�u�t�r�i�e�n�t� �f�l�o�w� �a�n�d� �d�i�g�e�s�t�i�o�n� 

�r�e�q�u�i�r�e�s� �t�h�e� �u�s�e� �o�f� �a�n�i�m�a�l�s� �f�i�t�t�e�d� �w�i�t�h� �c�a�n�n�u�l�a�e� �a�t� �s�p�e�c�i�f�i�c� 

�s�i�t�e�s� �i�n� �t�h�e� �t�r�a�c�t� �(�a�b�o�m�a�s�u�m�,� �p�r�o�x�i�m�a�l� �d�u�o�d�e�n�u�m� �o�r� �t�e�r�m�i�n�a�l� 

�i�l�e�u�m�)�.� �A�l�s�o�,� �a� �r�e�l�i�a�b�l�e� �m�e�t�h�o�d� �f�o�r� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �f�l�o�w� 

�r�a�t�e�s� �a�t� �t�h�e�s�e� �s�i�t�e�s� �i�s� �n�e�e�d�e�d�.� �T�w�o� �c�a�n�n�u�l�a� �t�y�p�e�s� �a�r�e� 

�c�o�m�m�o�n�l�y� �u�s�e�d�:� �t�h�e� �r�e�-�e�n�t�r�a�n�t� �c�a�n�n�u�l�a�e� �a�n�d� �t�h�e� �s�i�m�p�l�e� 

�T�-�t�y�p�e� �c�a�n�n�u�l�a�.� �U�s�e� �o�f� �e�a�c�h� �c�a�n�n�u�l�a�e� �h�a�s� �b�e�e�n� �r�e�v�i�e�w�e�d� �a�n�d� 

�a�d�v�a�n�t�a�g�e�s� �a�n�d� �d�i�s�a�d�v�a�n�t�a�g�e�s� �e�x�i�s�t� �f�o�r� �e�a�c�h� �(�4�8�,�1�0�3�)�.� �T�h�e� 

�r�e�-�e�n�t�r�a�n�t� �a�l�l�o�w�e�d� �f�o�r� �t�o�t�a�l� �d�i�g�e�s�t�a� �c�o�l�l�e�c�t�i�o�n�,� �t�h�u�s� 
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�e�l�i�m�i�n�a�t�e�d� �t�h�e� �n�e�e�d� �f�o�r� �d�i�g�e�s�t�a� �p�h�a�s�e� �m�a�r�k�e�r�s� �(�6�7�)�.� �T�h�e� �T�-� 

�t�y�p�e� �c�a�n�n�u�l�a� �r�e�q�u�i�r�e� �s�p�o�t� �s�a�m�p�l�i�n�g� �a�n�d� �i�n�d�i�g�e�s�t�i�b�l�e� �s�o�l�i�d�-� 

�(�o�r� �p�a�r�t�i�c�u�l�a�t�e�)� �a�n�d� �l�i�q�u�i�d�-�p�h�a�s�e� �m�a�r�k�e�r�s� �(�7�1�)�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �i�n� �v�i�v�o� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �o�f� �n�u�t�r�i�e�n�t� �f�l�o�w� 

�a�n�d� �d�i�g�e�s�t�i�o�n� �a�r�e� �u�s�e�d� �a�s� �t�h�e� �s�t�a�n�d�a�r�d� �o�f� �c�o�m�p�a�r�i�s�o�n�,� 

�d�i�s�a�d�v�a�n�t�a�g�e�s� �t�o� �t�h�i�s� �s�y�s�t�e�m� �e�x�i�s�t�.� �F�i�r�s�t�,� �d�i�g�e�s�t�a� �f�l�o�w� �i�s� 

�c�o�n�t�a�m�i�n�a�t�e�d� �w�i�t�h� �e�n�d�o�g�e�n�o�u�s� �p�r�o�t�e�i�n�s� �t�h�a�t� �u�s�u�a�l�l�y� �a�r�e� �n�o�t� 

�m�e�a�s�u�r�e�d�.� �T�a�m�m�i�n�g�a� �e�t� �a�l�.� �(�1�0�1�)� �c�o�r�r�e�c�t�e�d� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �o�f� 

�t�o�t�a�l� �N� �a�n�d� �M�N� �a�t� �t�h�e� �d�u�o�d�e�n�u�m� �u�s�i�n�g� �a�n� �e�n�d�o�g�e�n�o�u�s� �N� 

�e�s�t�i�m�a�t�e� �o�f� �4� �g� �N�/�k�g� �o�f� �D�M�.� �S�e�c�o�n�d�,� �d�i�g�e�s�t�a� �f�l�o�w� �i�s� 

�i�n�h�e�r�e�n�t�l�y� �i�n�t�e�r�m�i�t�t�e�n�t� �t�h�u�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �s�a�m�p�l�i�n�g� �o�f� �t�h�e� 

�d�i�g�e�s�t�a� �i�s� �d�i�f�f�i�c�u�l�t�.� �E�x�t�r�e�m�e� �v�a�r�i�a�t�i�o�n� �i�n� �d�i�g�e�s�t�a� �a�n�d� 

�m�i�c�r�o�b�i�a�l� �m�a�r�k�e�r� �e�s�t�i�m�a�t�e�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d� �(�5�6�,�6�7�)�.� 

�T�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n� �f�o�r� �d�i�g�e�s�t�a� �f�l�o�w� �m�e�a�s�u�r�e�m�e�n�t�s� 

�w�a�s� �5� �-� �2�0�%�,� �a�n�d� �5�0� �-� �9�0�%� �o�f� �t�h�e� �v�a�r�i�a�t�i�o�n� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� 

�b�e�t�w�e�e�n� �a�n�i�m�a�l� �d�i�f�f�e�r�e�n�c�e�s� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�a�c�R�a�e� �(�4�8�)�.� 

�T�h�i�r�d�,� �l�i�m�i�t�e�d� �n�u�m�b�e�r�s� �o�f� �a�n�i�m�a�l�s� �a�r�e� �u�s�u�a�l�l�y� �u�s�e�d� �a�n�d� �t�h�e� 

�b�e�t�w�e�e�n�-�a�n�i�m�a�l� �v�a�r�i�a�t�i�o�n� �i�s� �h�i�g�h� �(�6�7�,�5�6�)�.� �S�u�t�t�o�n� �a�n�d� �O�l�d�h�a�m� 

�(�1�0�0�)� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�o� �d�e�t�e�c�t� �a� �1�0�%� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�t�r�e�a�t�m�e�n�t� �r�e�s�p�o�n�s�e�s� �u�s�i�n�g� �i�n� �v�i�v�o� �p�r�o�c�e�d�u�r�e�s�,� �t�w�o� �6�x�6� �L�a�t�i�n� 

�s�q�u�a�r�e� �d�e�s�i�g�n� �e�x�p�e�r�i�m�e�n�t�s� �w�o�u�l�d� �b�e� �n�e�e�d�e�d�.� 

�A�d�v�a�n�t�a�g�e�s� �a�n�d� �d�i�s�a�d�v�a�n�t�a�g�e�s� �a�l�s�o� �e�x�i�s�t� �f�o�r� �t�h�e� �u�s�e� �o�f� 

�v�a�r�i�o�u�s� �d�i�g�e�s�t�a� �m�a�r�k�e�r� �s�y�s�t�e�m�s� �i�n� �r�u�m�i�n�a�n�t�s�.� �M�a�r�k�e�r�s� �h�a�v�e� 

�b�e�e�n� �u�s�e�d� �a�s� �e�x�p�e�r�i�m�e�n�t�a�l� �t�o�o�l�s� �f�o�r� �m�a�n�y� �y�e�a�r�s� �a�n�d� �a� �l�a�r�g�e� 

�n�u�m�b�e�r� �o�f� �m�a�t�e�r�i�a�l�s� �h�a�v�e� �b�e�e�n� �e�v�a�l�u�a�t�e�d� �a�s� �m�a�r�k�e�r�s� �f�o�r� 
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�s�t�u�d�y�i�n�g� �d�i�g�e�s�t�i�o�n� �i�n� �a�n�i�m�a�l�s� �(�5�6�)�.� �T�h�e� �"�i�d�e�a�l�"� �m�a�r�k�e�r� 

�s�h�o�u�l�d�:� �b�e� �i�n�e�r�t� �w�i�t�h�o�u�t� �t�o�x�i�c� �e�f�f�e�c�t�s�;� �u�n�a�b�s�o�r�b�a�b�l�e� �a�n�d� 

�n�o�n�m�e�t�a�b�o�l�i�z�a�b�l�e� �i�n� �t�h�e� �t�r�a�c�t�;� �n�o�n�b�u�l�k�y�;� �m�i�x� �a�n�d� �d�i�s�t�r�i�b�u�t�e� 

�u�n�i�f�o�r�m�l�y� �w�i�t�h�i�n� �t�h�e� �d�i�g�e�s�t�a�;� �h�a�v�e� �n�o� �i�n�f�l�u�e�n�c�e� �o�n� �g�a�s�t�r�o�-� 

�i�n�t�e�s�t�i�n�a�l� �f�u�n�c�t�i�o�n� �o�r� �s�e�c�r�e�t�i�o�n�s�;� �h�a�v�e� �n�o� �i�n�f�l�u�e�n�c�e� �o�n� �t�h�e� 

�m�i�c�r�o�f�l�o�r�a� �o�f� �t�h�e� �t�r�a�c�t�;� �a�n�d� �h�a�v�e� �p�h�y�s�i�c�o�-�c�h�e�m�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �t�h�a�t� �c�a�n� �b�e� �m�e�a�s�u�r�e�d� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �(�5�6�)�.� �N�o�n�e� 

�o�f� �t�h�e� �m�a�t�e�r�i�a�l�s� �c�u�r�r�e�n�t�l�y� �u�t�i�l�i�z�e�d� �a�s� �d�i�g�e�s�t�a� �m�a�r�k�e�r�s� �c�a�n� 

�b�e� �c�o�n�s�i�d�e�r�e�d� �"�i�d�e�a�l�"�.� 

�E�l�l�i�s� �(�1�4�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �d�u�a�l�-�p�h�a�s�e� �m�a�r�k�e�r� �s�y�s�t�e�m�s� 

�s�h�o�u�l�d� �b�e� �u�s�e�d� �s�i�n�c�e� �t�h�e� �d�i�g�e�s�t�i�v�e� �p�r�o�c�e�s�s� �i�n� �r�u�m�i�n�a�n�t�s� �i�s� 

�c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a� �t�w�o� �c�o�m�p�a�r�t�m�e�n�t� �s�y�s�t�e�m�.� �I�n� �t�w�o� �m�a�r�k�e�r� 

�s�y�s�t�e�m�s�,� �o�n�e� �i�n�e�r�t� �m�a�r�k�e�r� �i�s� �s�e�l�e�c�t�e�d� �t�o� �e�s�t�i�m�a�t�e� �l�i�q�u�i�d� 

�f�l�o�w� �a�n�d� �a�n�o�t�h�e�r� �i�n�e�r�t� �m�a�r�k�e�r� �i�s� �s�e�l�e�c�t�e�d� �t�o� �e�s�t�i�m�a�t�e� �s�o�l�i�d� 

�o�r� �p�a�r�t�i�c�u�l�a�t�e� �f�l�o�w�.� 

�C�o�m�m�o�n�l�y� �u�s�e�d� �l�i�q�u�i�d� �f�l�o�w� �m�a�r�k�e�r�s� �i�n�c�l�u�d�e� �p�o�l�y�e�t�h�y�l�e�n�e� 

�g�l�y�c�o�l� �(�P�E�G�)�,� �c�o�b�a�l�t� �e�t�h�y�l�e�n�e�d�i�a�m�i�n�e�t�e�t�r�a�a�c�e�t�a�t�e� �(�C�o�E�D�T�A�)�,� 

�a�n�d� �c�h�r�o�m�i�u�m� �e�t�h�y�l�e�n�e�d�i�a�m�i�n�e�t�e�t�r�a�a�c�e�t�a�t�e� �(�C�r�E�D�T�A�)�.� �C�o�E�D�T�A� 

�a�n�d� �C�r�E�D�T�A� �a�r�e� �e�a�s�i�l�y� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a�t�o�m�i�c� �a�b�s�o�r�p�t�i�o�n�.� 

�H�o�w�e�v�e�r�,� �q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �P�E�G� �i�s� �d�i�f�f�i�c�u�l�t� �w�i�t�h� �a� �h�i�g�h� �d�e�g�r�e�e� 

�o�f� �e�r�r�o�r� �(�1�1�2�)�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �P�E�G� �m�a�y� �a�d�s�o�r�b� �t�o� �c�e�r�t�a�i�n� 

�d�i�e�t�a�r�y� �i�n�g�r�e�d�i�e�n�t�s�.� �C�o�E�D�T�A� �a�n�d� �C�r�E�D�T�A� �h�a�v�e� �l�a�r�g�e�l�y� 

�r�e�p�l�a�c�e�d� �P�E�G� �a�s� �l�i�q�u�i�d� �p�h�a�s�e� �m�a�r�k�e�r�s� �o�f� �c�h�o�i�c�e� �(�5�6�)�.� 

�P�a�r�t�i�c�u�l�a�t�e�,� �o�r� �s�o�l�i�d�-�p�h�a�s�e� �m�a�r�k�e�r�s� �u�s�e�d� �m�o�s�t� �w�i�d�e�l�y� 

�i�n�c�l�u�d�e� �c�h�r�o�m�i�c� �o�x�i�d�e�,� �r�a�r�e�-�e�a�r�t�h� �e�l�e�m�e�n�t�s� �(�L�a�,� �A�m�,� �C�e�,� �Y�b�,� 
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�a�n�d� �D�y�)�,� �a�n�d� �c�h�r�o�m�i�u�m�-�m�o�r�d�a�n�t�e�d� �f�i�b�e�r�s�.� �C�h�r�o�m�i�c� �o�x�i�d�e� �h�a�s� 

�b�e�e�n� �m�o�r�e� �w�i�d�e�l�y� �u�s�e�d� �a�s� �a� �d�i�g�e�s�t�i�b�i�l�i�t�y� �a�n�d� �d�i�g�e�s�t�a� �f�l�o�w� 

�m�a�r�k�e�r� �t�h�a�n� �a�n�y� �o�t�h�e�r� �(�5�6�)�.� 

�M�a�n�y� �s�t�u�d�i�e�s� �h�a�v�e� �i�n�d�i�c�a�t�e�d� �a�l�m�o�s�t� �c�o�m�p�l�e�t�e� �c�h�r�o�m�i�c� 

�o�x�i�d�e� �r�e�c�o�v�e�r�y� �i�n� �f�e�c�e�s� �o�f� �s�h�e�e�p� �(�4�7�,� �7�3�)�.� �H�o�w�e�v�e�r�,� 

�d�i�s�a�d�v�a�n�t�a�g�e�s� �e�x�i�s�t� �f�o�r� �t�h�e� �u�s�e� �o�f� �c�h�r�o�m�i�c� �o�x�i�d�e�.� �C�h�r�o�m�i�c� 

�o�x�i�d�e� �i�s� �a� �d�e�n�s�e� �p�o�w�d�e�r� �w�h�i�c�h� �t�r�a�v�e�l�s� �i�n� �s�u�s�p�e�n�s�i�o�n� �i�n� 

�d�i�g�e�s�t�a� �a�t� �a� �r�a�t�e� �s�o�m�e�t�i�m�e�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �e�i�t�h�e�r� �t�h�e� 

�p�a�r�t�i�c�u�l�a�t�e� �o�r� �l�i�q�u�i�d� �p�h�a�s�e�s� �(�5�6�)�.� �B�e�c�a�u�s�e� �o�f� �i�t�s� �d�e�n�s�i�t�y�,� 

�i�t� �m�a�y� �f�o�r�m� �a� �s�e�d�i�m�e�n�t� �i�n� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �r�u�m�e�n� �r�e�s�u�l�t�i�n�g� 

�i�n� �s�p�o�r�a�d�i�c� �f�l�o�w� �t�o� �t�h�e� �l�o�w�e�r� �g�a�s�t�r�o�i�n�t�e�s�t�i�n�a�l� �t�r�a�c�t�.� �L�i�k�e� 

�m�a�n�y� �d�i�g�e�s�t�a� �m�a�r�k�e�r�s�,� �c�h�r�o�m�i�c� �o�x�i�d�e� �i�s� �s�u�b�j�e�c�t� �t�o� �d�i�u�r�n�a�l� 

�a�n�d� �d�a�i�l�y� �v�a�r�i�a�t�i�o�n�.� �F�r�e�q�u�e�n�t� �m�a�r�k�e�r� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �a�n�d� 

�d�i�g�e�s�t�a� �s�a�m�p�l�i�n�g� �i�s� �n�e�e�d�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e�s�e� �v�a�r�i�a�t�i�o�n�s� 

�i�n� �e�x�c�r�e�t�i�o�n�.� �T�h�e� �u�s�e� �o�f� �c�h�r�o�m�i�c� �o�x�i�d�e� �f�o�r� �m�e�a�s�u�r�i�n�g� �t�o�t�a�l� 

�t�r�a�c�t� �d�i�g�e�s�t�i�b�i�l�i�t�y� �h�a�s� �b�e�e�n� �w�e�l�l� �a�c�c�e�p�t�e�d� �(�5�6�)�.� �H�o�w�e�v�e�r�,� 

�i�t�s� �u�s�e� �a�s� �a� �m�a�r�k�e�r� �f�o�r� �m�e�a�s�u�r�i�n�g� �f�l�o�w� �r�a�t�e�s� �i�n� �a�n�i�m�a�l�s� 

�s�p�o�t�-�s�a�m�p�l�e�d� �f�r�o�m� �s�i�m�p�l�e� �T�-�t�y�p�e� �c�a�n�n�u�l�a�e�s� �h�a�s� �b�e�e�n� 

�q�u�e�s�t�i�o�n�e�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� �q�u�e�s�t�i�o�n�a�b�l�e� �u�s�e� �o�f� �a�n�y� �s�i�n�g�l�e� 

�m�a�r�k�e�r� �(�v�s� �a� �d�u�a�l� �m�a�r�k�e�r� �s�y�s�t�e�m�)� �w�i�t�h� �s�i�m�p�l�e� �T�-�t�y�p�e� 

�c�a�n�n�u�l�a�e�.� �F�a�i�c�h�n�e�y� �(�1�7�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �s�a�m�p�l�e�s� �f�r�o�m� �s�i�m�p�l�e� 

�T�-�t�y�p�e� �c�a�n�n�u�l�a�e� �m�a�y� �n�o�t� �b�e� �t�y�p�i�c�a�l� �o�f� �n�o�r�m�a�l�l�y� �d�i�s�t�r�i�b�u�t�e�d� 

�l�i�q�u�i�d�-� �a�n�d� �s�o�l�i�d�-�p�h�a�s�e� �d�i�g�e�s�t�a�.� �U�s�e� �o�f� �d�u�a�l� �p�h�a�s�e� �m�a�r�k�e�r�s� 

�a�n�d� �a�n�a�l�y�s�e�s� �o�f� �b�o�t�h� �p�h�a�s�e�s� �w�o�u�l�d� �h�e�l�p� �c�o�r�r�e�c�t� �f�o�r� �t�h�i�s� 

�n�o�n�h�o�m�o�g�e�n�e�i�t�y� �(�1�)�.� �O�t�h�e�r�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �c�a�l�c�u�l�a�t�e�d� 
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�d�i�g�e�s�t�a� �f�l�o�w�s� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �c�h�r�o�m�i�c� �o�x�i�d�e� �a�s� �a� �m�a�r�k�e�r� �i�n� 

�s�p�o�t� �s�a�m�p�l�i�n�g� �w�e�r�e� �i�n� �c�l�o�s�e� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �b�y� 

�t�o�t�a�l� �c�o�l�l�e�c�t�i�o�n� �u�t�i�l�i�z�i�n�g� �r�e�-�e�n�t�r�a�n�t� �c�a�n�n�u�l�a�e� �(�1�1�,�8�2�)�.� 

�R�a�r�e� �e�a�r�t�h�s� �a�r�e� �e�x�c�r�e�t�e�d� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �a�n�d� �m�e�t�h�o�d�s� �o�f� 

�d�e�t�e�c�t�i�o�n� �a�r�e� �r�e�a�d�i�l�y� �a�v�a�i�l�a�b�l�e�.� �S�o�m�e� �h�a�v�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� 

�r�a�r�e� �e�a�r�t�h�s� �m�a�y� �b�e� �i�n�a�p�p�r�o�p�r�i�a�t�e� �p�a�r�t�i�c�u�l�a�t�e� �m�a�r�k�e�r�s� �b�e�c�a�u�s�e� 

�t�h�e� �d�e�g�r�e�e� �o�f� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �p�a�r�t�i�c�u�l�a�t�e� �d�i�g�e�s�t�a� �i�s� 

�v�a�r�i�a�b�l�e� �a�n�d� �m�i�g�r�a�t�i�o�n� �t�o� �u�n�l�a�b�e�l�l�e�d� �f�e�e�d�s� �h�a�s� �b�e�e�n� �d�e�t�e�c�t�e�d� 

�(�2�6�)�.� 

�T�h�e� �u�s�e� �o�f� �C�r�-�m�o�r�d�a�n�t�e�d� �f�i�b�e�r� �i�s� �g�a�i�n�i�n�g� �w�i�d�e�r� 

�a�c�c�e�p�t�a�n�c�e� �a�s� �a� �s�o�l�i�d�-�p�h�a�s�e� �d�i�g�e�s�t�a� �m�a�r�k�e�r�.� �"�M�o�r�d�a�n�t�i�n�g�"� 

�f�o�r�m�s� �a� �s�t�r�o�n�g� �c�o�m�p�l�e�x� �b�e�t�w�e�e�n� �c�h�r�o�m�i�u�m� �a�n�d� �p�l�a�n�t� �c�e�l�l� �w�a�l�l�s� 

�(�1�0�4�)�.� �T�h�i�s� �c�o�m�p�l�e�x� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �s�t�a�b�l�e� �i�n� �r�u�m�e�n� 

�f�l�u�i�d� �a�n�d� �a�c�i�d�i�c� �m�e�d�i�a� �a�n�d� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �i�n�d�i�g�e�s�t�i�b�l�e� �w�h�e�n� 

�C�r� �c�o�n�t�e�n�t� �o�f� �t�h�e� �c�o�m�p�l�e�x� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �8�%� �(�1�4�)�.� �A� 

�p�o�t�e�n�t�i�a�l� �d�r�a�w�b�a�c�k� �t�o� �t�h�i�s� �t�y�p�e� �m�a�r�k�e�r� �i�s� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� 

�t�h�a�t� �i�t�s� �d�e�n�s�i�t�y� �m�a�y� �n�o�t� �a�l�l�o�w� �i�t� �t�o� �b�e�h�a�v�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� 

�o�t�h�e�r� �f�e�e�d� �p�a�r�t�i�c�l�e�s� �i�n� �t�h�e� �d�i�e�t� �(�1�4�)�.� 

�N�u�m�e�r�o�u�s� �m�a�r�k�e�r�s� �f�o�r� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �m�i�c�r�o�b�i�a�l� �y�i�e�l�d� �a�n�d� 

�f�l�o�w� �i�n� �v�i�v�o� �h�a�v�e� �a�l�s�o� �b�e�e�n� �s�u�g�g�e�s�t�e�d�.� �T�h�e� �m�i�c�r�o�b�i�a�l� 

�m�a�r�k�e�r�s� �i�n�c�l�u�d�e� �D�N�A�,� �R�N�A�,� �D�A�P�,� �A�E�P�,� �n�u�c�l�e�i�c� �a�c�i�d�s�,� �a�n�d� 

�i�s�o�t�o�p�e�s� �(�4�9�)� �t�h�a�t� �c�a�n� �i�n�c�o�r�p�o�r�a�t�e� �i�n�t�o� �t�h�e� �m�i�c�r�o�b�e�s� 

�(�3�s�,�'�5�N�,�2�P�)�.� �S�t�e�r�n� �a�n�d� �H�o�o�v�e�r� �(�9�5�)� �d�i�s�c�u�s�s�e�d� �t�h�e� �a�d�v�a�n�t�a�g�e�s� 

�a�n�d� �d�i�s�a�d�v�a�n�t�a�g�e�s� �o�f� �t�h�e�s�e� �m�a�r�k�e�r�s� �i�n� �a� �r�e�v�i�e�w�.� 
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�T�h�e� �u�s�e� �o�f� �p�u�r�i�n�e� �a�n�d� �p�y�r�i�m�i�d�i�n�e� �b�a�s�e�s�,� �r�a�t�h�e�r� �t�h�a�n� 

�n�u�c�l�e�i�c� �a�c�i�d�s� �i�n� �t�h�e� �p�o�l�y�n�u�c�l�e�o�t�i�d�e� �f�o�r�m�,� �a�s� �m�i�c�r�o�b�i�a�l� 

�m�a�r�k�e�r�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d� �a�n�d� �e�v�a�l�u�a�t�e�d�.� �T�h�e� �m�a�j�o�r� 

�o�b�s�t�a�c�l�e� �t�o� �t�h�e� �u�s�e� �o�f� �n�u�c�l�e�i�c� �a�c�i�d�s� �a�s� �a� �m�i�c�r�o�b�i�a�l� �m�a�r�k�e�r� 

�h�a�s� �b�e�e�n� �t�h�e� �l�a�c�k� �o�f� �s�i�m�p�l�e�,� �l�a�b�o�r�a�t�o�r�y� �p�r�o�c�e�d�u�r�e�s� �f�o�r� 

�i�s�o�l�a�t�i�n�g� �a�n�d� �q�u�a�n�t�i�f�y�i�n�g� �t�h�e� �n�u�c�l�e�i�c� �a�c�i�d� �c�o�n�t�e�n�t� �o�f� �f�e�e�d�s� 

�a�n�d� �d�i�g�e�s�t�a�.� 

�Q�u�a�n�t�i�t�a�t�i�v�e� �r�e�c�o�v�e�r�y� �o�f� �p�u�r�i�n�e� �a�n�d� �p�y�r�i�m�i�d�i�n�e� �b�a�s�e�s� 

�w�a�s� �f�i�r�s�t� �r�e�p�o�r�t�e�d� �b�y� �M�a�r�s�h�a�k� �a�n�d� �V�o�g�e�l� �i�n� �1�9�5�1� �(�5�0�)� �w�i�t�h� �a� 

�p�e�r�c�h�l�o�r�i�c� �a�c�i�d� �h�y�d�r�o�l�y�s�i�s� �p�r�o�c�e�d�u�r�e�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�p�r�o�c�e�d�u�r�e� �w�a�s� �t�e�d�i�o�u�s� �a�n�d� �r�e�c�o�v�e�r�y� �w�a�s� �l�o�w�.� �J�a�c�k�s�o�n� �(�3�9�)� 

�m�o�d�i�f�i�e�d� �t�h�e� �p�e�r�c�h�l�o�r�i�c� �a�c�i�d� �h�y�d�r�o�l�y�s�i�s� �p�r�o�c�e�d�u�r�e� �t�o� 

�q�u�a�n�t�i�t�a�t�e� �n�u�c�l�e�i�c� �a�i�d� �c�o�n�t�e�n�t� �o�f� �d�i�g�e�s�t�a� �b�y� �h�i�g�h� �p�r�e�s�s�u�r�e� 

�l�i�q�u�i�d� �c�a�t�i�o�n� �e�x�c�h�a�n�g�e� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�H�P�L�C�)�.� �T�h�e� �m�o�d�i�f�i�e�d� 

�p�r�o�c�e�d�u�r�e� �i�m�p�r�o�v�e�d� �a�c�c�u�r�a�c�y�,� �p�r�e�c�i�s�i�o�n�,� �a�n�d� �r�a�p�i�d�i�t�y� �o�f� 

�a�n�a�l�y�s�i�s�.� �J�a�c�k�s�o�n ��s� �p�r�o�c�e�d�u�r�e� �w�a�s� �f�u�r�t�h�e�r� �m�o�d�i�f�i�e�d� �b�y� 

�K�o�e�n�i�g� �(�3�9�)� �t�o� �i�m�p�r�o�v�e� �t�h�e� �p�r�e�c�i�s�i�o�n� �a�n�d� �e�a�s�e� �o�f� �t�h�e� 

�a�n�a�l�y�s�i�s�.� 

�K�o�e�n�i�g� �(�3�9�)� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �c�y�t�o�s�i�n�e�,� �a�d�e�n�i�n�e�,� �g�u�a�n�i�n�e�,� 

�u�r�a�c�i�l�,� �a�n�d� �x�a�n�t�h�i�n�e� �a�l�l� �a�p�p�e�a�r� �t�o� �b�e� �a�c�c�e�p�t�a�b�l�e� �m�a�r�k�e�r�s� �f�o�r� 

�i�n�d�i�c�a�t�o�r�s� �o�f� �m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�.� �H�y�p�o�x�a�n�t�h�i�n�e� �a�n�d� 

�t�h�y�m�i�n�e� �w�e�r�e� �t�h�e� �l�e�a�s�t� �s�t�a�b�l�e� �o�v�e�r� �t�i�m�e� �a�n�d� �t�h�e� �m�o�s�t� 

�d�i�f�f�i�c�u�l�t� �t�o� �a�n�a�l�y�z�e� �b�y� �s�e�p�a�r�a�t�i�o�n�.� �S�h�e�l�l�i�n�g� �(�8�9�)� �n�o�t�e�d� 

�t�h�a�t� �c�y�t�o�s�i�n�e� �a�n�d� �a�d�e�n�i�n�e� �s�h�o�u�l�d� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�h�e� �b�a�s�e�s� 

�w�i�t�h� �t�h�e� �g�r�e�a�t�e�s�t� �p�o�t�e�n�t�i�a�l� �a�s� �i�n�d�i�c�a�t�o�r�s�.� 
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�T�h�e� �u�s�e� �o�f� �a� �b�a�s�e� �a�s� �a� �v�a�l�i�d� �m�a�r�k�e�r� �m�u�s�t� �a�s�s�u�m�e� �t�h�a�t� 

�d�i�e�t�a�r�y� �n�u�c�l�e�i�c� �a�c�i�d�s� �a�r�e� �c�o�m�p�l�e�t�e�l�y� �d�i�g�e�s�t�e�d� �i�n� �t�h�e� �r�u�m�e�n�.� 

�T�h�i�s� �i�s� �u�n�l�i�k�e�l�y�,� �y�e�t� �K�o�e�n�i�g� �(�3�9�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �a�n�y� �e�r�r�o�r�s� 

�d�u�e� �t�o� �d�i�e�t�a�r�y� �c�y�t�o�s�i�n�e� �w�o�u�l�d� �b�e� �s�m�a�l�l�.� �I�n� �v�i�v�o� �w�o�r�k� �(�3�9�)� 

�i�n�d�i�c�a�t�e�d� �n�o� �s�t�a�t�i�s�t�i�c�a�l�l�y� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t�s� �o�f� �d�i�e�t�a�r�y� 

�c�y�t�o�s�i�n�e� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �s�h�e�e�p� �a�b�o�m�a�s�a�l� �d�i�g�e�s�t�a� �a�t� �0�,� �6�,� �9�,� 

�1�2� �o�r� �1�5�h� �p�o�s�t�-�f�e�e�d�i�n�g�.� �A�t� �3�h�,� �1�4�.�1�%� �c�y�t�o�s�i�n�e� �o�f� �d�i�e�t�a�r�y� 

�o�r�i�g�i�n� �w�a�s� �d�e�t�e�c�t�e�d� �w�h�e�n� �f�i�n�e�l�y� �g�r�o�u�n�d�,� �a�l�f�a�l�f�a� �h�a�y� �w�a�s� �f�e�d�.� 

�A�l�f�a�l�f�a� �h�a�y� �w�a�s� �f�o�u�n�d� �t�o� �c�o�n�t�a�i�n� �7� �-� �1�0� �t�i�m�e�s� �m�o�r�e� �n�u�c�l�e�i�c� 

�a�c�i�d�s� �p�e�r� �u�n�i�t� �w�e�i�g�h�t� �t�h�a�n� �c�o�r�n� �i�n� �t�h�i�s� �s�t�u�d�y�.� �F�u�r�t�h�e�r� 

�a�n�a�l�y�s�i�s� �o�f� �f�e�e�d� �c�y�t�o�s�i�n�e� �c�o�n�t�e�n�t� �a�n�d� �d�e�g�r�a�d�a�t�i�o�n� �i�n� �t�h�e� 

�r�u�m�e�n� �a�r�e� �n�e�e�d�e�d� �(�8�9�)�.� 

�S�c�h�e�l�l�i�n�g� �(�8�9�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �b�e�c�a�u�s�e� �c�y�t�o�s�i�n�e� �h�a�s� �b�e�e�n� 

�s�h�o�w�n� �t�o� �d�e�g�r�a�d�e� �r�a�p�i�d�l�y� �i�n� �t�h�e� �r�u�m�e�n�,� �i�t� �w�o�u�l�d� �b�e� �a� �m�o�r�e� 

�d�e�s�i�r�a�b�l�e� �i�n�d�i�c�a�t�o�r� �c�o�m�p�a�r�e�d� �t�o� �a�d�e�n�i�n�e�.� �W�i�t�h� �l�o�w� �s�u�r�v�i�v�a�l� 

�i�n� �t�h�e� �r�u�m�e�n�,� �c�y�t�o�s�i�n�e� �w�o�u�l�d� �b�e� �t�h�e� �l�e�a�s�t� �l�i�k�e�l�y� �t�o� �c�a�u�s�e� 

�e�r�r�o�n�e�o�u�s� �e�s�t�i�m�a�t�i�o�n�s� �d�u�e� �t�o� �i�t�s� �p�r�e�s�e�n�c�e� �i�n� �u�n�d�i�g�e�s�t�e�d� 

�f�e�e�d�s�t�u�f�f�s�.� �K�o�e�n�i�g� �(�3�9�)� �d�e�v�e�l�o�p�e�d� �a� �p�r�e�d�i�c�t�i�o�n� �e�q�u�a�t�i�o�n� 

�f�r�o�m� �1�6�8� �o�b�s�e�r�v�a�t�i�o�n�s� �f�o�r� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �m�i�c�r�o�b�i�a�l� 

�n�i�t�r�o�g�e�n� �f�r�o�m� �c�y�t�o�s�i�n�e�:� �u�g� �M�N� �=� �1�.�8�3�8� �(�n�M� �c�y�t�o�s�i�n�e�)� �-� 

�3�.�3�7�4�,� �r�=� �.�9�2�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �c�y�t�o�s�i�n�e� �t�o� �M�N� �r�a�t�i�o� �a�s� �a� �t�e�c�h�n�i�q�u�e� �f�o�r� 

�e�s�t�i�m�a�t�i�n�g� �M�N� �f�l�o�w� �f�r�o�m� �t�h�e� �r�u�m�e�n� �i�s� �n�o�t� �i�d�e�a�l�,� �i�t� �a�p�p�e�a�r�s� 

�t�o� �b�e� �a�c�c�u�r�a�t�e� �w�i�t�h� �a� �m�i�n�i�m�a�l� �e�x�p�e�n�d�i�t�u�r�e� �o�f� �e�f�f�o�r�t� �o�n� 

�s�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� �a�n�d� �a�n�a�l�y�s�i�s� �(�9�0�)�.� �I�t�s� �l�a�c�k� �o�f� �g�r�e�a�t�e�r� 
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�w�i�d�e�s�p�r�e�a�d� �u�s�e� �m�a�y� �b�e� �t�h�e� �l�a�c�k� �o�f� �e�q�u�i�p�m�e�n�t� �f�o�r� �H�P�L�C� 

�a�n�a�l�y�s�e�s� �i�n� �m�a�n�y� �l�a�b�o�r�a�t�o�r�i�e�s� �(�1�1�3�)� �a�n�d� �t�h�e� �l�a�c�k� �o�f� �a�c�c�e�s�s� 

�t�o� �t�h�e� �w�r�i�t�t�e�n� �p�r�o�c�e�d�u�r�e� �s�i�n�c�e� �i�t� �h�a�s� �n�o�t� �b�e�e�n� �p�u�b�l�i�s�h�e�d� �i�n� 

�a� �r�e�f�e�r�e�e�d� �j�o�u�r�n�a�l�.� 

�T�h�e� �l�a�c�k� �o�f� �a�n� �"�i�d�e�a�l�"� �d�i�g�e�s�t�a� �o�r� �b�a�c�t�e�r�i�a�l� �m�a�r�k�e�r� 

�c�o�m�b�i�n�e�d� �w�i�t�h� �i�n�h�e�r�e�n�t�l�y� �h�i�g�h� �b�e�t�w�e�e�n�-�a�n�i�m�a�l� �v�a�r�i�a�t�i�o�n� �i�n� �i�n� 

�v�i�v�o� �s�t�u�d�i�e�s� �c�o�n�s�e�q�u�e�n�t�l�y� �r�e�s�u�l�t�s� �i�n� �g�r�e�a�t� �p�o�t�e�n�t�i�a�l� �f�o�r� 

�c�u�m�u�l�a�t�i�v�e� �e�r�r�o�r�.� �W�i�t�h�o�u�t� �s�t�a�n�d�a�r�d�i�z�e�d� �p�r�o�c�e�d�u�r�e�s� �f�o�r� �t�h�e�s�e� 

�s�t�u�d�i�e�s�,� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �c�o�m�p�a�r�e� �n�u�t�r�i�e�n�t� �f�l�o�w� �d�a�t�a� 

�b�e�t�w�e�e�n� �l�a�b�o�r�a�t�o�r�i�e�s�,� �b�e�t�w�e�e�n� �a�n�i�m�a�l� �s�p�e�c�i�e�s�,� �a�n�d� �a�c�r�o�s�s� 

�f�e�e�d� �t�y�p�e�s�.� 

�P�r�o�d�u�c�t�i�o�n� �R�e�s�p�o�n�s�e�s� �o�f� �P�r�i�m�i�p�a�r�o�u�s� �C�a�t�t�l�e� 

�P�r�i�m�i�p�a�r�o�u�s� �c�a�t�t�l�e� �t�e�n�d� �t�o� �r�e�s�p�o�n�d� �d�i�f�f�e�r�e�n�t�l�y� �f�r�o�m� 

�m�a�t�u�r�e� �c�o�w�s� �w�h�e�n� �v�a�r�y�i�n�g� �p�l�a�n�e�s� �o�f� �n�u�t�r�i�t�i�o�n� �a�r�e� �c�o�m�p�a�r�e�d�.� 

�O�l�d�h�a�m� �(�6�9�)� �a�t�t�r�i�b�u�t�e�d� �t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �t�o� �d�e�c�r�e�a�s�e�d� 

�s�e�c�r�e�t�i�n�g� �c�a�p�a�c�i�t�y� �a�n�d� �a�n� �i�n�c�r�e�a�s�e�d� �m�e�t�a�b�o�l�i�c� �d�r�i�v�e� �t�o� 

�a�c�h�i�e�v�e� �m�a�t�u�r�e� �s�i�z�e�.� �T�h�i�s� �i�n�c�r�e�a�s�e�d� �m�e�t�a�b�o�l�i�c� �d�r�i�v�e� �f�o�r� 

�g�r�o�w�t�h� �i�s� �n�o�t� �p�r�e�s�e�n�t� �i�n� �m�a�t�u�r�e� �c�a�t�t�l�e�.� �I�n�c�r�e�a�s�e�d� 

�p�a�r�t�i�t�i�o�n�i�n�g� �o�f� �n�u�t�r�i�e�n�t�s� �t�o�w�a�r�d� �g�r�o�w�t�h� �(�t�i�s�s�u�e� �g�a�i�n�)� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �d�e�c�r�e�a�s�e�d� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �o�f�t�e�n� �r�e�p�o�r�t�e�d� 

�w�h�e�n� �c�o�m�p�a�r�i�n�g� �p�r�i�m�i�p�a�r�o�u�s� �w�i�t�h� �m�u�l�t�i�p�a�r�o�u�s� �c�a�t�t�l�e�.� 

�I�n�c�r�e�a�s�i�n�g� �l�e�v�e�l�s� �o�f� �C�P� �i�n� �d�i�e�t�s� �r�e�s�u�l�t�e�d� �i�n� �h�i�g�h�e�r� �d�r�y� 

�m�a�t�t�e�r� �i�n�t�a�k�e� �i�n� �m�a�t�u�r�e� �c�o�w�s� �b�u�t� �n�o�t� �i�n� �h�e�i�f�e�r�s� �(�1�3�,�7�9�,�8�1�)�.� 

�A� �c�o�n�c�o�m�i�t�a�n�t� �i�n�c�r�e�a�s�e� �i�n� �m�i�l�k� �y�i�e�l�d� �w�a�s� �r�e�p�o�r�t�e�d� �i�n� �c�o�w�s�,� 
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�n�o�t� �i�n� �h�e�i�f�e�r�s� �(�1�3�,�7�9�,�8�1�)�.� �I�n� �t�h�e�s�e� �s�t�u�d�i�e�s�,� �r�a�t�i�o�n�s� �w�e�r�e� 

�n�o�t� �f�e�d� �a�s� �c�o�m�p�l�e�t�e� �d�i�e�t�s�.� �W�h�e�n� �C�P� �l�e�v�e�l� �w�a�s� �d�e�c�r�e�a�s�e�d� �f�r�o�m� 

�1�6� �t�o� �1�3� �%�,� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �d�e�c�l�i�n�e�d� �i�n� �m�a�t�u�r�e� �c�o�w�s� �b�u�t� 

�r�e�m�a�i�n�e�d� �s�t�e�a�d�y� �f�o�r� �h�e�i�f�e�r�s� �(�8�1�)�.� 

�I�n� �s�t�u�d�i�e�s� �d�e�s�i�g�n�e�d� �f�o�r� �p�r�i�m�i�p�a�r�o�u�s� �c�a�t�t�l�e� �o�n�l�y�,� �m�i�x�e�d� 

�r�e�s�p�o�n�s�e�s� �w�e�r�e� �a�g�a�i�n� �r�e�p�o�r�t�e�d� �d�u�e� �t�o� �v�a�r�y�i�n�g� �n�u�t�r�i�t�i�o�n� 

�p�a�r�a�m�e�t�e�r�s�.� �I�n� �g�e�n�e�r�a�l�,� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �i�n�t�a�k�e� �d�i�c�t�a�t�e�d� �m�i�l�k� 

�p�r�o�d�u�c�t�i�o�n� �r�e�s�p�o�n�s�e�s�.� �N�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� 

�w�e�r�e� �d�e�t�e�c�t�e�d� �w�h�e�n� �h�e�a�t� �t�r�e�a�t�e�d� �s�o�y�b�e�a�n�s� �r�e�p�l�a�c�e�d� �r�a�w� 

�s�o�y�b�e�a�n�s� �t�o� �d�e�c�r�e�a�s�e� �N� �s�o�l�u�b�i�l�i�t�y� �i�n� �r�a�t�i�o�n�s� �(�4�2�)�.� �F�a�t�-� 

�c�o�r�r�e�c�t�e�d� �m�i�l�k� �w�a�s� �h�i�g�h�e�r� �w�i�t�h� �h�i�g�h�e�r� �C�P� �(�2�0�.�7� �v�s� �1�5�.�4� �$�%�)� 

�r�e�g�a�r�d�l�e�s�s� �o�f� �s�o�l�u�b�i�l�i�t�y� �(�2�2�.�8� �a�n�d� �5�3� �%� �o�f� �C�P�)�.� �T�h�e� 

�g�r�e�a�t�e�s�t� �r�e�s�p�o�n�s�e� �i�n� �F�C�M� �o�c�c�u�r�r�e�d� �d�u�r�i�n�g� �w�k� �2� �t�h�r�o�u�g�h� �6� �o�f� 

�l�a�c�t�a�t�i�o�n�.� �W�h�e�n� �a�c�t�u�a�l� �C�P� �i�n�t�a�k�e� �w�a�s� �c�o�m�p�a�r�e�d� �t�o� �N�R�C� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �(�6�1�)�,� �C�P� �i�n�t�a�k�e� �w�a�s� �a�b�o�v�e� �r�e�q�u�i�r�e�m�e�n�t�s� 

�d�u�r�i�n�g� �t�h�i�s� �t�i�m�e�.� �D�u�r�i�n�g� �t�h�e� �n�e�x�t� �f�i�v�e� �w�e�e�k�s� �o�f� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t� �w�h�e�n� �D�M�I� �w�a�s� �r�e�s�t�r�i�c�t�e�d� �t�o� �t�h�e� �l�e�v�e�l� �o�f� �t�h�o�s�e� 

�c�o�n�s�u�m�i�n�g� �l�o�w� �p�r�o�t�e�i�n� �d�i�e�t�s�,� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �F�C�M� �w�e�r�e� 

�s�m�a�l�l�e�r�.� �I�n�t�a�k�e� �a�s� �a� �p�e�r�c�e�n�t� �o�f� �r�e�q�u�i�r�e�m�e�n�t� �w�a�s� �s�i�m�i�l�a�r� 

�a�c�r�o�s�s� �d�i�e�t�s� �d�u�r�i�n�g� �t�h�e� �l�a�t�t�e�r� �p�e�r�i�o�d�.� 

�L�i�k�e�w�i�s�e�,� �w�h�e�n� �m�i�l�k� �y�i�e�l�d� �w�a�s� �a�d�j�u�s�t�e�d� �f�o�r� �i�n�t�a�k�e� �o�f� 

�d�i�e�t�s� �f�o�r�m�u�l�a�t�e�d� �t�o� �c�o�n�t�a�i�n� �1�2�,� �1�4�,� �o�r� �1�8� �%� �C�P�,� �n�o� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �m�i�l�k� �y�i�e�l�d� �w�a�s� �d�e�t�e�c�t�e�d� �(�4�6�)�.� �H�o�w�e�v�e�r�,� �a� 

�l�i�n�e�a�r� �i�n�c�r�e�a�s�e� �i�n� �d�r�y� �m�a�t�t�e�r� �i�n�t�a�k�e�,� �f�a�t�-�c�o�r�r�e�c�t�e�d� �m�i�l�k�,� 

�a�n�d� �m�i�l�k� �f�a�t� �y�i�e�l�d� �o�c�c�u�r�r�e�d� �i�n� �r�e�s�p�o�n�s�e� �t�o� �i�n�c�r�e�a�s�i�n�g� 
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�d�i�e�t�a�r�y� �p�r�o�t�e�i�n� �(�n�o�t� �a�d�j�u�s�t�e�d� �f�o�r� �d�r�y� �m�a�t�t�e�r� �i�n�t�a�k�e�)�.� �W�h�e�n� 

�m�i�l�k� �y�i�e�l�d� �w�a�s� �a�d�j�u�s�t�e�d� �f�o�r� �d�r�y� �m�a�t�t�e�r� �i�n�t�a�k�e�,� �m�i�l�k� �y�i�e�l�d� 

�i�n�c�r�e�a�s�e�d� �w�i�t�h� �g�r�e�a�t�e�r� �e�n�e�r�g�y� �d�e�n�s�i�t�y� �a�s� �f�o�r�a�g�e�:�c�o�n�c�e�n�t�r�a�t�e� 

�c�h�a�n�g�e�d� �f�r�o�m� �7�5�:�2�4�,� �5�5�:�4�5�,� �t�o� �3�5�:�6�5�.� �N�o� �i�n�t�e�r�a�c�t�i�o�n�s� �o�f� 

�e�n�e�r�g�y� �x� �p�r�o�t�e�i�n� �w�e�r�e� �r�e�p�o�r�t�e�d� �f�o�r� �p�r�o�d�u�c�t�i�o�n� �m�e�a�s�u�r�e�m�e�n�t�s�.� 

�P�r�o�t�e�i�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �m�a�y� �h�a�v�e� �i�n�f�l�u�e�n�c�e�d� �i�n�t�a�k�e� �a�n�d� 

�i�n�t�a�k�e� �m�a�y� �h�a�v�e� �i�n�f�l�u�e�n�c�e�d� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �i�n� �t�h�e�s�e� 

�s�t�u�d�i�e�s�.� �A� �g�o�o�d� �e�x�p�l�a�n�a�t�i�o�n� �o�f� �t�h�i�s� �c�o�n�c�e�p�t� �w�a�s� �d�e�s�c�r�i�b�e�d� 

�b�y� �N�e�w�b�o�l�d� �a�n�d� �c�o�w�o�r�k�e�r�s� �(�6�3�)�.� �I�f� �a� �d�e�f�i�c�i�t� �o�f� �r�u�m�e�n� 

�d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n� �o�c�c�u�r�r�e�d�,� �i�n�c�r�e�a�s�e�d� �d�i�e�t�a�r�y� �d�e�g�r�a�d�a�b�l�e� 

�p�r�o�t�e�i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �s�h�o�u�l�d� �l�e�a�d� �t�o� �i�n�c�r�e�a�s�e�d� �i�n�t�a�k�e�.� �W�i�t�h� 

�i�n�c�r�e�a�s�e�d� �i�n�t�a�k�e�,� �t�h�e� �d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �e�a�c�h� �a�d�d�i�t�i�o�n�a�l� �i�n�p�u�t� 

�o�f� �d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n� �d�e�c�l�i�n�e�s�,� �s�o� �t�h�a�t� �t�h�e� �i�n�c�r�e�m�e�n�t�s� �o�f� 

�r�u�m�e�n� �d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n�,� �a�n�d� �i�t�s� �p�o�s�i�t�i�v�e� �e�f�f�e�c�t�s� �o�n� 

�i�n�t�a�k�e�,� �a�r�e� �p�r�o�g�r�e�s�s�i�v�e�l�y� �r�e�d�u�c�e�d� �u�n�t�i�l� �a�n� �e�q�u�i�l�i�b�r�i�u�m� �i�s� 

�a�c�h�i�e�v�e�d�.� �H�o�w�e�v�e�r�,� �a�s� �e�n�e�r�g�y� �b�e�c�o�m�e�s� �l�i�m�i�t�i�n�g� �i�n� �t�h�e� �r�u�m�e�n�,� 

�t�h�e� �p�o�s�i�t�i�v�e� �e�f�f�e�c�t� �o�n� �i�n�t�a�k�e� �o�f� �a�d�d�e�d� �r�u�m�e�n� �d�e�g�r�a�d�a�b�l�e� 

�p�r�o�t�e�i�n� �w�i�l�l� �c�e�a�s�e�.� �T�h�e�s�e� �c�o�m�b�i�n�e�d� �f�a�c�t�o�r�s� �a�f�f�e�c�t� �t�h�e� 

�a�m�o�u�n�t� �o�f� �u�n�d�e�g�r�a�d�e�d� �p�r�o�t�e�i�n� �n�e�e�d�e�d� �t�o� �c�o�m�p�l�e�m�e�n�t� �t�h�e� 

�d�e�c�r�e�a�s�e�d� �m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �f�l�o�w� �w�h�e�n� �i�n�t�a�k�e� �i�s� �l�o�w�e�r�e�d�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �r�e�s�p�o�n�s�e�s� 

�b�e�t�w�e�e�n� �p�r�i�m�i�p�a�r�o�u�s� �a�n�d� �m�u�l�t�i�p�a�r�o�u�s� �c�o�w�s�,� �c�h�a�n�g�e�s� �i�n� �b�o�d�y� 

�w�e�i�g�h�t� �a�l�s�o� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �I�n� �b�o�t�h� �p�r�i�m�i�p�a�r�o�u�s� 

�s�t�u�d�i�e�s� �p�r�e�v�i�o�u�s�l�y� �c�i�t�e�d� �(�4�6�,�4�2�)�,� �b�o�d�y� �w�e�i�g�h�t� �i�n�c�r�e�a�s�e�d� �o�v�e�r� 

�t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d�.� �S�i�m�i�l�a�r�l�y�,� �h�i�g�h�e�r� �p�r�o�t�e�i�n� �r�a�t�i�o�n�s� 
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�r�e�s�u�l�t�e�d� �i�n� �l�e�s�s� �b�o�d�y� �w�e�i�g�h�t� �l�o�s�s� �i�n� �e�a�r�l�y� �l�a�c�t�a�t�i�o�n� �i�n� 

�h�e�i�f�e�r�s� �b�u�t� �n�o�t� �i�n� �c�o�w�s�,� �w�i�t�h� �a� �s�u�b�s�e�q�u�e�n�t� �r�e�c�o�v�e�r�y� �o�f� �b�o�d�y� 

�w�e�i�g�h�t� �i�n� �b�o�t�h� �(�8�0�)�.� �H�e�i�f�e�r�s� �r�e�c�e�i�v�i�n�g� �h�i�g�h� �p�r�o�t�e�i�n�,� �l�o�w� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �d�i�e�t�s� �l�o�s�t� �l�e�s�s� �w�e�i�g�h�t� �i�n� �e�a�r�l�y� �l�a�c�t�a�t�i�o�n�;� 

�w�h�e�r�e�a�s�,� �a�l�l� �h�e�i�f�e�r�s� �g�a�i�n�e�d� �w�e�i�g�h�t� �f�r�o�m� �w�k� �7� �t�h�r�o�u�g�h� �1�1� �o�f� 

�l�a�c�t�a�t�i�o�n�.� �T�h�e�s�e� �r�e�s�p�o�n�s�e�s� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�b�s�e�r�v�e�d� 

�b�y� �R�o�f�f�l�e�r� �a�n�d� �T�h�a�c�k�e�r� �(�8�0�)�.� �C�r�e�s�s�m�a�n� �e�t� �a�l�.� �(�1�3�)� �r�e�p�o�r�t�e�d� 

�a�n� �o�v�e�r�a�l�l� �g�a�i�n� �o�f� �2�6�.�2� �k�g� �i�n� �p�r�i�m�i�p�a�r�o�u�s� �c�a�t�t�l�e� �a�n�d� �a� �l�o�s�s� 

�o�f� �6�.�8� �k�g� �i�n� �m�a�t�u�r�e� �c�a�t�t�l�e� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �1�3� �w�k� �o�f� 

�l�a�c�t�a�t�i�o�n�.� �U�l�t�r�a�s�o�u�n�d� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �l�o�i�n�e�y�e� �f�a�t� �c�o�v�e�r� 

�a�l�s�o� �d�i�f�f�e�r�e�d� �a�s� �h�e�i�f�e�r�s� �d�e�c�r�e�a�s�e�d� �.�1�1� �c�m� �c�o�m�p�a�r�e�d� �w�i�t�h� �a�n� 

�a�v�e�r�a�g�e� �l�o�s�s� �o�f� �.�4�1� �c�m� �i�n� �a�d�u�l�t� �c�a�t�t�l�e�.� �T�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� 

�i�n�d�i�c�a�t�e�d� �a� �l�a�r�g�e�r� �p�a�r�t�i�t�i�o�n�i�n�g� �o�f� �n�u�t�r�i�e�n�t�s� �t�o�w�a�r�d� �m�u�s�c�l�e� 

�a�n�d� �f�a�t� �d�e�p�o�s�i�t�i�o�n� �i�n� �h�e�i�f�e�r�s�,� �r�a�t�h�e�r� �t�h�a�n� �i�n�c�r�e�a�s�e�d� �m�i�l�k� 

�o�u�t�p�u�t� �f�o�u�n�d� �i�n� �t�h�e� �m�a�t�u�r�e� �c�o�w�s�.� 

�O�v�e�r�a�l�l�,� �d�a�t�a� �f�r�o�m� �s�t�u�d�i�e�s� �e�v�a�l�u�a�t�i�n�g� �f�i�r�s�t�-�l�a�c�t�a�t�i�o�n� 

�p�e�r�f�o�r�m�a�n�c�e� �a�r�e� �l�i�m�i�t�e�d�.� �T�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �o�f� �N�R�C� �(�6�2�)� 

�i�n�c�l�u�d�e� �a�n� �i�n�c�r�e�a�s�e� �i�n� �m�a�i�n�t�e�n�a�n�c�e� �r�e�q�u�i�r�e�m�e�n�t�s� �b�y� �2�0� 

�p�e�r�c�e�n�t� �f�o�r� �a�l�l� �n�u�t�r�i�e�n�t�s� �e�x�c�e�p�t� �v�i�t�a�m�i�n�s� �A� �a�n�d� �D�.� �H�o�w�e�v�e�r�,� 

�s�t�u�d�i�e�s� �w�e�r�e� �n�o�t� �c�i�t�e�d� �t�o� �v�e�r�i�f�y� �t�h�e�s�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s�.� 

�F�u�r�t�h�e�r� �r�e�s�e�a�r�c�h� �i�s� �n�e�e�d�e�d� �t�o� �i�d�e�n�t�i�f�y� �n�u�t�r�i�e�n�t� �r�e�q�u�i�r�e�m�e�n�t�s� 

�o�f� �g�r�o�w�i�n�g� �a�n�i�m�a�l�s� �d�u�r�i�n�g� �f�i�r�s�t� �l�a�c�t�a�t�i�o�n�.� 
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�R�e�s�p�o�n�s�e� �S�u�r�f�a�c�e� �M�e�t�h�o�d�o�l�o�g�y� 

�R�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �m�e�t�h�o�d�o�l�o�g�y� �(�R�S�M�)� �i�s� �a� �s�t�a�t�i�s�t�i�c�a�l� 

�m�e�a�n�s� �o�f� �f�i�n�d�i�n�g� �t�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �l�e�v�e�l�s� �o�f� �t�w�o� �o�r� �m�o�r�e� 

�f�a�c�t�o�r�s� �t�h�a�t� �w�i�l�l� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �p�r�o�d�u�c�e� �a�n� �o�p�t�i�m�u�m� �r�e�s�p�o�n�s�e� 

�(�m�a�x�i�m�u�m� �o�r� �m�i�n�i�m�u�m�)� �(�2�1�,�2�2�,�5�5�,�5�9�)�.� �I�t� �m�a�y� �b�e� �u�s�e�d� �f�o�r� 

�s�p�e�c�i�f�i�c�a�t�i�o�n� �o�f� �a� �r�e�g�i�o�n� �o�f� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� �i�n� �w�h�i�c�h� 

�c�e�r�t�a�i�n� �p�r�a�c�t�i�c�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� �d�e�s�i�r�e�d� �b�y� �t�h�e� �e�x�p�e�r�i�m�e�n�t�e�r� 

�a�r�e� �m�e�t� �(�2�2�)�.� �I�t� �e�v�a�l�u�a�t�e�s� �m�u�l�t�i�-�f�a�c�t�o�r� �d�e�p�e�n�d�e�n�c�e� �b�y� 

�d�e�t�e�r�m�i�n�i�n�g� �h�o�w� �f�a�c�t�o�r�s� �j�o�i�n�t�l�y� �i�n�f�l�u�e�n�c�e� �t�h�e� �r�e�s�p�o�n�s�e� �(�5�5�)�.� 

�R�S�M� �c�a�n� �i�n�d�i�c�a�t�e� �i�f� �v�a�r�i�a�b�l�e�s�,� �w�h�e�n� �c�h�a�n�g�e�d� �t�o�g�e�t�h�e�r�,� �w�i�l�l� 

�c�a�u�s�e� �a� �r�e�s�p�o�n�s�e� �e�v�e�n� �t�h�o�u�g�h� �n�o� �c�h�a�n�g�e� �m�a�y� �b�e� �m�e�a�s�u�r�e�d� �w�h�e�n� 

�o�n�l�y� �o�n�e� �o�f� �t�h�e� �v�a�r�i�a�b�l�e�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d�.� 

�B�o�x� �a�n�d� �W�i�l�s�o�n� �(�3�)� �a�r�e� �c�r�e�d�i�t�e�d� �w�i�t�h� �t�h�e� �i�n�i�t�i�a�l� 

�d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �R�S�M� �i�n� �1�9�5�1�.� �H�o�w�e�v�e�r�,� �m�a�n�y� 

�o�f� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �i�d�e�a�s� �w�e�r�e� �r�e�p�o�r�t�e�d� �a�s� �e�a�r�l�y� �a�s� �1�9�2�9� �a�s� 

�n�o�t�e�d� �i�n� �a� �r�e�v�i�e�w� �b�y� �M�e�a�d� �a�n�d� �P�i�k�e� �(�5�5�)�.� �B�o�x� �a�n�d� �W�i�l�s�o�n� 

�d�e�s�i�g�n�e�d� �e�x�p�e�r�i�m�e�n�t�s� �t�o� �f�i�n�d� �t�h�e� �p�o�i�n�t� �o�n� �a� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� 

�a�t� �w�h�i�c�h� �t�h�e� �m�a�x�i�m�u�m� �o�u�t�p�u�t�,� �o�r� �y�i�e�l�d�,� �c�o�u�l�d� �b�e� �a�c�h�i�e�v�e�d� 

�w�i�t�h� �t�h�e� �s�m�a�l�l�e�s�t� �p�o�s�s�i�b�l�e� �n�u�m�b�e�r� �o�f� �o�b�s�e�r�v�a�t�i�o�n�s�.� �T�h�e�y� 

�w�e�r�e� �t�h�e� �f�i�r�s�t� �t�o� �i�n�t�r�o�d�u�c�e� �t�h�e� �"�c�e�n�t�r�a�l� �c�o�m�p�o�s�i�t�e�"� �d�e�s�i�g�n�.� 

�A� �"�c�e�n�t�r�a�l� �c�o�m�p�o�s�i�t�e�"� �d�e�s�i�g�n� �c�a�n� �b�e� �u�s�e�d� �w�h�e�n� �a�d�e�q�u�a�t�e� 

�k�n�o�w�l�e�d�g�e� �i�s� �a�v�a�i�l�a�b�l�e� �t�o� �i�d�e�n�t�i�f�y� �a� �s�p�e�c�i�f�i�c� �a�r�e�a� �w�i�t�h�i�n� 

�t�h�e� �c�o�m�p�o�s�i�t�e� �t�h�a�t� �m�e�r�i�t�s� �s�t�u�d�y�.� �A�f�t�e�r� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� 

�t�h�i�s� �p�o�i�n�t�,� �t�h�e� �d�e�s�i�g�n� �w�o�u�l�d� �b�e� �s�y�m�m�e�t�r�i�c�a�l�l�y� �p�l�a�c�e�d� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �t�h�a�t� �r�e�g�i�o�n� �(�3�)�.� 
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�R�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �d�e�s�i�g�n�s� �a�r�e� �u�s�u�a�l�l�y� �e�x�p�a�n�s�i�o�n�s� �o�f� 

�f�a�c�t�o�r�i�a�l� �d�e�s�i�g�n�s� �o�r� �m�a�y� �b�e� �s�i�m�p�l�y� �g�e�o�m�e�t�r�i�c�a�l� �p�a�t�t�e�r�n�s� �o�f� 

�d�e�s�i�g�n� �p�o�i�n�t�s� �t�h�a�t� �a�l�l�o�w� �f�o�r� �t�h�e� �c�o�m�b�i�n�i�n�g� �o�f� �l�e�v�e�l�s� �o�f� 

�s�p�e�c�i�f�i�c� �t�r�e�a�t�m�e�n�t� �f�a�c�t�o�r�s� �o�f� �i�n�t�e�r�e�s�t� �(�2�2�)�.� �T�h�e� �a�d�v�a�n�t�a�g�e� 

�o�f� �R�S�M� �o�v�e�r� �o�t�h�e�r� �f�a�c�t�o�r�i�a�l�s� �i�s� �t�h�a�t� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �f�a�c�t�o�r�s� 

�a�r�e� �e�v�a�l�u�a�t�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�.� �B�y� �a�l�l�o�w�i�n�g� �f�o�r� �m�e�a�s�u�r�e�m�e�n�t�s� 

�o�f� �r�e�s�p�o�n�s�e�s� �t�o� �s�y�n�e�r�g�i�s�t�i�c� �e�f�f�e�c�t�s�,� �t�h�e� �R�S�M� �c�o�u�l�d� �s�a�v�e� �a�n� 

�e�x�p�e�r�i�m�e�n�t�e�r� �c�o�n�s�i�d�e�r�a�b�l�e� �m�o�n�e�y� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �e�f�f�o�r�t� 

�c�o�m�p�a�r�e�d� �w�i�t�h� �v�a�r�y�i�n�g� �o�n�l�y� �o�n�e� �f�a�c�t�o�r� �a�t� �a� �t�i�m�e� �(�2�1�)�.� 

�I�n� �R�S�M�,� �t�h�e� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a� 

�r�e�s�p�o�n�s�e� �t�o� �a� �t�r�e�a�t�m�e�n�t� �(�a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �v�a�r�i�a�b�l�e�s�)�,� 

�w�h�e�r�e�a�s�,� �t�h�e� �s�u�r�f�a�c�e� �i�s� �a� �g�r�a�p�h�i�c�a�l� �d�e�p�i�c�t�i�o�n� �o�f� �t�h�e� 

�r�e�s�p�o�n�s�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� �h�e�i�g�h�t� �a�b�o�v�e� �t�h�e� �p�l�a�n�e�.� �G�a�r�d�i�n�e�r�,� 

�e�t� �a�l�.� �(�2�1�)� �e�x�p�l�a�i�n�e�d� �t�h�e� �s�u�r�f�a�c�e� �w�i�t�h� �a�n� �e�x�a�m�p�l�e� �u�s�i�n�g� �a�n� 

�e�x�p�e�r�i�m�e�n�t� �i�n� �w�h�i�c�h� �t�h�e� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�w�o� 

�f�a�c�t�o�r�s�,� �X�,� �a�n�d� �X�,�.� �T�h�e�y� �d�e�s�c�r�i�b�e�d� �X�,� �a�n�d� �X�,� �a�s� �b�e�i�n�g� �w�i�t�h�i�n� 

�t�h�e� �s�a�m�e� �p�l�a�n�e�,� �b�u�t� �X�,� �w�a�s� �m�e�a�s�u�r�e�d� �o�n� �a�n� �a�x�i�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� 

�t�o� �X�,�.� �A�n�y� �p�o�i�n�t� �i�n� �t�h�i�s� �p�l�a�n�e� �w�o�u�l�d� �r�e�p�r�e�s�e�n�t� �a� 

�c�o�m�b�i�n�a�t�i�o�n� �o�f� �X�,� �a�n�d� �X�,�,� �o�r� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�.� �B�y� 

�e�r�e�c�t�i�n�g� �a� �s�c�a�l�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�i�s� �p�l�a�n�e� �o�f� �X�,� �a�n�d� �X�,�,� �a� 

�r�e�s�p�o�n�s�e� �d�e�s�i�g�n�a�t�e�d� �a�s� �Y� �c�o�u�l�d� �b�e� �m�e�a�s�u�r�e�d�.� �T�h�u�s�,� �t�h�e� 

�r�e�s�p�o�n�s�e� �t�o� �a�n�y� �t�r�e�a�t�m�e�n�t� �w�a�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� �h�e�i�g�h�t� �a�b�o�v�e� 

�t�h�e� �p�l�a�n�e�.� �T�h�e� �s�u�r�f�a�c�e� �w�o�u�l�d� �b�e� �d�e�s�c�r�i�b�e�d� �w�h�e�n� �o�n�e� 

�c�o�n�s�i�d�e�r�e�d� �a�l�l� �o�f� �t�h�e� �p�o�i�n�t�s� �i�n� �t�h�a�t� �p�l�a�n�e�.� �T�h�u�s�,� �r�e�s�p�o�n�s�e� 

�s�u�r�f�a�c�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �"�t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l�"� �f�a�c�t�o�r�i�a�l�s� �i�n� 
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�w�h�i�c�h� �t�w�o� �o�r� �m�o�r�e� �f�a�c�t�o�r�s� �c�o�u�l�d� �b�e� �c�o�n�s�i�d�e�r�e�d� 

�s�i�m�u�l�t�a�n�e�o�u�s�l�y�.� 

�B�r�i�e�f�l�y�,� �t�h�e� �m�e�c�h�a�n�i�c�s� �o�f� �R�S�M� �i�n�v�o�l�v�e�s� �s�e�l�e�c�t�i�o�n� �o�f� �a� 

�m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l�,� �e�s�t�i�m�a�t�i�o�n� �o�f� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �b�y� 

�l�e�a�s�t� �s�q�u�a�r�e�s� �p�r�o�c�e�d�u�r�e�s�,� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� 

�f�i�t�t�e�d� �s�u�r�f�a�c�e�s� �(�3�)�.� �L�o�c�a�t�i�o�n� �o�f� �t�h�e� �s�t�a�t�i�o�n�a�r�y� �p�o�i�n�t�s� �(�S�P�)� 

�w�h�e�r�e� �t�h�e� �d�e�r�i�v�a�t�i�v�e�s� �a�r�e� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �e�q�u�a�l� �t�o� �z�e�r�o� �a�r�e� 

�d�e�t�e�r�m�i�n�e�d� �(�5�9�)�.� �T�o� �f�i�n�d� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �S�P�,� �t�h�e� 

�r�e�g�r�e�s�s�i�o�n� �e�q�u�a�t�i�o�n�s� �a�r�e� �t�r�a�n�s�f�o�r�m�e�d� �t�o� �c�a�n�o�n�i�c�a�l� �f�o�r�m� �t�o� 

�r�e�d�u�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �p�a�r�a�m�e�t�e�r�s� �b�y� �i�n�c�l�u�d�i�n�g� �o�n�l�y� �q�u�a�d�r�a�t�i�c� 

�t�e�r�m�s� �(�5�9�)�.� 

�I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �R�S� �c�u�r�v�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�o�b�s�e�r�v�i�n�g� �t�h�e� �s�i�g�n� �a�n�d� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �l�a�t�e�n�t� �r�o�o�t�s� �o�f� �t�h�e� 

�c�a�n�o�n�i�c�a�l� �m�a�t�r�i�x�.� �I�f� �b�o�t�h� �l�a�t�e�n�t� �r�o�o�t�s� �a�r�e� �n�e�g�a�t�i�v�e�,� 

�r�e�s�p�o�n�s�e�s� �a�t� �t�h�e� �S�P� �a�r�e� �a�s�s�u�m�e�d� �m�a�x�i�m�u�m� �(�"�p�e�a�k�"�)�.� �I�f� �b�o�t�h� 

�l�a�t�e�n�t� �r�o�o�t�s� �a�r�e� �p�o�s�i�t�i�v�e�,� �r�e�s�p�o�n�s�e�s� �a�t� �S�P� �a�r�e� �a�s�s�u�m�e�d� 

�m�i�n�i�m�u�m� �(�"�s�i�n�k�-�h�o�l�e�"�)�.� �I�f� �b�o�t�h� �p�o�s�i�t�i�v�e� �a�n�d� �n�e�g�a�t�i�v�e� �o�c�c�u�r�,� 

�t�h�e�n� �a� �s�a�d�d�l�e�p�o�i�n�t� �o�r� �m�i�n�i�m�a�x� �i�s� �i�d�e�n�t�i�f�i�e�d� �(�3�,�8�8�,�5�9�)�.� �I�f� 

�t�h�e� �s�a�m�p�l�e� �r�e�s�p�o�n�s�e�s� �m�i�s�s� �o�n�e� �m�a�x�i�m�u�m� �o�r� �m�i�n�i�m�u�m� �b�e�c�a�u�s�e� �o�f� 

�p�o�o�r� �c�h�o�i�c�e� �o�f� �l�e�v�e�l�s� �f�o�r� �o�n�e� �o�r� �m�o�r�e� �f�a�c�t�o�r�s�,� �t�h�e� �r�e�s�u�l�t�i�n�g� 

�R�S� �m�a�y� �b�e� �a� �"�r�i�s�i�n�g� �r�i�d�g�e�"� �o�r� �"�s�i�n�k�i�n�g� �v�a�l�l�e�y�"� �(�2�2�)�.� �I�n� 

�t�h�i�s� �c�a�s�e�,� �o�n�e� �o�f� �t�h�e� �l�a�t�e�n�t� �r�o�o�t�s� �w�o�u�l�d� �b�e� �z�e�r�o� �o�r� �n�e�a�r� 

�z�e�r�o� �a�n�d� �t�h�e� �c�h�a�n�g�e� �i�n� �r�e�s�p�o�n�s�e� �w�o�u�l�d� �b�e� �s�m�a�l�l� �f�o�r� �c�h�a�n�g�e�s� 

�i�n� �t�h�e� �l�e�v�e�l� �o�f� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �f�a�c�t�o�r� �(�5�9�)�.� �R�a�n�k�i�n�g� �o�f� 

�t�h�e� �a�b�s�o�l�u�t�e� �v�a�l�u�e� �o�f� �t�h�e� �l�a�t�e�n�t� �r�o�o�t�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� 
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�r�a�n�k� �o�f� �t�h�e� �v�a�r�i�a�b�l�e� �w�i�t�h� �m�o�s�t� �i�n�f�l�u�e�n�c�e� �o�n� �t�h�e� �r�e�s�p�o�n�s�e� 

�(�8�8�)�.� �I�n� �S�A�S�,� �t�h�e� �R�S�R�E�G� �p�r�o�c�e�d�u�r�e� �(�9�4�)� �p�r�o�d�u�c�e�s� �o�u�t�p�u�t� �w�i�t�h� 

�t�h�e� �t�e�r�m� �"�e�i�g�e�n�v�a�l�u�e�"� �i�n�s�t�e�a�d� �o�f� �"�l�a�t�e�n�t� �r�o�o�t�"�,� �y�e�t� �t�h�e�s�e� 

�t�e�r�m�s� �a�r�e� �s�y�n�o�n�y�m�o�u�s�.� 

�A� �s�p�e�c�i�f�i�c� �l�i�m�i�t�a�t�i�o�n� �o�f� �t�h�e� �R�S�M� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� 

�d�a�t�a� �r�e�p�o�r�t�e�d� �b�y� �S�h�a�r�m�a� �e�t� �a�l�.� �(�8�7�)�,� �i�s� �t�h�a�t� �R�S�M� �m�a�y� �n�o�t� 

�a�l�w�a�y�s� �p�r�o�v�i�d�e� �t�h�e� �v�a�l�u�e�s� �t�h�a�t� �l�i�e� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�r�e�g�i�o�n� �o�r� �w�i�t�h�i�n� �b�i�o�l�o�g�i�c�a�l� �f�u�n�c�t�i�o�n�.� �I�n� �t�h�i�s� �s�t�u�d�y� �(�8�7�)�,� 

�H�o�l�s�t�e�i�n� �a�n�d� �J�e�r�s�e�y� �r�e�c�o�r�d�s� �(�n�=�1�1�,�0�9�2� �a�n�d� �1�1�,�1�2�0�)� �f�r�o�m� �t�h�e� 

�U�n�i�v�e�r�s�i�t�y� �o�f� �F�l�o�r�i�d�a� �D�a�i�r�y� �w�e�r�e�.�p�o�o�l�e�d� �a�n�d� �a�d�j�u�s�t�e�d� �f�o�r� 

�g�e�n�e�t�i�c� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�f�f�e�c�t�s� �t�o� �s�t�u�d�y� �t�h�e� �v�a�r�i�a�t�i�o�n� 

�a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �s�t�a�g�e� �o�f� �l�a�c�t�a�t�i�o�n� �a�n�d� �s�t�a�g�e� �o�f� �p�r�e�g�n�a�n�c�y� 

�i�n� �1�7� �m�i�l�k� �y�i�e�l�d� �a�n�d� �m�i�l�k� �c�o�n�s�t�i�t�u�e�n�t� �t�r�a�i�t�s�.� �R�e�s�p�o�n�s�e� 

�s�u�r�f�a�c�e� �m�e�t�h�o�d�o�l�o�g�y� �w�a�s� �u�s�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� 

�c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �e�f�f�e�c�t�s� �o�f� �s�t�a�g�e�s� �o�f� �l�a�c�t�a�t�i�o�n� �a�n�d� �p�r�e�g�n�a�n�c�y� 

�f�o�r� �o�p�t�i�m�a�l� �m�i�l�k� �y�i�e�l�d� �a�n�d� �m�i�l�k� �c�o�n�s�t�i�t�u�e�n�t� �p�r�o�d�u�c�t�i�o�n�.� 

�A�n�a�l�y�s�e�s� �o�f� �m�i�l�k� �y�i�e�l�d� �d�a�t�a� �s�h�o�w�e�d� �t�h�e� �S�P� �f�o�r� �H�o�l�s�t�e�i�n�s� �a�t� 

�m�a�x�i�m�u�m�s� �o�f� �4�9�.�9� �a�n�d� �1�4�.�6� �m�o� �f�o�r� �s�t�a�g�e�s� �o�f� �l�a�c�t�a�t�i�o�n� �a�n�d� 

�p�r�e�g�n�a�n�c�y�.� �T�h�e�s�e� �v�a�l�u�e�s� �f�a�l�l� �b�e�y�o�n�d� �n�o�r�m�a�l� �l�e�n�g�t�h�s� �o�f� 

�l�a�c�t�a�t�i�o�n� �a�n�d� �p�r�e�g�n�a�n�c�y� �f�o�r� �c�a�t�t�l�e�.� �O�v�e�r�a�l�l�,� �t�h�e� �R�S�M� �w�a�s� �a� 

�s�i�m�p�l�e� �a�n�d� �e�f�f�e�c�t�i�v�e� �p�r�o�c�e�d�u�r�e� �t�o� �m�e�a�s�u�r�e� �t�h�e� �d�e�t�e�c�t�a�b�l�e� 

�i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �e�f�f�e�c�t�s� �o�f� �s�t�a�g�e� �o�f� �l�a�c�t�a�t�i�o�n� �a�n�d� �s�t�a�g�e� 

�o�f� �p�r�e�g�n�a�n�c�y� �i�n� �t�h�i�s� �s�t�u�d�y�,� �y�e�t� �i�t� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �R�S�M� 

�d�o�e�s� �n�o�t� �g�u�a�r�a�n�t�e�e� �t�h�a�t� �S�P� �v�a�l�u�e�s� �w�i�l�l� �f�a�l�l� �w�i�t�h�i�n� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �r�e�g�i�o�n�.� �U�s�e�r�s� �o�f� �R�S�M� �m�u�s�t� �b�e� �a�w�a�r�e� �o�f� �t�h�e� 
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�u�n�r�e�l�i�a�b�i�l�i�t�y� �o�f� �e�x�t�r�a�p�o�l�a�t�i�o�n� �o�u�t�s�i�d�e� �t�h�e� �r�a�n�g�e� �o�f� 

�i�n�d�e�p�e�n�d�e�n�t� �v�a�l�u�e�s� �t�h�a�t� �m�a�y� �l�e�a�d� �t�o� �i�m�p�o�s�s�i�b�l�e� �p�r�e�d�i�c�t�e�d� 

�v�a�l�u�e�s�.� 

�I�n� �a� �r�e�v�i�e�w� �b�y� �M�e�a�d� �a�n�d� �P�i�k�e� �(�5�5�)�,� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� 

�t�h�e� �p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �d�a�t�a� �w�e�r�e� �s�t�r�e�s�s�e�d�.� 

�T�h�e�y� �r�e�p�o�r�t�e�d� �s�e�v�e�r�a�l� �c�i�t�i�n�g�s� �i�n� �w�h�i�c�h� �d�a�t�a� �w�a�s� �p�r�e�s�e�n�t�e�d� �a�s� 

�m�e�a�n�s� �w�i�t�h� �D�u�n�c�a�n ��s� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �T�e�s�t� �u�t�i�l�i�z�e�d� �f�o�r� �m�e�a�n�s� 

�s�e�p�a�r�a�t�i�o�n�.� �T�h�e�y� �f�e�l�t� �t�h�e�s�e� �c�i�t�e�d� �w�o�r�k�e�r�s� �h�a�d�  ��o�b�s�c�u�r�e�d� �t�h�e� 

�p�a�t�t�e�r�n� �o�f� �r�e�s�p�o�n�s�e� �r�e�m�a�r�k�a�b�l�y� �s�u�c�c�e�s�s�f�u�l�l�y�"�.� �T�h�e�s�e� 

�r�e�v�i�e�w�e�r�s� �n�o�t�e�d� �t�h�a�t� �o�n�e� �o�f� �t�h�e� �b�e�n�e�f�i�t�s� �o�f� �u�s�i�n�g� �R�S�M� �(�w�h�e�n� 

�l�o�o�k�i�n�g� �f�o�r� �a� �p�a�t�t�e�r�n� �o�f� �y�i�e�l�d� �r�e�s�p�o�n�s�e� �t�o� �v�a�r�y�i�n�g� �l�e�v�e�l�s� �o�f� 

�a� �q�u�a�n�t�i�t�a�t�i�v�e� �f�a�c�t�o�r�)� �i�s� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� �t�h�a�t� �p�a�t�t�e�r�n� 

�t�h�r�o�u�g�h� �a� �g�r�a�p�h� �o�r� �f�i�t�t�e�d� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �i�n�s�t�e�a�d� �o�f� 

�i�d�e�n�t�i�f�y�i�n�g� �o�n�l�y� �t�e�s�t�s� �o�f� �s�i�g�n�i�f�i�c�a�n�c�e�.� �T�h�e�s�e� �a�u�t�h�o�r�s� 

�c�o�n�c�l�u�d�e�d� �t�h�a�t� �R�S�M� �c�a�n� �b�e� �u�s�e�d� �s�u�c�c�e�s�s�f�u�l�l�y� �i�n� �h�e�l�p�i�n�g� �t�o� 

�u�n�r�a�v�e�l� �c�o�m�p�l�e�x� �b�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e�s�,� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �R�S�M� 

�w�a�s� �o�r�i�g�i�n�a�l�l�y� �d�e�v�e�l�o�p�e�d� �f�o�r� �u�s�e� �i�n� �t�h�e� �c�h�e�m�i�c�a�l� �i�n�d�u�s�t�r�y�.� 
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�1�0� 

�R�E�F�E�R�E�N�C�E�S� 

�A�r�m�e�n�t�a�n�o�,� �L�.�E�.�,� �a�n�d� �R�.�W�.� �R�u�s�s�e�l�l�.� �1�9�8�5�.� �M�e�t�h�o�d� �f�o�r� 
�c�a�l�c�u�l�a�t�i�n�g� �d�i�g�e�s�t�a� �f�l�o�w� �a�n�d� �a�p�p�a�r�e�n�t� �a�b�s�o�r�p�t�i�o�n� �o�f� 
�n�u�t�r�i�e�n�t�s� �f�r�o�m� �n�o�n�r�e�p�r�e�s�e�n�t�a�t�i�v�e� �s�a�m�p�l�e�s� �o�f� �d�i�g�e�s�t�a�.� 
�J�.� �D�a�i�r�y� �S�c�i�.� �6�8�:�3�0�6�7�.� 

�B�a�s�,� �F�.�J�.�,� �M�.�D�.� �S�t�e�r�n�,� �a�n�d� �N�.�R�.� �M�e�r�c�h�e�n�.� �1�9�8�9�.� 
�I�n�f�l�u�e�n�c�e� �o�f� �p�r�o�t�e�i�n� �s�u�p�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �a�l�k�a�l�i�n�e� 
�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w� �o�n� �r�u�m�i�n�a�l� 
�m�i�c�r�o�b�i�a�l� �f�e�r�m�e�n�t�a�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �7�2�:�1�2�1�7�.� 

�B�o�x�,� �G�.�E�.�P�.�,� �a�n�d� �K�.�B�.� �W�i�l�s�o�n�.� �1�9�5�1�.� �O�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 
�a�t�t�a�i�n�m�e�n�t� �o�f� �o�p�t�i�m�u�m� �c�o�n�d�i�t�i�o�n�s�.� �J�.� �R�o�y�.� �S�t�a�t�.� �S�o�c�.� 
�S�e�r�i�e�s� �B� �1�3�:�1�.� 

�B�o�x�,� �G�.�E�.�P�.� �1�9�5�4�.� �T�h�e� �e�x�p�l�o�r�a�t�i�o�n� �a�n�d� �e�x�p�l�o�i�t�a�t�i�o�n� �o�f� 
�r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e�s�:� �s�o�m�e� �g�e�n�e�r�a�l� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �a�n�d� 
�e�x�a�m�p�l�e�s�.� �B�i�o�m�e�t�r�i�c�s� �1�0�:�1�6�.� 

�C�a�s�p�e�r�,� �D�.�P�.�,� �D�.�J�.� �S�c�h�i�n�g�o�e�t�h�e�,� �a�n�d� �W�.�A�.� �E�i�s�e�n�b�e�i�s�z�.� 
�1�9�9�0�.� �R�e�s�p�o�n�s�e� �o�f� �e�a�r�l�y� �l�a�c�t�a�t�i�n�g� �d�a�i�r�y� �c�o�w�s� �f�e�d� �d�i�e�t�s� 
�v�a�r�y�i�n�g� �i�n� �s�o�u�r�c�e� �o�f� �n�o�n�s�t�r�u�c�t�u�r�a�l� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� 
�c�r�u�d�e� �p�r�o�t�e�i�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �7�3�:�1�0�3�9�.� 

�C�a�s�p�e�r� �D�.�P�.�,� �a�n�d� �D�.�J�.� �S�c�h�i�n�g�o�e�t�h�e�.� �1�9�8�9�.� �E�v�a�l�u�a�t�i�o�n� 
�o�f� �u�r�e�a� �a�n�d� �d�r�i�e�d� �w�h�e�y� �i�n� �d�i�e�t�s� �o�f� �c�o�w�s� �d�u�r�i�n�g� �e�a�r�l�y� 
�l�a�c�t�a�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�9�:�1�3�4�6�.� 

�C�e�c�a�v�a�,� �M�.�J�.�,� �N�.�R�.� �M�e�r�c�h�e�n�,� �L�.�L�.� �B�e�r�g�e�r�,� �a�n�d� �G�.�C�.� 
�F�a�h�e�y�,� �J�r�.� �1�9�9�0�.� �I�n�t�e�s�t�i�n�a�l� �s�u�p�p�l�y� �o�f� �a�m�i�n�o� �a�c�i�d�s� �i�n� 
�s�h�e�e�p� �f�e�d� �a�l�k�a�l�i�n�e� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�-�t�r�e�a�t�e�d� �w�h�e�a�t� 
�s�t�r�a�w�-�b�a�s�e�d� �d�i�e�t�s� �s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �s�o�y�b�e�a�n� �m�e�a�l� �o�r� 
�c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �c�o�r�n� �g�l�u�t�e�n� �m�e�a�l� �a�n�d� �b�l�o�o�d� �m�e�a�l�.� �J�.� 
�A�n�i�m�.� �S�c�i�.� �6�8�:�4�6�7�.� 

�C�h�a�l�u�p�a�,� �W�.� �1�9�8�4�.� �D�i�s�c�u�s�s�i�o�n� �o�f� �p�r�o�t�e�i�n� �s�y�m�p�o�s�i�u�m�.� �J�.� 
�D�a�i�r�y� �S�c�i�.� �6�7�:�1�1�3�4�.� 

�C�h�e�n�,� �G�.�,� �J�.�B�.� �R�u�s�s�e�l�l�,� �a�n�d� �C�.�J�.� �S�n�i�f�f�e�n�.� �1�9�8�7�.� �A� 
�p�r�o�c�e�d�u�r�e� �f�o�r� �m�e�a�s�u�r�i�n�g� �p�e�p�t�i�d�e�s� �i�n� �r�u�m�e�n� �f�l�u�i�d� �a�n�d� 
�e�v�i�d�e�n�c�e� �t�h�a�t� �p�e�p�t�i�d�e� �u�p�t�a�k�e� �c�a�n� �b�e� �a� �r�a�t�e�-�l�i�m�i�t�i�n�g� 
�s�t�e�p� �i�n� �r�u�m�i�n�a�l� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� 
�7�O�0�:�1�2�1�1�.� 

�C�l�a�r�k�,� �J�.�H�.�,� �T�.�H�.� �K�l�u�s�m�e�y�e�r�,� �a�n�d� �M�.�R�.� �C�a�m�e�r�o�n�.� �1�9�9�2�.� 
�M�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �a�n�d� �f�l�o�w�s� �o�f� �n�i�t�r�o�g�e�n� 
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�1�1� 

�1�2� 

�1�3� 

�1�4� 

�1�5� 

�1�6� 

�1�7� 

�1�8� 

�1�9� 

�2�0� 

�2�1� 

�f�r�a�c�t�i�o�n�s� �t�o� �t�h�e� �d�u�o�d�e�n�u�m� �o�f� �d�a�i�r�y� �c�o�w�s�.� �J�.� �D�a�i�r�y� �S�c�i�.� 
�7�5�3�2�3�0�4�.� 

�C�o�r�s�e�,� �D�.�A�.� �a�n�d� �J�.�D�.� �S�u�t�t�o�n�.� �1�9�7�1�.� �M�e�t�h�o�d�s� �o�f� 
�m�e�a�s�u�r�i�n�g� �f�l�o�w� �o�f� �d�u�o�d�e�n�a�l� �d�i�g�e�s�t�a� �i�n� �s�h�e�e�p�.� �P�r�o�c�.� 
�N�u�t�r�.� �S�o�c�.� �3�0�:�1�8�A� �(�A�b�s�t�r�.�)�.� 

�C�o�t�t�a�,� �M�.�A�.�,� �a�n�d� �J�.�B�.� �R�u�s�s�e�l�l�.� �1�9�8�2�.� �E�f�f�e�c�t� �o�f� 
�p�e�p�t�i�d�e�s� �a�n�d� �a�m�i�n�o� �a�c�i�d�s� �o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �r�u�m�e�n� 
�b�a�c�t�e�r�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �i�n� �c�o�n�t�i�n�u�o�u�s� �c�u�l�t�u�r�e�.� �J�.� 
�D�a�i�r�y� �S�c�i�.� �6�5�:�2�2�6�.� 

�C�r�e�s�s�m�a�n�,� �S�.�G�.�,� �D�.�G�.� �G�r�i�e�v�e�,� �G�.�K�.� �M�a�c�L�e�o�d�,� �E�.�E�.� 
�W�h�e�e�l�e�r�,� �a�n�d� �L�.�G�.� �Y�o�u�n�g�.� �1�9�8�0�.� �I�n�f�l�u�e�n�c�e� �o�f� �d�i�e�t�a�r�y� 
�p�r�o�t�e�i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �b�y� �d�a�i�r�y� 
�c�a�t�t�l�e� �i�n� �e�a�r�l�y� �l�a�c�t�a�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�3�:�1�8�3�9�.� 

�E�l�l�i�s�,� �W�.�c�.�,� �C�c�.� �L�a�s�c�a�n�o�,� �R�.�G�.� �T�e�e�t�e�r�,� �a�n�d� �F�.�N�.� �O�w�e�n�s�.� 
�1�9�8�2�.� �S�o�l�u�t�e� �a�n�d� �p�a�r�t�i�c�u�l�a�t�e� �f�l�o�w� �m�a�r�k�e�r�s�.� �P�a�g�e� �3�7� �i�n� 
�P�r�o�t�e�i�n� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �c�a�t�t�l�e�.� �S�y�m�p�.� �O�l�k�a�h�o�m�a� �S�t�a�t�e� 
�U�n�i�v�.�,� �S�t�i�l�l�w�a�t�e�r�.� 

�E�v�a�n�s�,� �E�.� �1�9�8�1�.� �A�n� �e�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� 
�b�e�t�w�e�e�n� �d�i�e�t�a�r�y� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �r�u�m�e�n� �l�i�q�u�i�d� �t�u�r�n�o�v�e�r� 
�r�a�t�e�.� �C�a�n�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�1�:�9�1�.� 

�E�v�a�n�s�,� �E�.� �1�9�8�1�.� �A�n� �e�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� 
�b�e�t�w�e�e�n� �d�i�e�t�a�r�y� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �r�u�m�e�n� �s�o�l�i�d� �t�u�r�n�o�v�e�r� 
�r�a�t�e�.� �C�a�n�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�1�:�9�7�.� 

�F�a�i�c�h�n�e�y�,� �G�.�J�.� �1�9�8�0�.� �T�h�e� �u�s�e� �o�f� �m�a�r�k�e�r�s� �t�o� �m�e�a�s�u�r�e� 
�d�i�g�e�s�t�a� �f�l�o�w� �f�r�o�m� �t�h�e� �s�t�o�m�a�c�h� �o�f� �s�h�e�e�p� �f�e�d� �o�n�c�e� �d�a�i�l�y�.� 
�J�.� �A�g�r�i�c�.� �S�c�i�.� �9�4�:�3�1�3�.� 

�F�i�r�k�i�n�s�,� �J�.�L�.�,� �L�.�L�.� �B�e�r�g�e�r�,� �G�.�C�.� �F�a�h�e�y�,� �J�r�.�,� �a�n�d� �N�.�R�.� 
�M�e�r�c�h�e�n�.� �1�9�8�4�.� �R�u�m�i�n�a�l� �n�i�t�r�o�g�e�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �a�n�d� 
�e�s�c�a�p�e� �o�f� �w�e�t� �a�n�d� �d�r�y� �d�i�s�t�i�l�l�e�r�s� �g�r�a�i�n�s� �a�n�d� �w�e�t� �a�n�d� �d�r�y� 
�c�o�r�n� �g�l�u�t�e�n� �f�e�e�d�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�7�:�1�9�3�6�.� 

�F�i�r�k�i�n�s�,� �J�.�L�.�,� �L�.�L�.� �B�e�r�g�e�r�,� �N�.�R�.� �M�e�r�c�h�e�n�,� �a�n�d� �G�.�C�.� 
�F�a�h�e�y�,� �J�r�.�,� �1�9�8�6�.� �E�f�f�e�c�t�s� �o�f� �f�e�e�d� �i�n�t�a�k�e� �a�n�d� �p�r�o�t�e�i�n� 
�d�e�g�r�a�d�a�b�i�l�i�t�y� �o�n� �r�u�m�i�n�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �s�i�t�e� �o�f� 
�d�i�g�e�s�t�i�o�n� �i�n� �s�t�e�e�r�s�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�9�:�2�1�1�1�.� 

�F�r�e�n�c�h�,� �D�.� �1�9�7�3�.� �C�h�e�m�i�c�a�l� �a�n�d� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� 
�s�t�a�r�c�h�.� �J�.� �A�n�i�m�.� �S�c�i�.� �3�7�:�1�0�4�8�.� 

�G�a�r�d�i�n�e�r�,� �D�.�A�.�,� �R�.�G�.� �C�r�a�g�l�e�,� �a�n�d� �P�.�T�.� �C�h�a�n�d�l�e�r�.� �1�9�6�7�.� 
�A�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �n�u�t�r�i�t�i�o�n� �o�f� �t�h�e� �y�o�u�n�g� �d�a�i�r�y� 
�c�a�l�f� �b�y� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �t�e�c�h�n�i�q�u�e�s�.� �I�I�.� �T�h�e� �r�e�s�p�o�n�s�e� 
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�s�u�r�f�a�c�e� �m�e�t�h�o�d� �a�s� �a� �b�i�o�l�o�g�i�c�a�l� �r�e�s�e�a�r�c�h� �t�o�o�l�.� �T�e�n�n�.� 
�A�g�r�i�c�.� �E�x�p�t�.� �S�t�a�.� �B�u�l�l�.� �N�o�.� �4�2�9�.� 

�G�i�l�l�,� �J�.�L�.� �1�9�7�8�.� �P�a�g�e� �7�2�6� �i�n� �D�e�s�i�g�n� �a�n�d� �A�n�a�l�y�s�i�s� �o�f� 
�e�x�p�e�r�i�m�e�n�t�s�,� �V�o�l�.� �2�.� �T�h�e� �I�o�w�a� �S�t�a�t�e� �U�n�i�v�.� �P�r�e�s�s�,� �A�m�e�s�.� 

�G�o�e�t�s�c�h�,� �A�.�L�.�,� �a�n�d� �M�.�L�.� �G�a�l�y�e�a�n�.� �1�9�8�3�.� �I�n�f�l�u�e�n�c�e� �o�f� 
�f�e�e�d�i�n�g� �f�r�e�q�u�e�n�c�y� �o�n� �p�a�s�s�a�g�e� �o�f� �f�l�u�i�d� �a�n�d� �p�a�r�t�i�c�u�l�a�t�e� 
�m�a�r�k�e�r�s� �i�n� �s�t�e�e�r�s� �f�e�d� �a� �c�o�n�c�e�n�t�r�a�t�e� �d�i�e�t�.� �C�a�n�.� �J�.� 
�A�n�i�m�.� �S�c�i�.� �6�3�:�7�2�7�.� 

�H�a�g�e�m�e�i�s�t�e�r�,� �H�.�,� �W�.� �L�u�p�p�i�n�g�,� �a�n�d� �W�.� �K�a�u�f�m�a�n�n�.� �1�9�8�1�.� 
�M�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �a�n�d� �d�i�g�e�s�t�i�o�n� �i�n� �t�h�e� �h�i�g�h�-� 
�y�i�e�l�d�i�n�g� �d�a�i�r�y� �c�o�w�.� �P�a�g�e� �3�1� �i�n� �R�e�c�e�n�t� �d�e�v�e�l�o�p�m�e�n�t�s� �i�n� 
�r�u�m�i�n�a�n�t� �n�u�t�r�i�t�i�o�n�.� �W�.� �H�a�r�e�s�i�g�n� �a�n�d� �D�.�J�.�A�.� �C�o�l�e�,� �e�d�.� 
�B�u�t�t�e�r�w�o�r�t�h�s�,� �L�o�n�d�o�n�.� 

�H�a�r�r�i�s�o�n�,� �D�.�G�.�,� �a�n�d� �A�.�B�.� �M�c�A�l�l�a�n�.� �1�9�8�0�.� �F�a�c�t�o�r�s� 
�a�f�f�e�c�t�i�n�g� �m�i�c�r�o�b�i�a�l� �g�r�o�w�t�h� �y�i�e�l�d�s� �i�n� �t�h�e� �r�e�t�i�c�u�l�o�-� 
�r�u�m�e�n�.� �I�n� �D�i�g�e�s�t�i�v�e� �P�h�y�s�i�o�l�o�g�y� �a�n�d� �M�e�t�a�b�o�l�i�s�m� �i�n� 
�R�u�m�i�n�a�n�t�s�,� �Y�.� �R�u�c�k�e�b�u�s�c�h� �a�n�d� �P�.� �T�h�i�v�e�n�d�,� �e�d�.� �M�T�P� �P�r�e�s�s�,� 
�L�a�n�c�a�s�t�e�r�,� �E�n�g�l�a�n�d�.� 

�H�a�r�t�n�e�l�l�,� �G�.�F�.�,� �a�n�d� �L�.�D�.� �S�a�t�t�e�r�.� �1�9�7�9�.� �E�x�t�e�n�t� �o�f� 
�p�a�r�t�i�c�u�l�a�t�e� �m�a�r�k�e�r� �(�s�a�m�a�r�i�u�m�,� �l�a�n�t�h�a�n�u�m� �a�n�d� �c�e�r�i�u�m�)� 
�m�o�v�e�m�e�n�t� �f�r�o�m� �o�n�e� �d�i�g�e�s�t�a� �p�a�r�t�i�c�l�e� �t�o� �a�n�o�t�h�e�r�.� �J�.� �A�n�i�n�.� 
�S�c�i�.� �4�8�:�3�7�5�.� 

�H�e�r�r�a�r�a�-�S�e�l�d�a�n�a�,� �R�.�,� �R�.� �G�o�m�e�z�-�A�l�a�r�c�o�n�,� �M�.� �T�o�r�a�b�i�,� �a�n�d� 
�J�.�T�.� �H�u�b�e�r�.� �1�9�9�0�.� �I�n�f�l�u�e�n�c�e� �o�f� �s�y�n�c�h�r�o�n�i�z�i�n�g� �p�r�o�t�e�i�n� 
�a�n�d� �s�t�a�r�c�h� �d�e�g�r�a�d�a�t�i�o�n� �i�n� �t�h�e� �r�u�m�e�n� �o�n� �n�u�t�r�i�e�n�t� 
�u�t�i�l�i�z�a�t�i�o�n� �a�n�d� �m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�.� �J�.� �D�a�i�r�y� 
�S�c�i�.� �7�3�:�1�4�2�.� 

�H�e�r�r�e�r�a�~�S�e�l�d�a�n�a�,� �R�.�,� �a�n�d� �J�.�T�.� �H�u�b�e�r�.� �1�9�8�9�.� �I�n�f�l�u�e�n�c�e� 
�o�f� �v�a�r�y�i�n�g� �p�r�o�t�e�i�n� �a�n�d� �s�t�a�r�c�h� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �o�n� 
�p�e�r�f�o�r�m�a�n�c�e� �o�f� �l�a�c�t�a�t�i�n�g� �c�o�w�s�.� �J�.� �D�a�i�r�y� �S�c�i�.� �7�2�:�1�4�7�7�.� 

�H�o�g�a�n�,� �J�.�P�.� �1�9�7�5�.� �S�y�m�p�o�s�i�u�m�:� �P�r�o�t�e�i�n� �a�n�d� �a�m�i�n�o� �a�c�i�d� 
�n�u�t�r�i�t�i�o�n� �i�n� �t�h�e� �h�i�g�h� �p�r�o�d�u�c�i�n�g� �c�o�w�.� �Q�u�a�n�t�i�t�a�t�i�v�e� 
�a�s�p�e�c�t�s� �o�f� �n�i�t�r�o�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �i�n� �r�u�m�i�n�a�n�t�s�.� �J�.� �D�a�i�r�y� 
�S�c�i�.� �5�8�:�1�1�6�4�.� 

�H�o�o�v�e�r�,� �W�.�H�.�,� �a�n�d� �S�.�R�.� �S�t�o�k�e�s�.� �1�9�9�1�.� �B�a�l�a�n�c�i�n�g� 
�c�a�r�b�o�h�y�d�r�a�t�e�s� �a�n�d� �p�r�o�t�e�i�n�s� �f�o�r� �o�p�t�i�m�u�m� �r�u�m�e�n� �m�i�c�r�o�b�i�a�l� 
�y�i�e�l�d�.� �J�.� �D�a�i�r�y� �S�c�i�.� �7�4�:�3�6�3�0�.� 

�H�o�o�v�e�r�,� �W�.�H�.� �1�9�8�6�.� �C�h�e�m�i�c�a�l� �f�a�c�t�o�r�s� �i�n�v�o�l�v�e�d� �i�n� 
�r�u�m�i�n�a�l� �f�i�b�e�r� �d�i�g�e�s�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�9�:�2�7�5�5�.� 
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�H�u�m�e�,� �I�.� �D�.�,� �a�n�d� �D�.�B�.� �P�u�r�s�e�r�.� �1�9�7�4�.� �R�u�m�i�n�a�l� �a�n�d� �p�o�s�t�-� 
�r�u�m�i�n�a�l� �p�r�o�t�e�i�n� �d�i�g�e�s�t�i�o�n� �i�n� �s�h�e�e�p� �f�e�d� �o�n� �s�u�b�t�e�r�r�a�n�e�a�n� 
�c�l�o�v�e�r� �h�a�r�v�e�s�t�e�d� �a�t� �f�o�u�r� �s�t�a�g�e�s� �o�f� �m�a�t�u�r�i�t�y�.� �A�u�s�t�.� �J�.� 
�A�g�r�i�c�.� �R�e�s�.� �2�6�:�1�9�9�.� 

�H�u�s�s�e�i�n�,� �H�.�S�.�,� �M�.�D�.� �S�t�e�r�n�,� �a�n�d� �R�.�M�.� �J�o�r�d�a�n�.� �1�9�9�1�.� 
�I�n�f�l�u�e�n�c�e� �o�f� �d�i�e�t�a�r�y� �p�r�o�t�e�i�n� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e� �s�o�u�r�c�e�s� 
�o�f� �n�i�t�r�o�g�e�n� �m�e�t�a�b�o�l�i�s�m� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e� �f�e�r�m�e�n�t�a�t�i�o�n� �b�y� 
�r�u�m�i�n�a�l� �m�i�c�r�o�b�e�s� �i�n� �c�o�n�t�i�n�u�o�u�s� �c�u�l�t�u�r�e�.� �J�.� �A�n�i�m�.� �S�c�i�.� 
�6�9�:�2�1�2�3�.� 

�H�u�s�s�e�i�n�,� �H�.�S�.�,� �R�.�M�.� �J�o�r�d�a�n�,� �a�n�d� �M�.�D�.� �S�t�e�r�n�.� �1�9�9�1�.� 
�R�u�m�i�n�a�l� �p�r�o�t�e�i�n� �m�e�t�a�b�o�l�i�s�m� �a�n�d� �i�n�t�e�s�t�i�n�a�l� �a�m�i�n�o� �a�c�i�d� 
�u�t�i�l�i�z�a�t�i�o�n� �a�s� �a�f�f�e�c�t�e�d� �b�y� �d�i�e�t�a�r�y� �p�r�o�t�e�i�n� �a�n�d� 
�c�a�r�b�o�h�y�d�r�a�t�e� �s�o�u�r�c�e�s� �i�n� �s�h�e�e�p�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�9�:�2�1�3�4�.� 

�J�a�c�k�s�o�n�,� �J�r�.�,� �T�.�C�.� �1�9�7�7�.� �N�u�c�l�e�i�c� �a�c�i�d�s� �i�n� �t�h�e� �i�n�g�e�s�t�a� 
�o�f� �t�h�e� �r�u�m�i�n�a�n�t�.� �P�h�.�D�.� �D�i�s�s�e�r�t�a�t�i�o�n�.� �U�n�i�v�e�r�s�i�t�y� �o�f� 
�K�e�n�t�u�c�k�y�,� �L�e�x�i�n�g�t�o�n�.� 

�J�o�h�n�s�o�n�,� �R�.�R�.� �1�9�7�6�.� �I�n�f�l�u�e�n�c�e� �o�f� �c�a�r�b�o�h�y�d�r�a�t�e� 
�s�o�l�u�b�i�l�i�t�y� �o�n� �n�o�n�-�p�r�o�t�e�i�n� �n�i�t�r�o�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �i�n� �t�h�e� 
�r�u�m�i�n�a�n�t�.� �J�.� �A�n�i�m�.� �S�c�i�.� �4�3�:�1�8�4�.� 

�K�i�n�g�,� �K�.�J�.�,� �J�.�T�.� �H�u�b�e�r�,� �M�.� �S�a�d�i�k�,� �W�.�G�.� �B�e�r�g�e�n�,� �A�.�L�.� 
�G�r�a�n�t�,� �a�n�d� �V�.�L�.� �K�i�n�g�.� �1�9�9�0�.� �I�n�f�l�u�e�n�c�e� �o�f� �d�i�e�t�a�r�y� 
�p�r�o�t�e�i�n� �s�o�u�r�c�e�s� �o�n� �t�h�e� �a�m�i�n�o� �a�c�i�d� �p�r�o�f�i�l�e�s� �a�v�a�i�l�a�b�l�e� 
�f�o�r� �d�i�g�e�s�t�i�o�n� �a�n�d� �m�e�t�a�b�o�l�i�s�m� �i�n� �l�a�c�t�a�t�i�n�g� �c�o�w�s�.� �J�.� 
�D�a�i�r�y� �S�c�i�.� �7�3�:�3�2�0�8�.� 

�K�l�u�s�m�e�y�e�r�,� �T�.�H�.�,� �R�.�D�.� �M�c�C�a�r�t�h�y�,� �J�r�.�,� �J�.�H�.� �C�l�a�r�k�,� �a�n�d� 
�D�.�R�.� �N�e�l�s�o�n�.� �1�9�9�0�.� �E�f�f�e�c�t�s� �o�f� �s�o�u�r�c�e� �a�n�d� �a�m�o�u�n�t� �o�f� 
�p�r�o�t�e�i�n� �o�n� �r�u�m�i�n�a�l� �f�e�r�m�e�n�t�a�t�i�o�n� �a�n�d� �p�a�s�s�a�g�e� �o�f� 
�n�u�t�r�i�e�n�t�s� �t�o� �t�h�e� �s�m�a�l�l� �i�n�t�e�s�t�i�n�e� �o�f� �l�a�c�t�a�t�i�n�g� �c�o�w�s�.� �J�.� 
�D�a�i�r�y� �S�c�i�.� �7�3�:�3�5�2�6�.� 

�K�o�e�n�i�g�,� �S�.�E�.� �1�9�8�0�.� �M�i�c�r�o�b�i�a�l� �p�u�r�i�n�e�s� �a�n�d� �p�y�r�i�m�i�d�i�n�e�s� 
�a�s� �i�n�d�i�c�a�t�o�r�s� �o�f� �r�u�m�e�n� �m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�.� 
�P�h�.�D�.� �D�i�s�s�e�r�t�a�t�i�o�n�.� �U�n�i�v�e�r�s�i�t�y� �o�f� �K�e�n�t�u�c�k�y�,� �L�e�x�i�n�g�t�o�n�.� 

�K�r�i�s�t�e�n�s�e�n�,� �E�.�S�.�,� �P�.�D�.� �M�o�l�l�e�r�,� �a�n�d� �T�.� �H�v�e�l�p�l�u�n�d�.� �1�9�8�2�.� 
�E�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e� �e�f�f�e�c�t�i�v�e� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �i�n� 
�t�h�e� �r�u�m�e�n� �o�f� �c�o�w�s� �u�s�i�n�g� �t�h�e� �n�y�l�o�n� �b�a�g� �t�e�c�h�n�i�q�u�e� 
�c�o�m�b�i�n�e�d� �w�i�t�h� �t�h�e� �o�u�t�f�l�o�w� �r�a�t�e�.� �A�c�t�a� �A�g�r�i�c�.� �S�c�a�n�d�.� 
�3�2�:�1�2�3�.� 

�L�e�n�g�,� �R�.�A�.�,� �a�n�d� �J�.�V�.� �N�o�l�a�n�.� �1�9�8�4�.� �N�i�t�r�o�g�e�n� �m�e�t�a�b�o�l�i�s�m� 
�i�n� �t�h�e� �r�u�m�e�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�7�:�1�0�7�2�.� 

�5�6



�4�2� 

�4�3� 

�4�4� 

�4�5� 

�4�6� 

�4�7� 

�4�8� 

�4�9� 

�5�0� 

�L�e�o�n�a�r�d�,� �M�.� �a�n�d� �E�.� �B�l�o�c�k�.� �1�9�8�8�.� �E�f�f�e�c�t� �o�f� �r�a�t�i�o�n� 
�p�r�o�t�e�i�n� �c�o�n�t�e�n�t� �a�n�d� �s�o�l�u�b�i�l�i�t�y� �o�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �o�f� 
�p�r�i�m�i�p�a�r�o�u�s� �H�o�l�s�t�e�i�n� �h�e�i�f�e�r�s�.� �J�.� �D�a�i�r�y� �S�c�i�.� �7�1�:�2�7�0�9�.� 

�L�e�w�i�s�,� �D�.�,� �a�n�d� �I�.�W�.� �M�c�D�o�n�a�l�d�.� �1�9�5�8�.� �T�h�e� �i�n�t�e�r�-� 
�r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �i�n�d�i�v�i�d�u�a�l� �p�r�o�t�e�i�n�s� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e�s� 
�d�u�r�i�n�g� �f�e�r�m�e�n�t�a�t�i�o�n� �i�n� �t�h�e� �r�u�m�e�n� �o�f� �t�h�e� �s�h�e�e�p�.� �I�.� �T�h�e� 
�f�e�r�m�e�n�t�a�t�i�o�n� �o�f� �c�a�s�e�i�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�t�a�r�c�h� �o�r� 
�o�t�h�e�r� �c�a�r�b�o�h�y�d�r�a�t�e� �m�a�t�e�r�i�a�l�s�.� �J�.� �A�g�r�i�c�.� �S�c�i�.� �(�C�a�m�b�.�)� 
�5�1�:�1�0�8�.� 

�L�i�n�d�b�e�r�g�,� �J�.�E�.� �1�9�8�5�.� �E�s�t�i�m�a�t�i�o�n� �o�f� �r�u�m�e�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� 
�o�f� �f�e�e�d� �p�r�o�t�e�i�n�s� �w�i�t�h� �t�h�e� �i�n� �s�a�c�c�o� �t�e�c�h�n�i�q�u�e� �a�n�d� 
�v�a�r�i�o�u�s� �i�n� �v�i�t�r�o� �m�e�t�h�o�d�s�:� �a� �r�e�v�i�e�w�.� �A�c�t�a� �A�g�r�i�c�.� 
�S�c�a�n�d�.� �S�u�p�p�l�.� �2�5�:�6�4�.� 

�M�a�c�G�r�e�g�o�r�,� �C�.�A�.�,� �M�.�R�.� �S�t�o�k�e�s�,� �W�.�H�.� �H�o�o�v�e�r�,� �H�.�A�.� 
�L�e�o�n�a�r�d�,� �L�.�L�.� �J�e�n�k�i�n�s�,� �J�r�.�,� �C�.�J�.� �S�n�i�f�f�e�n�,� �a�n�d� �R�.�W�.� 
�M�a�i�l�m�a�n�.� �1�9�8�3�.� �E�f�f�e�c�t� �o�f� �d�i�e�t�a�r�y� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 
�t�o�t�a�l� �n�o�n�s�t�r�u�c�t�u�r�a�l� �c�a�r�b�o�h�y�d�r�a�t�e� �o�n� �e�n�e�r�g�y� �a�n�d� �n�i�t�r�o�g�e�n� 
�m�e�t�a�b�o�l�i�s�m� �a�n�d� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �o�f� �d�a�i�r�y� �c�o�w�s�.� �J�.� �D�a�i�r�y� 
�S�c�i�.� �6�6�:�3�9�.� 

�M�a�c�L�e�o�d�,� �G�.�K�.�,� �D�.�G�.� �G�r�i�e�v�e�,� �J�.� �M�c�M�i�l�l�a�n�,� �a�n�d� �G�.� �C�c�.� 
�S�m�i�t�h�.� �1�9�8�4�.� �E�f�f�e�c�t� �o�f� �v�a�r�y�i�n�g� �p�r�o�t�e�i�n� �a�n�d� �e�n�e�r�g�y� 
�d�e�n�s�i�t�i�e�s� �i�n� �c�o�m�p�l�e�t�e� �r�a�t�i�o�n�s� �f�e�d� �t�o� �c�o�w�s� �i�n� �f�i�r�s�t� 
�l�a�c�t�a�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�7�:�1�4�2�1�.� 

�M�a�c�R�a�e�,� �J�.�C�.� �a�n�d� �D�.�G�.� �A�r�m�s�t�r�o�n�g�.� �1�9�6�8�.� �S�t�u�d�i�e�s� �o�n� 
�i�n�t�e�s�t�i�n�a�l� �d�i�g�e�s�t�i�o�n� �i�n� �t�h�e� �s�h�e�e�p� �I�.� �T�h�e� �u�s�e� �o�f� 
�c�h�r�o�m�i�c� �o�x�i�d�e� �a�s� �a�n� �i�n�d�i�g�e�s�t�i�b�l�e� �m�a�r�k�e�r�.� �B�r�.� �J�.� �N�u�t�r�.� 
�2�3�:�1�5�.� 

�M�a�c�R�a�e�,� �J�.�C�.� �1�9�7�5�.� �T�h�e� �u�s�e� �o�f� �r�e�-�e�n�t�r�a�n�t� �c�a�n�n�u�l�a�e� �t�o� 
�p�a�r�t�i�t�i�o�n� �d�i�g�e�s�t�i�v�e� �f�u�n�c�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �g�a�s�t�r�o�-� 
�i�n�t�e�s�t�i�n�a�l� �t�r�a�c�t� �o�f� �r�u�m�i�n�a�n�t�s�.� �P�a�g�e� �2�6�1� �i�n� �D�i�g�e�s�t�i�o�n� 
�a�n�d� �M�e�t�a�b�o�l�i�s�m� �i�n� �t�h�e� �R�u�m�i�n�a�n�t�.� �I�.�W�.� �M�c�D�o�n�a�l�d� �a�n�d� 
�A�.�C�.�I�.� �W�a�r�n�e�r�,� �e�d�s�.� �U�n�i�v�.� �o�f� �N�e�w� �E�n�g�l�a�n�d� �P�u�b�l�i�s�h�i�n�g� 
�U�n�i�t�,� �A�r�m�i�d�a�l�e�,� �A�u�s�t�.� 

�M�a�d�s�e�n�,� �J�.�,� �a�n�d� �T�.� �H�v�e�l�p�l�u�n�d�.� �1�9�8�5�.� �P�r�o�t�e�i�n� 
�d�e�g�r�a�d�a�t�i�o�n� �i�n� �t�h�e� �r�u�m�e�n�.� �A� �c�o�m�p�a�r�i�s�o�n� �b�e�t�w�e�e�n� �i�n� 
�v�i�v�o�,� �n�y�l�o�n� �b�a�g�,� �i�n� �v�i�t�r�o� �a�n�d� �b�u�f�f�e�r� �m�e�a�s�u�r�e�m�e�n�t�s�.� 
�A�c�t�a�.� �A�g�r�i�c�.� �S�c�a�n�d�.� �S�u�p�p�l�.� �2�5�:�1�0�3�.� 

�M�a�r�s�h�a�k�,� �A�.� �a�n�d� �H�.�J�.� �V�o�g�e�l�.� �1�9�5�1�.� �M�i�c�r�o�d�e�t�e�r�m�i�n�a�t�i�o�n�s� 
�o�f� �p�u�r�i�n�e�s� �a�n�d� �p�y�r�i�m�i�d�i�n�e�s� �i�n� �b�i�o�l�o�g�i�c�a�l� �m�a�t�e�r�i�a�l�s�.� �J�.� 
�B�i�o�l�.� �C�h�e�m�.� �1�8�9�:�5�9�7�.� 
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�5�1� 

�5�2� 

�5�3� 

�5�4� 

�5�5� 

�5�6� 

�5�7� 

�5�8� 

�5�9� 

�6�0� 

�6�1� 

�M�a�t�h�e�r�s�,� �J�.�c�.�,� �a�n�d� �E�.�L�.� �M�i�l�l�e�r�.� �1�9�8�1�.� �Q�u�a�n�t�i�t�a�t�i�v�e� 
�s�t�u�d�i�e�s� �o�f� �f�o�o�d� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �a�n�d� �t�h�e� �e�n�e�r�g�e�t�i�c� 
�e�f�f�i�c�i�e�n�c�y� �o�f� �m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �i�n� �t�h�e� �r�u�m�e�n� 
�o�f� �s�h�e�e�p� �g�i�v�e�n� �c�h�o�p�p�e�d� �l�u�c�e�r�n�e� �a�n�d� �r�o�l�l�e�d� �b�a�r�l�e�y�.� �B�r�.� 
�J�.� �N�u�t�r�.� �4�5�:�5�8�7�.� 

�M�a�t�r�a�s�,� �J�.�,� �S�.�J�.� �B�a�r�t�l�e�,� �a�n�d� �R�.�L�.� �P�r�e�s�t�o�n�.� �1�9�9�1�.� 
�N�i�t�r�o�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �i�n� �g�r�o�w�i�n�g� �l�a�m�b�s�:� �e�f�f�e�c�t�s� �o�f� 
�g�r�a�i�n� �(�s�t�a�r�c�h�)� �a�n�d� �p�r�o�t�e�i�n� �s�o�u�r�c�e�s� �w�i�t�h� �v�a�r�i�o�u�s� �r�a�t�e�s� 
�o�f� �r�u�m�i�n�a�l� �d�e�g�r�a�d�a�t�i�o�n�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�9�:�3�3�9�.� 

�M�c�C�a�r�t�h�y�,� �R�.�D�.�,� �J�r�.�,� �T�.�H�.� �K�l�u�s�m�e�y�e�r�,� �J�.�L�.� �V�i�c�i�n�i�,� �J�.�H�.� 
�C�l�a�r�k�,� �a�n�d� �D�.�R�.� �N�e�l�s�o�n�.� �1�9�8�9�.� �E�f�f�e�c�t�s� �o�f� �s�o�u�r�c�e� �o�f� 
�p�r�o�t�e�i�n� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e� �o�n� �r�u�m�i�n�a�l� �f�e�r�m�e�n�t�a�t�i�o�n� �a�n�d� 
�p�a�s�s�a�g�e� �o�f� �n�u�t�r�i�e�n�t�s� �t�o� �t�h�e� �s�m�a�l�l� �i�n�t�e�s�t�i�n�e� �o�f� 
�l�a�c�t�a�t�i�n�g� �c�o�w�s�.� �J�.� �D�a�i�r�y� �S�c�i�.� �7�2�:�2�0�0�2�.� 

�M�c�M�e�n�i�m�a�n�,� �N�.�P�.�,� �a�n�d� �D�.�G�.� �A�r�m�s�t�r�o�n�g�.� �1�9�7�9�.� �T�h�e� �f�l�o�w� 
�o�f� �a�m�i�n�o� �a�c�i�d�s� �i�n�t�o� �t�h�e� �s�m�a�l�l� �i�n�t�e�s�t�i�n�e� �o�f� �c�a�t�t�l�e� �w�h�e�n� 
�f�e�d� �h�e�a�t� �a�n�d� �u�n�h�e�a�t�e�d� �b�e�a�n�s� �(�V�i�c�i�a� �f�a�b�a�)�.� �J�.� �A�g�r�i�c�.� 
�S�c�i�.� �(�C�a�m�b�.�)� �9�3�:�1�8�1�.� 

�M�e�a�d�,� �R�.� �a�n�d� �D�.�J�.� �P�i�k�e�.� �1�9�7�5�.� �A� �r�e�v�i�e�w� �o�f� �r�e�s�p�o�n�s�e� 
�s�u�r�f�a�c�e� �m�e�t�h�o�d�o�l�o�g�y� �f�r�o�m� �a� �b�i�o�m�e�t�r�i�c� �v�i�e�w�p�o�i�n�t�.� 
�B�i�o�m�e�t�r�i�c�s� �3�1�:�8�0�3�.� 

�M�e�r�c�h�e�n�,� �N�.�R�.� �1�9�8�8�.� �D�i�g�e�s�t�i�o�n�,� �a�b�s�o�r�p�t�i�o�n� �a�n�d� 
�e�x�c�r�e�t�i�o�n� �i�n� �r�u�m�i�n�a�n�t�s�.� �P�a�g�e� �1�7�2� �i�n� �T�h�e� �R�u�m�i�n�a�n�t� 
�A�n�i�m�a�l�,� �D�.�C�.� �C�h�u�r�c�h�,� �e�d�.�,� �P�r�e�n�t�i�c�e� �H�a�l�l�,� �E�n�g�l�e�w�o�o�d� 
�C�l�i�f�f�s�,� �N�J�.� 

�M�e�r�t�e�n�s�,� �D�.�R�.� �1�9�8�3�.� �U�s�i�n�g� �n�e�u�t�r�a�l� �d�e�t�e�r�g�e�n�t� �f�i�b�e�r� �t�o� 
�f�o�r�m�u�l�a�t�e� �d�a�i�r�y� �r�a�t�i�o�n�s� �a�n�d� �e�s�t�i�m�a�t�e� �t�h�e� �e�n�e�r�g�y� �c�o�n�t�e�n�t� 
�o�f� �f�o�r�a�g�e�s�.� �P�a�g�e� �6�0� �i�n� �P�r�o�c�.� �D�i�s�t�.� �F�e�e�d� �C�o�n�f�.�,� 
�C�i�n�c�i�n�n�a�t�i�,� �O�H�.� 

�M�i�l�l�e�r�,� �T�.�K�.�,� �W�.�H�.� �H�o�o�v�e�r�,� �W�.�W�.� �P�o�l�a�n�d�,� �J�r�.�,� �a�n�d� �R�.�W�.� 
�W�o�o�d�.� �1�9�9�0�.� �E�f�f�e�c�t�s� �o�f� �l�o�w� �a�n�d� �h�i�g�h� �f�i�l�l� �d�i�e�t�s� �o�n� 
�i�n�t�a�k�e� �a�n�d� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �i�n� �d�a�i�r�y� �c�o�w�s�.� �J�.� �D�a�i�r�y� 
�S�c�i�.� �7�3�:�2�4�5�3�.� 

�M�y�e�r�s�,� �R�.�H�.� �1�9�7�1�.� �R�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �m�e�t�h�o�d�o�l�o�g�y�.� �A�l�l�y�n� 
�a�n�d� �B�a�c�o�n�,� �I�n�c�.�,� �B�o�s�t�o�n�,� �M�A�.� 

�N�a�t�i�o�n�a�l� �R�e�s�e�a�r�c�h� �C�o�u�n�c�i�l�.� �1�9�8�5�.� �R�u�m�i�n�a�n�t� �n�i�t�r�o�g�e�n� 
�u�s�a�g�e�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.�,� �W�a�s�h�i�n�g�t�o�n�,� �D�C�.� 

�N�a�t�i�o�n�a�l� �R�e�s�e�a�r�c�h� �C�o�u�n�c�i�l�.� �1�9�7�8�.� �N�u�t�r�i�e�n�t� 
�r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �d�a�i�r�y� �c�a�t�t�l�e�.� �5�t�h� �r�e�v�.� �e�d�.� �N�a�t�l�.� �A�c�a�d�.� 
�S�c�i�.�,� �W�a�s�h�i�n�g�t�o�n�,� �D�c�.� 
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�6�6� 
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�7�0� 
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�N�a�t�i�o�n�a�l� �R�e�s�e�a�r�c�h� �C�o�u�n�c�i�l�.� �1�9�8�9�.� �N�u�t�r�i�e�n�t� 
�r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �d�a�i�r�y� �c�a�t�t�l�e�.� �6�t�h� �r�e�v�.� �e�d�.� �N�a�t�l�.� �A�c�a�d�.� 
�S�c�i�.�,� �W�a�s�h�i�n�g�t�o�n�,� �D�C�.� 

�N�e�w�b�o�l�d�,� �J�.�R�.�,� �P�.�C�.� �G�a�r�n�s�w�o�r�t�h�y�,� �P�.�J�.� �B�u�t�t�e�r�y�,� �D�.�J�.�A�.� 
�C�o�l�e�,� �a�n�d� �W�.� �H�a�r�e�s�i�g�n�.� �1�9�8�7�.� �P�r�o�t�e�i�n� �n�u�t�r�i�t�i�o�n� �o�f� 
�g�r�o�w�i�n�g� �c�a�t�t�l�e�:� �f�o�o�d� �i�n�t�a�k�e� �a�n�d� �g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �t�o� 
�r�u�m�e�n� �d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n� �a�n�d� �u�n�d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n�.� 
�A�n�i�m�.� �P�r�o�d�.� �4�5�:�3�8�3�.� 

�N�o�c�e�k�,� �J�.�E�.�,� �D�.�G�.� �B�r�a�u�n�d�,� �R�.�L�.� �S�t�e�e�l�e�,� �a�n�d� �C�.�A�.� 
�M�a�c�G�r�e�g�o�r�,� �i�n�v�e�n�t�o�r�s�.� �1�9�8�6�.� �M�e�t�h�o�d� �o�f� �f�o�r�m�u�l�a�t�i�n�g� 
�d�a�i�r�y� �c�o�w� �r�a�t�i�o�n�s� �b�a�s�e�d� �o�n� �c�a�r�b�o�h�y�d�r�a�t�e� �r�e�g�u�l�a�t�i�o�n�.� �U�S� 
�P�a�t�.� �N�o�.� �4�,�6�1�5�,�8�9�1�.� 

�N�o�c�e�k�,� �J�.�E�.�,� �i�n�v�e�n�t�o�r�.� �1�9�8�6�.� �N�o�v�e�l� �m�e�t�h�o�d� �f�o�r� 
�q�u�a�n�t�i�t�a�t�i�n�g� �n�o�n�s�t�r�u�c�t�u�r�a�l� �a�n�d� �s�t�r�u�c�t�u�r�a�l� �c�a�r�b�o�h�y�d�r�a�t�e�s� 
�i�n� �f�e�e�d�s�t�u�f�f�s�.� �U�S� �P�a�t�.� �N�o�.� �4�,�6�1�7�,�2�7�6�.� 

�N�o�c�e�k�,� �J�.�E�.�,� �a�n�d� �J�.�B�.� �R�u�s�s�e�l�l�.� �1�9�8�8�.� �P�r�o�t�e�i�n� �a�n�d� 
�e�n�e�r�g�y� �a�s� �a�n� �i�n�t�e�g�r�a�t�e�d� �s�y�s�t�e�m�.� �R�e�l�a�t�i�o�n�s�h�i�p� �o�f� 
�r�u�m�i�n�a�l� �p�r�o�t�e�i�n� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e� �a�v�a�i�l�a�b�i�l�i�t�y� �t�o� 
�m�i�c�r�o�b�i�a�l� �s�y�n�t�h�e�s�i�s� �a�n�d� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� 
�7�1�:�2�0�7�0�.� 

�N�o�c�e�k�,� �J�.�E�.� �1�9�8�8�.� �I�n� �s�i�t�u� �a�n�d� �o�t�h�e�r� �m�e�t�h�o�d�s� �t�o� �e�s�t�i�m�a�t�e� 
�r�u�m�i�n�a�l� �p�r�o�t�e�i�n� �a�n�d� �e�n�e�r�g�y� �d�i�g�e�s�t�i�b�i�l�i�t�y�:� �a� �r�e�v�i�e�w�.� 
�J�.� �D�a�i�r�y� �S�c�i�.� �7�1�:�2�0�5�1�.� 

�N�o�c�e�k�,� �J�.�E�.�,� �a�n�d� �S�.� �T�a�m�m�i�n�g�a�.� �1�9�9�1�.� �S�i�t�e� �o�f� �d�i�g�e�s�t�i�o�n� 
�o�f� �s�t�a�r�c�h� �i�n� �t�h�e� �g�a�s�t�r�o�i�n�t�e�s�t�i�n�a�l� �t�r�a�c�t� �o�f� �d�a�i�r�y� �c�o�w�s� 
�a�n�d� �i�t�s� �e�f�f�e�c�t� �o�n� �m�i�l�k� �y�i�e�l�d� �a�n�d� �c�o�m�p�o�s�i�t�i�o�n�.� �J�.� �D�a�i�r�y� 
�S�c�i�.� �7�4�:�3�5�9�8�.� 

�O�l�d�h�a�m�,� �J�.�D�.� �1�9�8�4�.� �P�r�o�t�e�i�n�-�e�n�e�r�g�y� �i�n�t�e�r�r�e�l�a�t�i�o�n�s�h�i�p�s� �i�n� 
�d�a�i�r�y� �c�a�t�t�l�e�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�7�:�1�0�9�0�.� 

�O�l�d�h�a�m�,� �J�.�D�.�,� �J�.�D�.� �S�u�t�t�o�n�,� �a�n�d� �A�.�B�.� �M�c�A�l�l�a�n�.� �1�9�7�9�.� 
�P�r�o�t�e�i�n� �d�i�g�e�s�t�i�o�n� �a�n�d� �u�t�i�l�i�z�a�t�i�o�n� �b�y� �d�a�i�r�y� �c�o�w�s�.� �A�n�n�.� 
�R�e�c�h�.� �V�e�t�.� �1�0�:�2�9�0�.� 

�O�r�s�k�o�v�,� �E�.�R�,� �a�n�d� �I�.� �M�c�D�o�n�a�l�d�.� �1�9�7�9�.� �T�h�e� �e�s�t�i�m�a�t�e� �o�f� 
�p�r�o�t�e�i�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �i�n� �t�h�e� �r�u�m�e�n� �f�r�o�m� �i�n�c�u�b�a�t�i�o�n� 
�m�e�a�s�u�r�e�m�e�n�t�s� �w�e�i�g�h�t�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �r�a�t�e� �o�f� �p�a�s�s�a�g�e�.� �J�.� 
�A�g�r�i�c�.� �S�c�i�.� �(�C�a�m�b�.�)� �9�2�:�4�9�9�.� 

�O�r�s�k�o�v�,� �E�.�R�.� �1�9�8�2�.� �R�u�m�e�n� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�n�d� �t�h�e�i�r� 
�n�u�t�r�i�t�i�o�n�.� �I�n� �P�r�o�t�e�i�n� �N�u�t�r�i�t�i�o�n� �i�n� �R�u�m�i�n�a�n�t�s�.� 
�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �N�Y�.� 
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�8�0� 

�8�1� 

�8�2� 

�8�3� 

�O�r�t�i�g�u�e�s�,� �I�.�,� �J�.�P�.� �F�o�n�t�e�n�o�t�,� �a�n�d� �J�.�G�.� �F�e�r�r�y�.� �1�9�8�8�.� 
�D�i�g�e�s�t�a� �f�l�o�w�s� �i�n� �s�h�e�e�p� �f�e�d� �p�o�o�r�-�q�u�a�l�i�t�y� �h�a�y� �s�u�p�p�l�e�m�e�n�t�s� 
�w�i�t�h� �u�r�e�a� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e�s�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�6�:�9�7�5�.� 

�O�w�e�n�s�,� �F�.�N�,� �a�n�d� �A�.�L�.� �G�o�e�t�s�c�h�.� �1�9�8�6�.� �D�i�g�e�s�t�a� �p�a�s�s�a�g�e� 
�a�n�d� �m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�.� �P�a�g�e� �1�9�6� �i�n� �C�o�n�t�r�o�l� 
�o�f� �d�i�g�e�s�t�i�o�n� �a�n�d� �m�e�t�a�b�o�l�i�s�m� �i�n� �r�u�m�i�n�a�n�t�s�.� �L�.�P�.� 
�M�i�l�l�i�g�a�n�,� �W�.�L�.� �G�r�o�v�u�m�,� �a�n�d� �A�.� �D�o�b�s�o�n�,� �e�d�.� �P�r�e�n�t�i�c�e�-� 
�H�a�l�l�,� �E�n�g�l�e�w�o�o�d� �C�l�i�f�f�s�,� �N�J�.� 

�R�o�b�i�n�s�o�n�,� �P�.�H�.�,� �a�n�d� �J�.�J�.� �K�e�n�n�e�l�l�y�.� �1�9�9�0�.� �E�v�a�l�u�a�t�i�o�n� �o�f� 
�a� �d�u�o�d�e�n�a�l� �c�a�n�n�u�l�a� �f�o�r� �d�a�i�r�y� �c�a�t�t�l�e�.� �J�.� �D�a�i�r�y� �S�c�i�.� 
�7�3�:�3�1�4�6�.� 

�R�o�b�i�n�s�o�n�,� �P�.�H�.�,� �C�.�J�.� �S�n�i�f�f�e�n�,� �a�n�d� �P�.�J�.� �V�a�n� �S�o�e�s�t�.� 
�1�9�8�5�.� �I�n�f�l�u�e�n�c�e� �o�f� �l�e�v�e�l� �o�f� �f�e�e�d� �i�n�t�a�k�e� �o�n� �d�i�g�e�s�t�i�o�n� 
�a�n�d� �b�a�c�t�e�r�i�a�l� �y�i�e�l�d� �i�n� �t�h�e� �f�o�r�e�s�t�o�m�a�c�h� �o�f� �d�a�i�r�y� �c�a�t�t�l�e�.� 
�C�a�n�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�5�:�4�3�7�.� 

�R�o�d�e�,� �L�.�M�,� �a�n�d� �L�.�D�.� �S�a�t�t�e�r�.� �1�9�8�8�.� �E�f�f�e�c�t� �o�f� �a�m�o�u�n�t� 
�a�n�d� �l�e�n�g�t�h� �o�f� �a�l�f�a�l�f�a� �h�a�y� �i�n� �d�i�e�t�s� �c�o�n�t�a�i�n�i�n�g� �b�a�r�l�e�y� �o�r� 
�c�o�r�n� �o�n� �s�i�t�e� �o�f� �d�i�g�e�s�t�i�o�n� �a�n�d� �r�u�m�e�n� �m�i�c�r�o�b�i�a�l� �p�r�o�t�e�i�n� 
�s�y�n�t�h�e�s�i�s� �i�n� �d�a�i�r�y� �c�o�w�s�.� �C�a�n�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�8�:�4�4�5�.� 

�R�o�d�e�,� �L�.�M�.�,� �D�.�C�.� �W�e�a�k�l�e�y�,� �a�n�d� �L�.�D�.� �S�a�t�t�e�r�.� �1�9�8�5�.� 
�E�f�f�e�c�t� �o�f� �f�o�r�a�g�e� �a�m�o�u�n�t� �a�n�d� �p�a�r�t�i�c�l�e� �s�i�z�e� �i�n� �d�i�e�t�s� �o�f� 
�l�a�c�t�a�t�i�n�g� �d�a�i�r�y� �c�o�w�s� �o�n� �s�i�t�e� �o�f� �d�i�g�e�s�t�i�o�n� �a�n�d� �m�i�c�r�o�b�i�a�l� 
�p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�.� �C�a�n�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�5�:�1�0�1�.� 

�R�o�f�f�l�e�r�,� �R�.�E�.�,� �J�.�E�.� �W�r�a�y�,� �a�n�d� �L�.�D�.� �S�a�t�t�e�r�.� �1�9�8�6�.� 
�P�r�o�d�u�c�t�i�o�n� �r�e�s�p�o�n�s�e�s� �i�n� �e�a�r�l�y� �l�a�c�t�a�t�i�o�n� �t�o� �a�d�d�i�t�i�o�n�s� �o�f� 
�s�o�y�b�e�a�n� �m�e�a�l� �t�o� �d�i�e�t�s� �c�o�n�t�a�i�n�i�n�g� �p�r�e�d�o�m�i�n�a�n�t�l�y� �c�o�r�n� 
�S�i�l�a�g�e�.� �J�.� �d�a�i�r�y� �S�c�i�.� �6�9�:�1�0�5�5�.� 

�R�o�f�f�l�e�r�,� �R�.�E�.�,� �a�n�d� �D�.�L�.� �T�h�a�c�k�e�r�.� �1�9�8�3�.� �I�n�f�l�u�e�n�c�e� �o�f� 
�r�e�d�u�c�i�n�g� �d�i�e�t�a�r�y� �c�r�u�d�e� �p�r�o�t�e�i�n� �f�r�o�m� �1�7� �t�o� �1�3�.�5�%� �o�n� 
�e�a�r�l�y� �l�a�c�t�a�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�6�:�5�1�.� 

�R�o�f�f�l�e�r�,� �R�.�E�.�,� �a�n�d� �D�.�L�.� �T�h�a�c�k�e�r�.� �1�9�8�3�.� �E�a�r�l�y� 
�l�a�c�t�a�t�i�o�n� �r�e�s�p�o�n�s�e� �t�o� �s�u�p�p�l�e�m�e�n�t�a�l� �p�r�o�t�e�i�n� �b�y� �d�a�i�r�y� 
�c�o�w�s� �f�e�d� �g�r�a�s�s�-�l�e�g�u�m�e� �f�o�r�a�g�e�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�6�:�2�1�0�0�.� 

�R�o�h�r�,� �K�.�,� �M�.� �B�r�a�n�d�t�,� �P�.� �L�e�b�z�i�e�n� �a�n�d� �H�.� �S�c�h�a�f�f�t�.� �1�9�8�4�.� 
�C�a�n�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�4�(�S�u�p�p�l�.�)�:�6�6� �(�A�b�s�t�r�.�)�.� 

�R�u�s�s�e�l�l�,� �J�.�B�.�,� �a�n�d� �C�.�J�.� �S�n�i�f�f�e�n�.� �1�9�8�4�.� �E�f�f�e�c�t� �o�f� 
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�I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m�,� �c�e�r�i�u�m�,� �a�n�d� �c�o�b�a�l�t� �a�s� 
�m�a�r�k�e�r�s� �i�n� �d�i�g�e�s�t�a�.� �I�.� �R�a�t�e� �o�f� �p�a�s�s�a�g�e� �s�t�u�d�i�e�s�.� �J�.� 
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�M�e�t�h�o�d�s� �f�o�r� �d�i�e�t�a�r�y� �f�i�b�e�r�,� �n�e�u�t�r�a�l� �d�e�t�e�r�g�e�n�t� �f�i�b�e�r�,� �a�n�d� 
�n�o�n�s�t�a�r�c�h� �p�o�l�y�s�a�c�c�h�a�r�i�d�e�s� �i�n� �r�e�l�a�t�i�o�n� �t�o� �a�n�i�m�a�l� 
�n�u�t�r�i�t�i�o�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� �7�4�:�3�5�8�3�.� 
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�p�r�o�t�e�i�n� �s�y�s�t�e�m� �f�o�r� �c�a�t�t�l�e�:� �t�h�e� �r�u�m�e�n� �s�u�b�m�o�d�e�l� �f�o�r� 
�n�i�t�r�o�g�e�n�.� �P�a�g�e� �2�6�5� �i�n� �P�r�o�t�e�i�n� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �c�a�t�t�l�e�:� 
�s�y�m�p�o�s�i�u�m�,� �O�k�l�a�h�o�m�a� �S�t�a�t�e� �U�n�i�v�.� �M�P�-�1�0�9�,� �S�t�i�l�l�w�a�t�e�r�.� 

�V�a�n� �S�o�e�s�t�,� �P�.�J�.� �1�9�8�2�.� �N�u�t�r�i�t�i�o�n�a�l� �e�c�o�l�o�g�y� �o�f� �t�h�e� 
�r�u�m�i�n�a�n�t�.� �O�&�M� �B�o�o�k�s�,� �I�n�c�.�,� �C�o�r�v�a�l�l�i�s�,� �O�R�.� 

�V�a�r�g�a�,� �G�.�A�.�,� �W�.�H�.� �H�o�o�v�e�r�,� �L�.�L�.� �J�e�n�k�i�n�s�,� �a�n�d� �B�.�J�.� 
�S�h�r�i�v�e�r�.� �1�9�8�8�.� �E�f�f�e�c�t�s� �o�f� �u�r�e�a� �a�n�d� �i�s�o�a�c�i�d�s� �o�n� �i�n� 
�v�i�t�r�o� �f�e�r�m�e�n�t�a�t�i�o�n� �o�f� �d�i�e�t�s� �c�o�n�t�a�i�n�i�n�g� �f�o�r�m�a�l�d�e�h�y�d�e�-� 
�t�r�e�a�t�e�d� �o�r� �u�n�t�r�e�a�t�e�d� �s�o�y�b�e�a�n� �m�e�a�l�.� �J�.� �D�a�i�r�y� �S�c�i�.� 
�7�1�:�7�3�7�.� 

�W�a�l�d�o�,� �D�.�R�.�,� �L�.�W�.� �S�m�i�t�h�,� �a�n�d� �E�.�L�.� �C�o�x�.� �1�9�7�2�.� �M�o�d�e�l� �o�f� 
�c�e�l�l�u�l�o�s�e� �d�i�s�a�p�p�e�a�r�a�n�c�e� �f�r�o�m� �t�h�e� �r�u�m�e�n�.� �J�.� �D�a�i�r�y� �S�c�i�.� 
�§�5�5�:�1�2�5�.� 

�W�a�l�d�o�,� �D�.� �1�9�7�3�.� �E�x�t�e�n�t� �a�n�d� �p�a�r�t�i�t�i�o�n� �o�f� �c�e�r�e�a�l� �g�r�a�i�n� 
�s�t�a�r�c�h� �d�i�g�e�s�t�i�o�n� �i�n� �r�u�m�i�n�a�n�t�s�.� �J�.� �A�n�i�m�.� �S�c�i�.� �3�7�:�1�0�6�2�.� 

�W�a�l�t�z�,� �D�.�M�.�,� �M�.�D�.� �S�t�e�r�n�,� �a�n�d� �D�.�J�.� �I�l�l�g�.� �1�9�8�9�.� �E�f�f�e�c�t� 
�o�f� �r�u�m�i�n�a�l� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �b�l�o�o�d� �m�e�a�l� �a�n�d� 
�f�e�a�t�h�e�r� �m�e�a�l� �o�n� �t�h�e� �i�n�t�e�s�t�i�n�a�l� �a�m�i�n�o� �a�c�i�d� �s�u�p�p�l�y� �t�o� 
�l�a�c�t�a�t�i�n�g� �c�o�w�s�.� �J�.� �D�a�i�r�y� �S�c�i�.� �7�2�:�1�5�0�9�.� 

�W�o�o�d�f�o�r�d�,� �S�.�T�.�,� �M�.�R�.� �M�u�r�p�h�y�,� �C�.�L�.� �D�a�v�i�s�,� �a�n�d� �K�.�R�.� 
�H�o�l�m�e�s�.� �1�9�8�4�.� �R�u�m�i�n�a�l� �b�y�p�a�s�s� �o�f� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �i�n� 
�l�a�c�t�a�t�i�n�g� �c�o�w�s�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�7�:�2�4�7�1�.� 

�Z�i�n�n�,� �R�.�A�.�,� �a�n�d� �F�.�N�.� �O�w�e�n�s�.� �1�9�8�2�.� �R�a�p�i�d� �p�r�o�c�e�d�u�r�e� �f�o�r� 
�q�u�a�n�t�i�f�y�i�n�g� �n�u�c�l�e�i�c� �a�c�i�d� �c�o�n�t�e�n�t� �o�f� �d�i�g�e�s�t�a�.� �P�a�g�e� �2�6� �i�n� 
�F�.�N�.� �O�w�e�n�s�,� �e�d�.� �P�r�o�t�e�i�n� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �c�a�t�t�l�e�.� �P�r�o�c�.� 
�o�f� �I�n�t�.� �S�y�m�p�.� �a�t� �O�k�l�a�h�o�m�a� �S�t�a�t�e� �U�n�i�v�.�,� �S�t�i�l�l�w�a�t�e�r�.� 

�Z�i�n�n�,� �R�.�A�.�,� �L�.�S�.� �B�u�l�l�,� �a�n�d� �R�.�W�.� �H�e�m�k�e�n�.� �1�9�8�1�.� 
�D�e�g�r�a�d�a�t�i�o�n� �o�f� �s�u�p�p�l�e�m�e�n�t�a�l� �p�r�o�t�e�i�n�s� �i�n� �t�h�e� �r�u�m�e�n�.� �J�.� 
�A�n�i�m�.� �S�c�i�.� �5�2�:�8�5�7�.� 
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�C�h�a�p�t�e�r� �2� 

�I�N�F�L�U�E�N�C�E� �O�F� �R�U�M�E�N� �A�V�A�I�L�A�B�L�E� �C�A�R�B�O�H�Y�D�R�A�T�E� �A�N�D� 
�R�U�M�E�N� �U�N�D�E�G�R�A�D�A�B�L�E� �P�R�O�T�E�I�N� �O�N� �G�R�O�W�T�H� �A�N�D� �M�I�L�K� �P�R�O�D�U�C�T�I�O�N� 

�O�F� �P�R�I�M�I�P�A�R�O�U�S� �H�O�L�S�T�E�I�N� �C�A�T�T�L�E� 

�(�A�B�S�T�R�A�C�T�)� 

�A� �c�e�n�t�r�a�l� �c�o�m�p�o�s�i�t�e�,� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� 

�w�a�s� �u�t�i�l�i�z�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �v�a�r�y�i�n�g� �d�i�e�t�a�r�y� 

�r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �(�R�A�C�)� �a�n�d� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� 

�p�r�o�t�e�i�n� �(�R�A�P�)� �o�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �g�r�o�w�t�h� �i�n� �5�4� 

�p�r�i�m�i�p�a�r�o�u�s� �H�o�l�s�t�e�i�n� �c�a�t�t�l�e� �f�r�o�m� �w�k� �4� �t�h�r�o�u�g�h� �1�5� �o�f� 

�l�a�c�t�a�t�i�o�n�.� �N�i�n�e� �i�s�o�n�i�t�r�o�g�e�n�o�u�s� �d�i�e�t�s� �c�o�n�t�a�i�n�e�d� �(�%� �o�f� �D�M�)� �3�1� 

�%� �a�l�f�a�l�f�a� �s�i�l�a�g�e�,� �1�7� �%� �c�o�r�n� �s�i�l�a�g�e�,� �a�n�d� �5�2� �%� �c�o�n�c�e�n�t�r�a�t�e�.� 

�R�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �v�a�r�i�e�d� �f�r�o�m� �6�7� �t�o� �7�3� �%� �o�f� �D�M� �b�y� 

�r�e�p�l�a�c�i�n�g� �c�r�a�c�k�e�d� �c�o�r�n� �w�i�t�h� �g�r�o�u�n�d� �b�a�r�l�e�y�.� �R�u�m�e�n� �a�v�a�i�l�a�b�l�e� 

�p�r�o�t�e�i�n� �v�a�r�i�e�d� �f�r�o�m� �7�3� �t�o� �5�9� �%� �o�f� �C�P� �a�s� �b�l�o�o�d� �m�e�a�l� �r�e�p�l�a�c�e�d� 

�s�o�y�b�e�a�n� �m�e�a�l� �i�n� �t�h�e� �t�o�t�a�l� �m�i�x�e�d� �d�i�e�t�s�.� �T�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� 

�w�a�s� �s�a�d�d�l�e�-�s�h�a�p�e�d� �f�o�r� �a�l�l� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �v�a�r�i�a�b�l�e�s�,� �t�h�u�s� 

�m�a�x�i�m�u�m� �r�e�s�p�o�n�s�e�s� �w�e�r�e� �p�r�e�d�i�c�t�e�d� �f�r�o�m� �r�i�d�g�e� �a�n�a�l�y�s�i�s�.� 

�D�e�c�r�e�a�s�e�s� �i�n� �R�A�P� �c�a�u�s�e�d� �t�h�e� �g�r�e�a�t�e�s�t� �i�n�f�l�u�e�n�c�e� �o�n� �e�a�c�h� 

�r�e�s�p�o�n�s�e�.� �P�r�e�d�i�c�t�i�o�n�s� �f�o�r� �m�a�x�i�m�u�m� �m�i�l�k� �a�n�d� �f�a�t�-�c�o�r�r�e�c�t�e�d� 

�m�i�l�k� �y�i�e�l�d� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �l�e�v�e�l�s� �o�f� �R�A�P� �b�e�l�o�w� �5�9� �%� �o�f� �C�P� 

�(�b�l�o�o�d� �m�e�a�l�)� �a�n�d� �R�A�C� �b�e�l�o�w� �6�9� �%� �o�f� �D�M� �(�g�r�o�u�n�d� �b�a�r�l�e�y�)� �w�e�r�e� 

�n�e�e�d�e�d� �i�n� �d�i�e�t�s� �o�f� �a�n� �a�l�f�a�l�f�a�-�c�o�r�n� �s�i�l�a�g�e� �b�a�s�e�.� �M�i�l�k� 

�c�o�m�p�o�s�i�t�i�o�n�,� �c�o�m�p�o�n�e�n�t� �y�i�e�l�d�s�,� �a�n�d� �g�r�o�w�t�h� �w�e�r�e� �l�e�s�s� 

�r�e�s�p�o�n�s�i�v�e� �t�o� �c�h�a�n�g�e�s� �i�n� �R�A�C� �a�n�d� �R�A�P� �w�i�t�h�i�n� �t�h�e� �n�a�r�r�o�w� �r�a�n�g�e� 

�o�f� �R�A�C� �a�n�d� �R�A�P� �i�n�t�a�k�e� �p�r�o�v�i�d�e�d� �b�y� �o�u�r� �d�e�s�i�g�n�.� 
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�I�n�t�r�o�d�u�c�t�i�o�n� 

�T�r�a�d�i�t�i�o�n�a�l� �m�e�t�h�o�d�s� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �c�a�r�b�o�h�y�d�r�a�t�e� �o�r� 

�p�r�o�t�e�i�n� �r�e�q�u�i�r�e�m�e�n�t�s� �h�a�v�e� �i�n�c�l�u�d�e�d� �f�a�c�t�o�r�i�a�l� �d�i�e�t�a�r�y� 

�a�r�r�a�n�g�e�m�e�n�t�s�,� �r�a�t�h�e�r� �t�h�a�n� �a�n� �i�n�t�e�g�r�a�t�e�d� �s�c�h�e�m�e� �o�f� �d�i�e�t�a�r�y� 

�f�a�c�t�o�r�s�.� �B�e�c�a�u�s�e� �t�h�e� �r�u�m�e�n� �i�s� �t�h�e� �p�r�i�m�a�r�y� �s�i�t�e� �o�f� 

�c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �p�r�o�t�e�i�n� �d�i�g�e�s�t�i�o�n� �i�n� �d�a�i�r�y� �c�a�t�t�l�e�,� �t�h�e� 

�a�c�t�i�o�n� �a�n�d� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e�s�e� �t�w�o� �n�u�t�r�i�e�n�t�s� �i�n� �t�h�e� �r�u�m�e�n� 

�n�e�e�d� �t�o� �b�e� �e�v�a�l�u�a�t�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�.� 

�E�a�r�l�y� �w�o�r�k� �h�a�s� �f�o�c�u�s�e�d� �o�n� �t�h�e�s�e� �c�o�m�p�o�n�e�n�t�s� �a�s� 

�i�n�d�i�v�i�d�u�a�l� �n�u�t�r�i�e�n�t�s�,� �y�e�t� �l�i�t�t�l�e� �r�e�s�e�a�r�c�h� �h�a�s� �a�t�t�e�m�p�t�e�d� �t�o� 

�d�e�s�c�r�i�b�e� �t�h�e�i�r� �i�n�t�e�r�a�c�t�i�o�n�.� �I�f� �t�h�e�r�e� �i�s� �a� �d�e�f�i�c�i�e�n�c�y� �o�f� 

�a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �t�o� �m�a�t�c�h� �a�v�a�i�l�a�b�l�e� �p�r�o�t�e�i�n�,� �e�x�c�e�s�s� �N� 

�w�i�l�l� �b�e� �a�b�s�o�r�b�e�d� �a�c�r�o�s�s� �t�h�e� �r�u�m�e�n� �w�a�l�l�,� �a�s�s�i�m�i�l�a�t�e�d� �i�n�t�o� 

�u�r�e�a�,� �a�n�d� �e�x�c�r�e�t�e�d� �i�n� �t�h�e� �u�r�i�n�e�.� �I�f� �t�h�e�r�e� �i�s� �a� �d�e�f�i�c�i�e�n�c�y� 

�o�f� �a�v�a�i�l�a�b�l�e� �p�r�o�t�e�i�n� �t�o� �m�a�t�c�h� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�,� �t�h�e� 

�d�i�g�e�s�t�i�b�i�l�i�t�y� �o�f� �c�a�r�b�o�h�y�d�r�a�t�e� �m�a�y� �d�e�c�r�e�a�s�e�.� �I�n� �o�r�d�e�r� �t�o� 

�s�t�u�d�y� �a� �r�a�n�g�e� �o�f� �p�r�o�t�e�i�n� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e� �c�o�m�b�i�n�a�t�i�o�n�s� �o�n� 

�r�u�m�i�n�a�l� �f�u�n�c�t�i�o�n� �a�n�d� �a�n�i�m�a�l� �p�r�o�d�u�c�t�i�v�i�t�y�,� �a� �r�e�s�p�o�n�s�e� 

�s�u�r�f�a�c�e�,� �c�e�n�t�r�a�l� �c�o�m�p�o�s�i�t�e� �d�e�s�i�g�n� �i�s� �u�s�e�f�u�l�.� �T�h�i�s� �d�e�s�i�g�n� 

�w�o�u�l�d� �a�l�l�o�w� �f�o�r� �r�e�s�p�o�n�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �c�h�a�n�g�e�s� 

�i�n� �s�e�v�e�r�a�l� �f�a�c�t�o�r�s� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�.� �R�e�s�u�l�t�i�n�g� �m�a�x�i�m�a� �a�n�d� 

�m�i�n�i�m�a� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d�.� 

�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �b�o�t�h� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� 

�a�n�d� �p�r�o�t�e�i�n� �i�s� �d�i�f�f�i�c�u�l�t�.� �R�e�c�e�n�t�l�y�,� �a�t�t�e�m�p�t�s� �a�t� �d�e�f�i�n�i�n�g� 
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�t�h�e� �c�a�r�b�o�h�y�d�r�a�t�e� �f�r�a�c�t�i�o�n� �h�a�v�e� �b�e�e�n� �m�a�d�e� �(�4�,�1�5�,�2�7�)� 

�p�a�r�t�i�c�u�l�a�r�l�y� �t�h�e� �n�o�n�s�t�r�u�c�t�u�r�a�l� �a�n�d� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�.� 

�T�h�i�s� �e�n�t�i�t�y� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �m�o�s�t� �c�o�m�m�o�n�l�y� �a�s� �N�S�C� 

�(�n�o�n�s�t�r�u�c�t�u�r�a�l� �c�a�r�b�o�h�y�d�r�a�t�e�,� �d�e�t�e�r�m�i�n�e�d� �e�n�z�y�m�a�t�i�c�a�l�l�y� �o�r� 

�c�a�l�c�u�l�a�t�e�d� �b�y� �d�i�f�f�e�r�e�n�c�e�)�,� �T�N�C� �(�t�o�t�a�l� �n�o�n�s�t�r�u�c�t�u�r�a�l� 

�c�a�r�b�o�h�y�d�r�a�t�e�,� �e�n�z�y�m�a�t�i�c� �p�r�o�c�e�d�u�r�e�)�,� �o�r� �N�F�C� �(�n�o�n�-�f�i�b�e�r� 

�c�a�r�b�o�h�y�d�r�a�t�e�,� �c�a�l�c�u�l�a�t�e�d� �b�y� �d�i�f�f�e�r�e�n�c�e�)�.� 

�O�n�e� �o�f� �t�h�e� �l�i�m�i�t�a�t�i�o�n�s� �o�f� �t�h�e�s�e� �f�r�a�c�t�i�o�n�s� �i�s� �t�h�a�t� �t�h�e�y� 

�d�o� �n�o�t� �c�o�n�s�i�d�e�r� �t�h�e� �d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�a�l� 

�c�a�r�b�o�h�y�d�r�a�t�e�s�.� �A� �p�r�o�p�o�s�e�d� �s�y�s�t�e�m� �t�o� �i�n�c�l�u�d�e� �b�o�t�h� �s�t�r�u�c�t�u�r�a�l� 

�a�n�d� �n�o�n�s�t�r�u�c�t�u�r�a�l� �c�a�r�b�o�h�y�d�r�a�t�e� �a�v�a�i�l�a�b�i�l�i�t�y� �w�a�s� �s�u�g�g�e�s�t�e�d� �b�y� 

�N�o�c�e�k� �a�n�d� �R�u�s�s�e�l�l� �(�2�7�)�.� �I�n� �t�h�e�i�r� �s�y�s�t�e�m�,� �s�t�r�u�c�t�u�r�a�l� 

�c�a�r�b�o�h�y�d�r�a�t�e�s� �a�r�e� �d�e�f�i�n�e�d� �a�s� �N�D�F�;� �n�o�n�s�t�r�u�c�t�u�r�a�l� 

�c�a�r�b�o�h�y�d�r�a�t�e�s� �a�s� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �t�h�a�t� �a�r�e� �n�o�t� �m�e�a�s�u�r�e�d� �a�s� �C�P�,� 

�N�D�F�,� �a�n�d� �E�E�;� �a�n�d� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �t�h�e� �N�D�F� �f�r�a�c�t�i�o�n� �d�e�t�e�r�m�i�n�e�d� 

�i�n� �s�i�t�u�.� 

�R�u�m�i�n�a�l� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �p�r�o�t�e�i�n� �(�R�A�P�)�,� �w�h�e�t�h�e�r� �s�o�l�u�b�l�e� 

�N� �o�r� �d�e�g�r�a�d�a�b�l�e� �N�,� �h�a�s� �b�e�e�n� �m�o�r�e� �e�x�t�e�n�s�i�v�e�l�y� �r�e�v�i�e�w�e�d� �t�h�a�n� 

�c�a�r�b�o�h�y�d�r�a�t�e� �a�v�a�i�l�a�b�i�l�i�t�y� �(�3�4�,�3�8�)�.� �T�h�e� �d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� 

�p�r�o�t�e�i�n� �i�s� �c�o�m�m�o�n�l�y� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �r�u�m�i�n�a�l� �i�n� �s�i�t�u� 

�i�n�c�u�b�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�e�t�h�o�d�o�l�o�g�y� �f�o�r� 

�d�e�t�e�r�m�i�n�a�t�i�o�n�s� �o�f� �p�r�o�t�e�i�n� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �s�t�i�l�l� �e�x�i�s�t� 

�(�2�5�,� �2�6�)�.� �I�n� �v�i�t�r�o� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �d�e�v�e�l�o�p�e�d� 

�(�1�2�)�.� �T�h�e� �u�n�d�e�g�r�a�d�a�b�l�e� �p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�s� 

�1�0�0�-�R�A�P�.� �I�t� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �a�s� �U�I�P� �(�u�n�d�e�g�r�a�d�e�d� �i�n�t�a�k�e� 
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�p�r�o�t�e�i�n�)�,� �R�U�P� �(�r�u�m�e�n� �u�n�d�e�g�r�a�d�e�d� �p�r�o�t�e�i�n�)�,� �B�Y�P�A�S�S� �(�p�r�o�t�e�i�n� 

�t�h�a�t� �b�y�p�a�s�s�e�s� �t�h�e� �r�u�m�e�n� �u�n�d�e�g�r�a�d�e�d�)�,� �a�n�d� �E�S�C�A�P�E� �(�f�e�e�d� 

�p�r�o�t�e�i�n� �t�h�a�t� �e�s�c�a�p�e�s� �r�u�m�i�n�a�l� �d�e�g�r�a�d�a�t�i�o�n�)�.� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �f�i�n�d� �t�h�e� �o�p�t�i�m�u�m� 

�c�o�m�b�i�n�a�t�i�o�n� �o�f� �b�o�t�h� �r�u�m�i�n�a�l� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �(�R�A�C�)� �a�n�d� 

�p�r�o�t�e�i�n� �(�R�A�P�)� �i�n� �d�i�e�t�s� �o�f� �p�r�i�m�i�p�a�r�o�u�s� �h�e�i�f�e�r�s� �f�o�r� �m�a�x�i�m�u�m� 

�m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �g�r�o�w�t�h�.� �A� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �d�e�s�i�g�n� �w�a�s� 

�u�s�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �r�e�s�p�o�n�s�e�s� �t�o� �s�i�m�u�l�t�a�n�e�o�u�s� �c�h�a�n�g�e�s� �o�f� 

�R�A�C� �a�n�d� �R�A�P�.� 
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�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�E�x�p�e�r�i�m�e�n�t�a�l� �P�l�a�n� 

�F�i�f�t�y�-�f�o�u�r�,� �f�i�r�s�t�-�l�a�c�t�a�t�i�o�n� �H�o�l�s�t�e�i�n� �c�o�w�s� �w�e�r�e� �a�s�s�i�g�n�e�d� 

�t�o� �n�i�n�e� �d�i�e�t�s� �(�6� �c�o�w�s�/�d�i�e�t�)� �i�n� �a� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e�,� �c�e�n�t�r�a�l� 

�c�o�m�p�o�s�i�t�e� �d�e�s�i�g�n� �(�F�i�g�u�r�e� �1�)�.� �D�i�e�t�s� �(�T�a�b�l�e� �1�)� �v�a�r�i�e�d� �i�n� 

�r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �(�R�A�C�)� �a�s� �a� �p�e�r�c�e�n�t� �o�f� 

�c�a�r�b�o�h�y�d�r�a�t�e� �f�r�o�m� �6�7�.�7� �t�o� �7�2�.�3� �p�e�r�c�e�n�t�,� �a�n�d� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� 

�p�r�o�t�e�i�n� �(�R�A�P�)� �a�s� �a� �p�e�r�c�e�n�t� �o�f� �c�r�u�d�e� �p�r�o�t�e�i�n� �f�r�o�m� �5�8�.�6� �t�o� 

�7�3�.�0�.� �R�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�c�c�o�r�d�i�n�g� 

�t�o� �N�o�c�e�k� �a�n�d� �R�u�s�s�e�l�l� �(�2�7�)� �a�s� �f�o�l�l�o�w�s�:� 

�[�-�9�(�(�N�D�S� �-� �(�C�P� �+� �E�E�)�)� �+� �(�N�D�F� �x� �N�D�F� �a�v�a�i�l�a�b�i�l�i�t�y�)� �]� 
�R�A�C� �=� � � 

�[�N�D�S� �-� �(�C�P� �+� �E�E�)�)� �+� �N�D�F�]� 

�w�h�e�r�e� �N�D�S� �=� �(�1�0�0� �~�-� �N�D�F�)�.� �N�e�u�t�r�a�l� �d�e�t�e�r�g�e�n�t� �f�i�b�e�r� 

�a�v�a�i�l�a�b�i�l�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �i�n� �s�i�t�u� �r�u�m�i�n�a�l� �i�n�c�u�b�a�t�i�o�n�s�.� 

�R�e�s�i�d�u�e�s� �w�e�r�e� �c�o�r�r�e�c�t�e�d� �f�o�r� �m�i�c�r�o�b�i�a�l� �n�i�t�r�o�g�e�n� �c�o�n�t�a�m�i�n�a�t�i�o�n� 

�b�e�f�o�r�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �c�r�u�d�e� �p�r�o�t�e�i�n� �a�v�a�i�l�a�b�i�l�i�t�y�.� 

�V�a�r�i�a�t�i�o�n�s� �i�n� �R�A�C� �(�T�a�b�l�e� �2�)� �w�e�r�e� �m�a�d�e� �b�y� �s�u�b�s�t�i�t�u�t�i�n�g� 

�c�r�a�c�k�e�d� �c�o�r�n� �(�C�C�)� �w�i�t�h� �g�r�o�u�n�d� �b�a�r�l�e�y� �(�G�B�)� �a�t� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �i�n�c�r�e�m�e�n�t�s�:� �1�0�0�%� �C�C�;� �7�5�%� �C�C�,� �2�5�%� �G�B�;� �5�0�%� �C�C�,� �5�0�%� 

�G�B�;� �2�5�%� �C�C�,� �7�5�%� �G�B�;� �1�0�0�%� �G�B�.� �D�i�e�t�a�r�y� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� 

�p�r�o�t�e�i�n� �w�a�s� �d�e�c�r�e�a�s�e�d� �b�y� �r�e�p�l�a�c�i�n�g� �s�o�y�b�e�a�n� �m�e�a�l� �(�S�B�M�)� �(�f�a�s�t� 

�p�r�o�t�e�i�n� �a�v�a�i�l�a�b�i�l�i�t�y�)� �w�i�t�h� �b�l�o�o�d� �m�e�a�l� �(�B�M�)� �(�s�l�o�w� �p�r�o�t�e�i�n� 

�a�v�a�i�l�a�b�i�l�i�t�y�)� �s�o� �t�h�a�t� �d�i�e�t�a�r�y� �C�P� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�8�%�.� 
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�F�i�g�u�r�e� �1�.� �A�r�r�a�n�g�e�m�e�n�t� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �d�i�e�t�s� �v�a�r�y�i�n�g� �i�n� 
�r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �p�r�o�t�e�i�n� �(�R�A�P�)� �a�n�d� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� 
�c�a�r�b�o�h�y�d�r�a�t�e� �(�R�A�C�)� �i�n� �a� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �d�e�s�i�g�n�.� �B�=�g�r�o�u�n�d� 
�b�a�r�l�e�y�,� �C�=�c�r�a�c�k�e�d� �c�o�r�n�,� �B�M�=�b�l�o�o�d� �m�e�a�l�,� �S�B�M� �=� �s�o�y�b�e�a�n� �m�e�a�l�,� 
�N�P�N� �=� �u�r�e�a� 
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�I�n� �t�h�e� �d�i�e�t� �f�o�r�m�u�l�a�t�e�d� �f�o�r� �t�h�e� �h�i�g�h�e�s�t� �R�A�P�,� �s�u�p�p�l�e�m�e�n�t�a�l� 

�p�r�o�t�e�i�n� �i�n�c�l�u�d�e�d� �N�P�N� �(�u�r�e�a�)� �a�n�d� �S�B�M�.� �T�h�e� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� 

�p�r�o�t�e�i�n� �s�o�u�r�c�e�s� �w�e�r�e� �c�h�o�s�e�n� �i�n�i�t�i�a�l�l�y� �b�a�s�e�d� �o�n� �i�n� �s�i�t�u� 

�i�n�c�u�b�a�t�i�o�n�s� �s�h�o�w�i�n�g� �l�a�r�g�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �r�a�t�e�s� �o�f� �D�M� �a�n�d� �C�P� 

�d�i�s�a�p�p�e�a�r�a�n�c�e�.� 

�T�h�e� �f�o�r�a�g�e� �t�o� �c�o�n�c�e�n�t�r�a�t�e� �r�a�t�i�o� �w�a�s� �4�7�:�5�3� �w�i�t�h� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �6�5�%� �o�f� �t�h�e� �f�o�r�a�g�e� �a�s� �a�l�f�a�l�f�a� �s�i�l�a�g�e� �(�A�S�)� �a�n�d� 

�3�5�%� �a�s� �c�o�r�n� �s�i�l�a�g�e� �(�C�S�)� �o�n� �a� �d�r�y� �m�a�t�t�e�r� �b�a�s�i�s�.� �O�n�l�y� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�e� �s�o�u�r�c�e�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �d�i�e�t�s�.� �D�i�e�t�s� �w�e�r�e� 

�f�o�r�m�u�l�a�t�e�d� �t�o� �m�e�e�t� �o�r� �e�x�c�e�e�d� �N�R�C� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �(�2�4�)� �f�o�r� 

�f�i�r�s�t�-�l�a�c�t�a�t�i�o�n� �a�n�i�m�a�l�s� �a�v�e�r�a�g�i�n�g� �5�0�0� �k�g� �B�W� �a�n�d� �p�r�o�d�u�c�i�n�g� �3�2� 

�k�g� �m�i�l�k� �c�o�n�t�a�i�n�i�n�g� �3�.�6�%� �f�a�t�.� 

�A�n�i�m�a�l� �M�a�n�a�g�e�m�e�n�t� 

�A�n�i�m�a�l�s� �w�e�r�e� �f�e�d� �a�n� �a�d�j�u�s�t�m�e�n�t� �d�i�e�t� �s�i�m�i�l�a�r� �t�o� �d�i�e�t� �1� 

�(�T�a�b�l�e� �1�)� �f�r�o�m� �c�a�l�v�i�n�g� �t�h�r�o�u�g�h� �d� �2�1� �o�f� �l�a�c�t�a�t�i�o�n�.� �T�h�e� �s�t�u�d�y� 

�b�e�g�a�n� �S�e�p�t�e�m�b�e�r� �2�5� �a�n�d� �e�n�d�e�d� �A�p�r�i�l� �2�8�,� �y�e�t� �m�o�r�e� �t�h�a�n� �s�e�v�e�n�t�y� 

�p�e�r�c�e�n�t� �o�f� �a�n�i�m�a�l�s� �r�e�c�e�i�v�e�d� �e�x�p�e�r�i�m�e�n�t�a�l� �d�i�e�t�s� �f�r�o�m� �O�c�t�o�b�e�r� 

�t�h�r�o�u�g�h� �J�a�n�u�a�r�y�.� �B�e�c�a�u�s�e� �o�f� �l�i�m�i�t�e�d� �f�a�c�i�l�i�t�i�e�s�,� �a�n�i�m�a�l�s� 

�w�e�r�e� �h�o�u�s�e�d� �i�n� �t�w�o� �l�o�c�a�t�i�o�n�s� �a�t� �t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �D�a�i�r�y� 

�C�e�n�t�e�r�.� �A�n�i�m�a�l�s� �w�e�r�e� �b�l�o�c�k�e�d� �a�c�r�o�s�s� �t�r�e�a�t�m�e�n�t�s� �w�i�t�h�i�n� 

�l�o�c�a�t�i�o�n�s�.� �T�h�e� �f�i�r�s�t� �e�i�g�h�t�e�e�n� �a�n�i�m�a�l�s� �t�o� �c�a�l�v�e� �(�t�w�o� �p�e�r� 

�d�i�e�t�)� �w�e�r�e� �h�o�u�s�e�d� �i�n� �a� �f�r�e�e� �s�t�a�l�l� �a�r�e�a� �a�n�d� �w�e�r�e� �i�n�d�i�v�i�d�u�a�l�l�y� 

�f�e�d� �v�i�a� �C�a�l�a�n� �d�o�o�r�s� �(�A�m�e�r�i�c�a�n� �C�a�l�a�n�,� �I�n�c�.�,� �N�o�r�t�h�w�o�o�d�,� �N�H�)�.� 

�A�s� �t�h�e�y� �c�a�l�v�e�d�,� �t�h�e� �n�e�x�t� �g�r�o�u�p� �o�f� �e�i�g�h�t�e�e�n� �a�n�i�m�a�l�s� �(�t�w�o� �p�e�r� 
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�d�i�e�t�)� �w�e�r�e� �h�o�u�s�e�d� �i�n� �a� �t�i�e� �s�t�a�l�l� �b�a�r�n� �w�i�t�h� �i�n�d�i�v�i�d�u�a�l� 

�m�a�n�g�e�r�s�.� �T�h�e� �l�a�s�t� �g�r�o�u�p� �o�f� �e�i�g�h�t�e�e�n� �a�n�i�m�a�l�s� �(�t�w�o� �p�e�r� �d�i�e�t�)� 

�w�e�r�e� �h�o�u�s�e�d� �i�n� �t�h�e� �f�r�e�e� �s�t�a�l�l� �a�r�e�a� �w�i�t�h� �a�c�c�e�s�s� �t�o� �C�a�l�a�n� 

�d�o�o�r�s�.� 

�A�n�i�m�a�l�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �t�h�r�e�e� �g�e�n�e�t�i�c� 

�p�o�p�u�l�a�t�i�o�n�s� �o�f� �t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �h�e�r�d� �(�C�o�n�t�r�o�l�,� �S�e�l�e�c�t�i�o�n�,� 

�C�o�l�l�e�g�e�)�.� �T�w�o� �a�n�i�m�a�l�s� �f�r�o�m� �e�a�c�h� �h�e�r�d� �w�e�r�e� �a�s�s�i�g�n�e�d� �t�o� �e�a�c�h� 

�o�f� �t�h�e� �n�i�n�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�i�e�t�s�.� �T�h�e� �C�o�n�t�r�o�l� �g�e�n�e�t�i�c� �h�e�r�d� 

�w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �i�n� �1�9�6�8� �a�n�d� �h�a�s� �b�e�e�n� �m�a�i�n�t�a�i�n�e�d� �a�s� �a� �h�e�r�d� 

�w�i�t�h� �z�e�r�o� �g�e�n�e�t�i�c� �i�m�p�r�o�v�e�m�e�n�t�.� �T�h�e� �s�i�r�e�s� �f�o�r� �t�h�e� �S�e�l�e�c�t�i�o�n� 

�a�n�d� �C�o�l�l�e�g�e� �h�e�r�d�s� �a�r�e� �s�e�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �t�o�p� �t�e�n� �p�e�r�c�e�n�t� �o�f� 

�U�.�S�.�D�.�A�.� �p�r�o�v�e�n� �s�i�r�e�s� �f�o�r� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �t�y�p�e� �i�m�p�r�o�v�e�m�e�n�t�.� 

�S�i�n�c�e� �t�h�e� �a�n�i�m�a�l�s� �o�n� �t�h�i�s� �s�t�u�d�y� �h�a�d� �n�o� �p�r�e�v�i�o�u�s� �l�a�c�t�a�t�i�o�n�,� 

�a�s�s�i�g�n�m�e�n�t� �t�o� �t�r�e�a�t�m�e�n�t� �w�a�s� �r�a�n�d�o�m� �w�i�t�h� �t�h�e� �r�e�s�t�r�i�c�t�i�o�n� �t�h�a�t� 

�e�q�u�a�l� �n�u�m�b�e�r�s� �f�r�o�m� �e�a�c�h� �h�e�r�d� �a�n�d� �f�e�e�d�i�n�g� �l�o�c�a�t�i�o�n� �b�e� 

�r�e�p�r�e�s�e�n�t�e�d� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t�.� �I�n� �t�h�e� �o�r�i�g�i�n�a�l� �p�l�a�n�,� �m�i�l�k� 

�p�r�o�d�u�c�t�i�o�n� �d�u�r�i�n�g� �w�k� �2� �a�n�d� �3� �o�f� �l�a�c�t�a�t�i�o�n� �w�a�s� �t�o� �b�e� �u�s�e�d� �a�s� 

�a� �c�o�v�a�r�i�a�t�e�.� �T�r�a�i�n�i�n�g� �t�o� �t�h�e� �C�a�l�a�n� �d�o�o�r�s� �a�n�d� �t�o� �t�h�e� �t�i�e� 

�s�t�a�l�l�s� �d�u�r�i�n�g� �t�h�i�s� �p�e�r�i�o�d� �r�e�s�u�l�t�e�d� �i�n� �w�i�d�e� �v�a�r�i�a�t�i�o�n�s� �i�n� 

�i�n�t�a�k�e� �w�h�i�c�h� �a�d�v�e�r�s�e�l�y� �a�f�f�e�c�t�e�d� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �i�n� �m�a�n�y� 

�a�n�i�m�a�l�s�.� �T�h�e�r�e�f�o�r�e�,� �a� �r�e�l�i�a�b�l�e� �c�o�v�a�r�i�a�t�e� �e�s�t�i�m�a�t�e� �f�o�r� �m�i�l�k� 

�p�r�o�d�u�c�t�i�o�n� �w�a�s� �n�o�t� �a�t�t�a�i�n�e�d�.� �H�o�w�e�v�e�r�,� �g�e�n�e�t�i�c� �h�e�r�d� �w�a�s� 

�u�s�e�d� �a�s� �a� �c�o�v�a�r�i�a�t�e� �b�e�c�a�u�s�e� �p�r�o�d�u�c�t�i�o�n� �w�a�s� �c�o�n�s�i�s�t�e�n�t�l�y� 

�l�o�w�e�r� �(�P�<�.�0�1�)� �i�n� �t�h�e� �C�o�n�t�r�o�l� �h�e�r�d�.� 
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�S�a�m�p�l�e� �C�o�l�l�e�c�t�i�o�n� �a�n�d� �A�n�a�l�y�s�e�s� 

�A�n�i�m�a�l�s� �b�e�g�a�n� �d�i�e�t�a�r�y� �t�r�e�a�t�m�e�n�t�s� �o�n� �d� �2�2� �o�f� �l�a�c�t�a�t�i�o�n� 

�a�n�d� �r�e�m�a�i�n�e�d� �t�h�r�o�u�g�h� �1�0�5� �d�i�n� �m�i�l�k� �(�D�I�M�)�.� �A�n�i�m�a�l�s� �w�e�r�e� �f�e�d� 

�a� �t�o�t�a�l� �m�i�x�e�d� �d�i�e�t� �a�t� �0�6�0�0� �a�n�d� �1�5�0�0� �h� �d�a�i�l�y�.� �R�e�f�u�s�a�l�s� �w�e�r�e� 

�w�e�i�g�h�e�d� �a�n�d� �r�e�c�o�r�d�e�d� �a�t� �1�0�0�0� �h� �T�u�e�s�d�a�y� �t�h�r�o�u�g�h� �F�r�i�d�a�y�.� 

�T�o�t�a�l� �m�i�x�e�d� �d�i�e�t�s� �a�n�d� �i�n�d�i�v�i�d�u�a�l� �i�n�g�r�e�d�i�e�n�t�s� �w�e�r�e� �s�a�m�p�l�e�d� 

�t�h�r�e�e� �t�i�m�e�s� �p�e�r� �w�e�e�k� �a�n�d� �w�e�r�e� �s�t�o�r�e�d� �a�t� �4�°� �C� �u�n�t�i�l� 

�c�o�m�p�o�s�i�t�e�d� �b�y� �m�o�n�t�h�.� �I�n�d�i�v�i�d�u�a�l� �i�n�g�r�e�d�i�e�n�t�s� �w�e�r�e� �a�n�a�l�y�z�e�d� 

�f�o�r� �D�M�,� �A�S�H�,� �C�P�,� �E�E� �(�1�)�,� �N�D�F� �(�4�1�)�,� �a�n�d� �A�D�F� �(�1�3�)� �i�n� �t�h�e� 

�V�i�r�g�i�n�i�a� �T�e�c�h� �F�o�r�a�g�e� �T�e�s�t�i�n�g� �l�a�b�o�r�a�t�o�r�y�.� 

�A�n�i�m�a�l�s� �w�e�r�e� �m�i�l�k�e�d� �t�w�i�c�e� �d�a�i�l�y� �a�t� �0�1�0�0� �a�n�d� �1�3�0�0� �h�.� 

�D�u�p�l�i�c�a�t�e� �m�i�l�k� �s�a�m�p�l�e�s� �f�o�r� �c�o�m�p�o�n�e�n�t� �a�n�a�l�y�s�i�s� �w�e�r�e� �t�a�k�e�n� �a�t� 

�c�o�n�s�e�c�u�t�i�v�e� �P�M�/�A�M� �m�i�l�k�i�n�g�s� �a�t� �2�8� �+� �4� �d�a� �i�n�t�e�r�v�a�l�s�.� �M�i�l�k� �f�a�t�,� 

�p�r�o�t�e�i�n�,� �l�a�c�t�o�s�e�,� �a�n�d� �s�o�l�i�d�s�-�n�o�t�-�f�a�t� �c�o�n�t�e�n�t� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� 

�b�y� �a� �f�o�u�r�-�c�h�a�n�n�e�l� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �(�M�u�l�t�i�s�p�e�c� �M�a�r�k� �I�,� �F�o�s�s� 

�F�o�o�d� �T�e�c�h�n�o�l�o�g�y�,� �E�d�e�n� �P�l�a�i�n�s�,� �M�N�)� �i�n� �t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �D�H�I� 

�l�a�b�o�r�a�t�o�r�y�.� �L�a�c�t�o�s�e� �a�n�d� �s�o�l�i�d�s�-�n�o�t�-�f�a�t� �a�r�e� �n�o�t� �r�e�p�o�r�t�e�d� 

�b�e�c�a�u�s�e� �o�f� �p�r�o�b�l�e�m�s� �w�i�t�h� �s�a�m�p�l�e� �s�t�o�r�a�g�e� �a�n�d� �a�n�a�l�y�s�i�s�.� �M�i�l�k� 

�y�i�e�l�d� �w�a�s� �r�e�c�o�r�d�e�d� �d�a�i�l�y� �a�n�d� �w�e�e�k�l�y� �a�v�e�r�a�g�e�s� �c�a�l�c�u�l�a�t�e�d�.� 

�B�o�d�y� �c�o�n�d�i�t�i�o�n� �s�c�o�r�e�s� �w�e�r�e� �a�s�s�i�g�n�e�d� �a�t� �2�8� �d� �i�n�t�e�r�v�a�l�s� 

�(�2�1�,� �4�9�,� �7�7�,� �1�0�5� �D�I�M�)� �b�y� �a� �t�e�a�m� �o�f� �t�h�r�e�e� �t�r�a�i�n�e�d� �s�c�o�r�e�r�s�.� 

�T�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �B�o�d�y� �C�o�n�d�i�t�i�o�n� �S�c�o�r�e� �s�c�a�l�e�,� �m�o�d�i�f�i�e�d� �t�o� 

�i�n�c�l�u�d�e� �t�e�n�t�h�s�,� �r�e�s�u�l�t�e�d� �i�n� �p�o�s�s�i�b�l�e� �s�c�o�r�e�s� �f�r�o�m� �1�.�0� �-� �5�.�0� 

�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �v�i�s�u�a�l� �o�b�s�e�r�v�a�t�i�o�n�.� �A� �s�c�o�r�e� �o�f� �1�.�0� 
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�i�n�d�i�c�a�t�e�d� �v�e�r�y� �t�h�i�n� �b�o�d�y� �c�o�n�d�i�t�i�o�n�,� �w�h�e�r�e�a�s�,� �a� �s�c�o�r�e� �o�f� �5�.�0� 

�i�n�d�i�c�a�t�e�d� �v�e�r�y� �f�a�t� �b�o�d�y� �c�o�n�d�i�t�i�o�n�.� �A�n� �a�v�e�r�a�g�e� �s�c�o�r�e� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �p�e�r� �c�o�w� �p�e�r� �s�c�o�r�i�n�g� �s�e�s�s�i�o�n�.� �O�n� �t�h�e� �s�a�m�e� �d�a�y�,� �a�t� 

�1�8�0�0� �h�,� �s�a�m�p�l�e�s� �o�f� �j�u�g�u�l�a�r� �v�e�i�n� �b�l�o�o�d� �w�e�r�e� �d�r�a�w�n� �i�n�t�o� 

�h�e�p�a�r�i�n�i�z�e�d� �t�u�b�e�s� �f�o�r� �a�n�a�l�y�s�i�s� �o�f� �p�l�a�s�m�a� �u�r�e�a� �n�i�t�r�o�g�e�n�.� 

�S�a�m�p�l�e�s� �w�e�r�e� �c�e�n�t�r�i�f�u�g�e�d� �f�o�r� �1�5� �m�i�n� �a�t� �5�0�0�0� �x� �g�.� �T�h�e� �p�l�a�s�m�a� 

�w�a�s� �f�r�o�z�e�n� �a�t� �-�2�0�°� �C� �u�n�t�i�l� �a�n�a�l�y�z�e�d� �b�y� �t�h�e� �p�r�o�c�e�d�u�r�e� �o�f� 

�C�o�u�l�o�m�b�e� �a�n�d� �F�a�v�r�e�a�u� �(�9�)� �f�o�r� �p�l�a�s�m�a� �u�r�e�a� �n�i�t�r�o�g�e�n�.� 

�B�o�d�y� �w�e�i�g�h�t�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �w�e�e�k�l�y� �i�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�i�n�g� 

�m�i�l�k�i�n�g� �a�t� �1�3�0�0� �h�.� �A�t� �2�8� �+� �4�d� �i�n�t�e�r�v�a�l�s� �(�2�1�,� �4�9�,� �7�7�,� �1�0�5� 

�D�I�M�)�,� �w�i�t�h�e�r� �a�n�d� �h�i�p� �h�e�i�g�h�t�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �w�h�i�l�e� �a�n�i�m�a�l�s� 

�w�e�r�e� �s�t�a�n�d�i�n�g� �o�n� �t�h�e� �s�c�a�l�e�.� 

�R�u�m�i�n�a�l� �A�v�a�i�l�a�b�i�l�i�t�y� �D�e�t�e�r�m�i�n�a�t�i�o�n�s� 

�C�a�r�b�o�h�y�d�r�a�t�e� �s�o�u�r�c�e�s�,� �i�n�c�l�u�d�i�n�g� �c�r�a�c�k�e�d� �c�o�r�n�,� �g�r�o�u�n�d� 

�c�o�r�n�,� �h�i�g�h� �m�o�i�s�t�u�r�e� �s�h�e�l�l�e�d� �c�o�r�n�,� �c�r�a�c�k�e�d� �b�a�r�l�e�y�,� �o�r� �g�r�o�u�n�d� 

�b�a�r�l�e�y�,� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �i�n� �s�i�t�u� �a�s� �p�o�t�e�n�t�i�a�l� �s�o�u�r�c�e�s� �o�f� �h�i�g�h� 

�a�n�d� �l�o�w� �r�u�m�i�n�a�l�l�y� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �p�r�i�o�r� �t�o� �t�h�e� 

�i�n�i�t�i�a�t�i�o�n� �o�f� �t�h�e� �l�a�c�t�a�t�i�o�n� �s�t�u�d�y�.� �A� �s�e�c�o�n�d� �s�e�t� �o�f� �i�n� �s�i�t�u� 

�i�n�c�u�b�a�t�i�o�n�s� �i�n�c�l�u�d�e�d� �b�l�o�o�d� �m�e�a�l�,� �s�o�y�b�e�a�n� �m�e�a�l�,� �d�r�i�e�d� 

�b�r�e�w�e�r ��s� �g�r�a�i�n�s�,� �a�n�d� �c�o�r�n� �g�l�u�t�e�n� �m�e�a�l� �a�s� �p�o�t�e�n�t�i�a�l� �r�u�m�e�n� 

�a�v�a�i�l�a�b�l�e� �p�r�o�t�e�i�n� �s�o�u�r�c�e�s�.� �I�n� �s�i�t�u� �i�n�c�u�b�a�t�i�o�n�s� �w�e�r�e� 

�p�e�r�f�o�r�m�e�d� �i�n� �t�h�r�e�e� �m�a�t�u�r�e�,� �r�u�m�e�n�-�c�a�n�n�u�l�a�t�e�d� �c�o�w�s� �(�t�w�o� 

�l�a�c�t�a�t�i�n�g�,� �o�n�e� �n�o�n�-�l�a�c�t�a�t�i�n�g�)�.� �E�a�c�h� �s�e�t� �o�f� �i�n�c�u�b�a�t�i�o�n�s� �w�a�s� 
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�r�e�p�l�i�c�a�t�e�d� �1�0� �d�a�y�s� �f�o�l�l�o�w�i�n�g� �t�h�e� �f�i�r�s�t� �s�e�r�i�e�s� �u�s�i�n�g� �t�h�e� �s�a�m�e� 

�t�e�s�t� �a�n�i�m�a�l�s�.� 

�T�h�e� �t�w�o� �l�a�c�t�a�t�i�n�g� �a�n�i�m�a�l�s� �a�v�e�r�a�g�e�d� �1�9�.�1� �k�g�/�d� �D�M� �i�n�t�a�k�e�,� 

�5�9�0� �k�g� �B�W�,� �2�2� �k�g� �m�i�l�k� �y�i�e�l�d�,� �a�n�d� �2�2�5� �D�I�M�.� �A�n�i�m�a�l�s� �c�o�n�s�u�m�e�d� 

�a� �t�o�t�a�l� �m�i�x�e�d� �d�i�e�t� �c�o�n�t�a�i�n�i�n�g� �2�4�%� �a�l�f�a�l�f�a� �s�i�l�a�g�e�,� �5�4�%� 

�a�m�m�o�n�i�a�t�e�d� �c�o�r�n� �s�i�l�a�g�e�,� �1�5�%� �h�i�g�h�-�m�o�i�s�t�u�r�e� �s�h�e�l�l�e�d� �c�o�r�n�,� �6�%� 

�s�o�y�b�e�a�n� �m�e�a�l�,� �a�n�d� �1�%� �h�e�r�d� �m�i�n�e�r�a�l� �a�t� �0�7�0�0� �a�n�d� �1�5�0�0� �h�.� 

�C�h�e�m�i�c�a�l� �a�n�a�l�y�s�i�s� �i�n�d�i�c�a�t�e�d� �d�i�e�t�s� �c�o�n�t�a�i�n�e�d� �5�5�.�7�%� �D�M�,� �1�6�.�5�%� 

�C�P�,� �1�9�.�6�%� �A�D�F�,� �a�n�d� �1�.�5� �M�c�a�l� �N�E�,�/�k�g� �D�M�.� 

�T�h�e� �i�n� �s�i�t�u� �p�r�o�c�e�d�u�r�e� �f�o�l�l�o�w�e�d� �t�h�e� �g�u�i�d�e�l�i�n�e�s� �o�f� �N�o�c�e�k� 

�(�2�5�,� �2�6�)�.� �B�a�g�s� �(�1�0� �x� �2�0� �c�m�)� �w�e�r�e� �s�p�u�n� �o�f� �d�a�c�r�o�n� �p�o�l�y�e�s�t�e�r� 

�(�5�9�u�m�)� �a�n�d� �w�e�r�e� �f�i�l�l�e�d� �w�i�t�h� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5� �g� �D�M� �f�o�r� �a� 

�s�a�m�p�l�e� �s�i�z�e� �t�o� �b�a�g� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �1�4�.�9� �m�g�/�c�m�*�.� �P�r�i�o�r� �t�o� 

�i�n�c�u�b�a�t�i�o�n�,� �d�r�y� �b�a�r�l�e�y� �a�n�d� �c�o�r�n� �g�r�a�i�n�s� �w�e�r�e� �p�r�o�c�e�s�s�e�d� �i�n�a� 

�h�a�m�m�e�r�m�i�l�l� �f�i�t�t�e�d� �w�i�t�h� �a� �3�.�2� �m�m� �s�c�r�e�e�n� �(�"�g�r�o�u�n�d�"�)� �o�r� �a� �9�.�2� 

�m�m� �s�c�r�e�e�n� �(�"�c�r�a�c�k�e�d�"�)�.� �D�r�i�e�d�-�b�r�e�w�e�r�'�s� �g�r�a�i�n�s� �w�e�r�e� �g�r�o�u�n�d� 

�t�h�r�o�u�g�h� �a� �3� �m�m� �s�c�r�e�e�n� �i�n� �a� �W�i�l�e�y�-�T�h�o�m�a�s� �m�i�l�l�.� �B�l�o�o�d� �m�e�a�l�,� 

�s�o�y�b�e�a�n� �m�e�a�l�,� �c�o�r�n� �g�l�u�t�e�n� �m�e�a�l�,� �a�n�d� �h�i�g�h�-�m�o�i�s�t�u�r�e� �c�o�r�n� 

�(�h�a�m�m�e�r�m�i�l�l�e�d�)� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �f�o�r�m�.� �U�r�e�a� �w�a�s� �n�o�t� 

�i�n�c�u�b�a�t�e�d�,� �b�u�t� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �c�o�m�p�l�e�t�e�l�y� �s�o�l�u�b�l�e� �i�n� �t�h�e� 

�r�u�m�e�n�.� �A�l�l� �b�a�g�s� �w�e�r�e� �s�o�a�k�e�d� �1�5� �m�i�n� �i�n� �3�9�°� �C� �w�a�t�e�r� �p�r�i�o�r� �t�o� 

�i�n�s�e�r�t�i�o�n� �i�n�t�o� �t�h�e� �r�u�m�e�n�.� 

�B�a�g�s� �w�e�r�e� �s�u�s�p�e�n�d�e�d� �f�r�o�m� �t�h�e� �r�u�m�e�n� �c�a�p� �o�n� �6�0� �c�m� �n�y�l�o�n� 

�c�o�r�d�s� �w�e�i�g�h�t�e�d� �w�i�t�h� �t�h�r�e�e�-�l�i�n�k� �s�e�g�m�e�n�t�s� �o�f� �3�.�2� �m�m� �c�h�a�i�n�.� 
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�D�u�p�l�i�c�a�t�e� �b�a�g�s� �c�o�n�t�a�i�n�i�n�g� �i�n�d�i�v�i�d�u�a�l� �i�n�g�r�e�d�i�e�n�t�s� �w�e�r�e� �p�l�a�c�e�d� 

�i�n� �t�h�e� �r�u�m�e�n� �i�n� �r�e�v�e�r�s�e� �o�r�d�e�r� �f�o�r� �t�h�e� �f�o�l�l�o�w�i�n�g� �i�n�c�u�b�a�t�i�o�n� 

�t�i�m�e�s�:� �0�,� �1�,� �2�,� �3�,� �4�,� �6�,� �8�,� �1�2�,� �1�6�,� �2�4�,� �4�8�,� �a�n�d� �7�2� �h� 

�b�e�g�i�n�n�i�n�g� �a�t� �1�7�0�0� �h� �o�n�d� �1�.� �B�a�g�s� �w�e�r�e� �f�o�r�c�e�d� �t�o� �t�h�e� �b�o�t�t�o�m� 

�o�f� �t�h�e� �v�e�n�t�r�a�l� �s�a�c� �o�f� �t�h�e� �r�u�m�e�n� �u�p�o�n� �i�n�s�e�r�t�i�o�n�.� �A�l�l� �b�a�g�s� 

�w�e�r�e� �r�e�m�o�v�e�d� �o�n� �d� �4� �a�t� �1�7�0�0� �h�,� �w�a�s�h�e�d� �i�n� �a� �M�a�y�t�a�g� �w�a�s�h�i�n�g� 

�m�a�c�h�i�n�e� �o�n� �d�e�l�i�c�a�t�e� �c�y�c�l�e�,� �a�n�d� �d�r�i�e�d� �i�n� �a� �f�o�r�c�e�d�-�a�i�r� �o�v�e�n� �a�t� 

�5�0� �C�.� �D�r�i�e�d� �r�e�s�i�d�u�e�s� �w�e�r�e� �w�e�i�g�h�e�d� �a�n�d� �a�n�a�l�y�z�e�d� �f�o�r� �D�M�,� �C�P�,� 

�N�D�F�,� �a�n�d� �c�y�t�o�s�i�n�e� �c�o�n�t�e�n�t� �(�b�a�c�t�e�r�i�a�l� �m�a�r�k�e�r�)�.� �D�u�e� �t�o� 

�l�i�m�i�t�e�d� �q�u�a�n�t�i�t�i�e�s�,� �r�e�s�i�d�u�e�s� �w�e�r�e� �c�o�m�p�o�s�i�t�e�d� �f�r�o�m� �t�h�e� �t�w�o� 

�l�a�c�t�a�t�i�n�g� �c�o�w�s� �b�e�f�o�r�e� �N�D�F� �a�n�a�l�y�s�i�s�.� �T�h�e� �d�a�t�a� �f�r�o�m� �t�h�e� 

�n�o�n�l�a�c�t�a�t�i�n�g� �c�o�w� �w�e�r�e� �n�o�t� �u�s�e�d� �i�n� �c�a�l�c�u�l�a�t�i�o�n� �o�f� 

�d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �d�u�e� �t�o� �i�n�c�o�n�s�i�s�t�e�n�c�i�e�s� �i�n� �D�M� �d�i�s�a�p�p�e�a�r�a�n�c�e� 

�b�e�t�w�e�e�n� �d�u�p�l�i�c�a�t�e� �b�a�g�s� �a�n�d� �r�e�p�l�i�c�a�t�i�o�n�s� �o�f� �s�e�t�s� �a�t� �v�a�r�i�o�u�s� 

�i�n�c�u�b�a�t�i�o�n� �t�i�m�e�s� �i�n� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �t�h�e� �l�a�c�t�a�t�i�n�g� �a�n�i�m�a�l�s�.� 

�C�o�m�p�o�n�e�n�t� �d�e�g�r�a�d�a�b�i�l�i�t�y� �(�D�)� �i�n� �p�e�r�c�e�n�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� 

�p�e�r� �t�h�e� �e�q�u�a�t�i�o�n� �o�f� �O�r�s�k�o�v� �e�t� �a�l�.� �(�3�0�)�:� 

�D� �=� �A� �+� �(�B� �x� �k�,�B�)�/�(�k�,�B� �+� �k�,�)�,� �w�h�e�r�e� 

�D� �=� �D�M�,� �N�,� �o�r� �N�D�F� �d�e�g�r�a�d�a�b�i�l�i�t�y�,� �(�%�)�;� 
�A� �=� �f�r�a�c�t�i�o�n� �r�e�a�d�i�l�y� �d�e�g�r�a�d�e�d�,� �(�%�)�;� 
�B� �=� �f�r�a�c�t�i�o�n� �d�e�g�r�a�d�e�d� �a�t� �a� �m�e�a�s�u�r�a�b�l�e� �r�a�t�e�,� �(�%�)�;� 
�k�,�=� �c�o�m�p�o�n�e�n�t� �d�e�g�r�a�d�a�t�i�o�n� �c�o�n�s�t�a�n�t� �o�f� �B� �f�r�a�c�t�i�o�n�;� 
�k�,�=� �r�u�m�e�n� �t�u�r�n�o�v�e�r� �r�a�t�e� �(�.�0�8�/�h�)�.� 

�E�s�t�i�m�a�t�i�o�n�s� �o�f� �f�r�a�c�t�i�o�n�s� �A�,� �B�,� �a�n�d� �C� �f�o�l�l�o�w�e�d� �Z�e�r�b�i�n�i� 

�(�4�3�)�.� �F�r�a�c�t�i�o�n� �C� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �r�e�s�i�d�u�e� �p�r�e�s�e�n�t� 
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�a�f�t�e�r� �7�2� �h� �i�n�c�u�b�a�t�i�o�n�,� �a�s� �a� �p�e�r�c�e�n�t� �o�f� �t�h�e� �o�r�i�g�i�n�a�l�.� 

�N�i�t�r�o�g�e�n� �c�o�n�t�e�n�t� �o�f� �t�h�e� �r�e�s�i�d�u�e� �a�t� �e�a�c�h� �i�n�c�u�b�a�t�i�o�n� �t�i�m�e� �w�a�s� 

�c�o�r�r�e�c�t�e�d� �f�o�r� �m�i�c�r�o�b�i�a�l� �n�i�t�r�o�g�e�n� �c�o�n�t�a�m�i�n�a�t�i�o�n�,� �u�s�i�n�g� 

�c�y�t�o�s�i�n�e� �a�s� �a� �m�i�c�r�o�b�i�a�l� �m�a�r�k�e�r�,� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �K�w�a�k� �(�1�8�)�.� 

�H�y�d�r�o�l�y�t�i�c� �p�r�o�c�e�d�u�r�e�s� �a�n�d� �q�u�a�n�t�i�f�i�c�a�t�i�o�n� �o�f� �s�a�m�p�l�e�s� �f�o�r� 

�c�y�t�o�s�i�n�e� �c�o�n�t�e�n�t� �w�a�s� �s�i�m�i�l�a�r� �t�o� �K�o�e�n�i�g� �(�1�7�)� �w�i�t�h� 

�m�o�d�i�f�i�c�a�t�i�o�n�s�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �2�5�0� �m�g� �o�f� �i�n� �s�i�t�u� �r�e�s�i�d�u�e�s� 

�f�r�o�m� �i�n�c�u�b�a�t�i�o�n� �t�i�m�e�s� �o�f� �0�,� �6�,� �1�2�,� �2�4�,� �a�n�d� �7�2� �h� �w�e�r�e� �w�e�i�g�h�e�d� 

�i�n�t�o� �1�5� �m�l�,� �s�c�r�e�w�-�c�a�p� �g�l�a�s�s� �t�u�b�e�s�.� �T�o� �e�a�c�h� �t�u�b�e�,� �2�.�5� �m�l� �7�0�%� 

�p�e�r�c�h�l�o�r�i�c� �a�c�i�d� �w�a�s� �a�d�d�e�d�,� �g�e�n�t�l�y� �v�o�r�t�e�x�e�d�,� �a�n�d� �a�l�l�o�w�e�d� �t�o� 

�s�e�t� �u�n�t�i�l� �t�h�e� �a�c�i�d� �w�a�s� �s�o�a�k�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�a�m�p�l�e� 

�(�o�v�e�r�n�i�g�h�t�)�.� �S�a�m�p�l�e�s� �w�e�r�e� �h�y�d�r�o�l�y�z�e�d� �a�t� �9�0�°� �C� �f�o�r� �l�h�i�n�a� 

�F�i�s�h�e�r� �D�r�y� �B�a�t�h� �(�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c�,� �P�i�t�t�s�b�u�r�g�h�,� �P�A�)� �w�i�t�h� 

�m�i�x�i�n�g� �a�t� �1�0�-�m�i�n� �i�n�t�e�r�v�a�l�s�.� �F�o�l�l�o�w�i�n�g� �h�y�d�r�o�l�y�s�i�s� �a�n�d� 

�c�o�o�l�i�n�g�,� �s�a�m�p�l�e�s� �w�e�r�e� �d�i�l�u�t�e�d� �w�i�t�h� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �m�l� �.�2� �M� 

�N�H�,�H�,�P�O�,� �b�u�f�f�e�r�.� 

�S�a�m�p�l�e�s� �w�e�r�e� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �1�0�0� �m�l� 

�v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k�.� �C�o�n�c�e�n�t�r�a�t�e�d� �N�H�,�O�H� �w�a�s� �a�d�d�e�d� �t�o� �a�d�j�u�s�t� �p�H� 

�t�o� �5�.�0� �b�e�f�o�r�e� �b�r�i�n�g�i�n�g� �t�o� �v�o�l�u�m�e� �w�i�t�h� �.�2� �M� �N�H�,�H�,�P�O�,� �b�u�f�f�e�r�.� 

�A� �m�a�g�n�e�t�i�c� �s�t�i�r�r�e�r� �w�a�s� �u�s�e�d� �t�o� �t�h�o�r�o�u�g�h�l�y� �m�i�x� �t�h�e� �d�i�l�u�t�e�d� 

�s�a�m�p�l�e� �b�e�f�o�r�e� �f�i�l�t�e�r�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�0� �m�l� �t�h�r�o�u�g�h� �a� �.�4�5� �p�u� 

�m�i�l�l�i�p�o�r�e� �f�i�l�t�e�r� �i�n�t�o� �g�l�a�s�s�,� �s�c�r�e�w�-�c�a�p� �t�u�b�e�s� �f�o�r� �s�t�o�r�a�g�e� 

�u�n�t�i�l� �a�n�a�l�y�s�i�s�.� 
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�C�y�t�o�s�i�n�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �h�i�g�h� �p�e�r�f�o�r�m�a�n�c�e� �l�i�q�u�i�d� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �c�y�t�o�s�i�n�e� �w�a�s� �b�y� �a� �2�5� �c�m� 

�P�a�r�t�i�s�i�l�-�1�0� �S�C�X� �L� �c�o�l�u�m�n� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �m�o�b�i�l�e� 

�p�h�a�s�e� �w�a�s� �.�1�5� �M� �N�H�,�H�,�P�O�,� �w�i�t�h� �p�H� �a�d�j�u�s�t�e�d� �t�o� �3�.�5� �w�i�t�h� 

�c�o�n�c�e�n�t�r�a�t�e�d� �H�C�l�.� 

�A� �V�a�r�i�a�n� �2�5�1�0� �p�u�m�p� �w�a�s� �u�s�e�d� �t�o� �p�u�m�p� �e�l�u�e�n�t� �a�t� �a� �r�a�t�e� �o�f� 

�-�6� �m�l�/�m�i�n�.� �A�l�l� �b�a�s�e�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �2�5�4� �n�m� �a�s� �t�h�e�y� 

�p�a�s�s�e�d� �t�h�r�o�u�g�h� �a� �2�5� �w�l� �l�o�o�p�.� �A� �1�0� �w�l� �i�n�j�e�c�t�i�o�n� �l�o�o�p� �w�a�s� 

�s�e�l�e�c�t�e�d� �f�o�r� �c�y�t�o�s�i�n�e� �d�e�t�e�c�t�i�o�n� �o�f� �t�h�e� �r�u�m�e�n� �m�i�c�r�o�b�e�s�.� 

�C�y�t�o�s�i�n�e� �w�a�s� �d�e�t�e�c�t�e�d� �b�y� �a� �2�0�0� �U�V�/�V�I�S� �d�e�t�e�c�t�o�r� �i�n� �a� �l�i�n�e�a�r� 

�m�o�d�e�.� �N�o�r�m�a�l� �e�l�u�t�i�o�n� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�1�.�5� �m�i�n�.� 

�C�y�t�o�s�i�n�e� �s�t�a�n�d�a�r�d�s� �(�S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.�,� �S�t�.� �L�o�u�i�s�,� �M�O�)� 

�w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �1�.�7�5�%� �H�C�l�O�,� �i�n� �.�2� �M� �N�H�,�H�,�P�O�,� �t�o� �p�r�o�v�i�d�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �1�0�,� �2�0�,� �3�0�,� �4�0�,� �a�n�d� �5�0� �u�M�.� �C�o�n�c�e�n�t�r�a�t�e�d� 

�N�H�,�O�H� �w�a�s� �u�s�e�d� �t�o� �a�d�j�u�s�t� �p�H� �t�o� �3�.�5�.� �S�t�a�n�d�a�r�d�s� �w�e�r�e� �i�n�j�e�c�t�e�d� 

�p�r�i�o�r� �t�o� �a�n�a�l�y�s�i�s� �o�f� �e�a�c�h� �s�a�m�p�l�e� �t�y�p�e� �a�n�d� �i�n�t�e�r�m�i�t�t�e�n�t�l�y� 

�w�i�t�h�i�n� �s�a�m�p�l�e� �t�y�p�e� �f�o�r� �d�e�t�e�c�t�i�o�n� �o�f� �p�o�s�s�i�b�l�e� �a�n�a�l�y�t�i�c�a�l� 

�v�a�r�i�a�t�i�o�n�s�.� 

�T�h�e� �c�y�t�o�s�i�n�e� �t�o� �m�i�c�r�o�b�i�a�l� �n�i�t�r�o�g�e�n� �(�M�N�)� �r�a�t�i�o� �w�a�s� �u�s�e�d� 

�t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �M�N� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �i�n� �s�i�t�u� �r�e�s�i�d�u�e�s�.� �T�h�e� 

�N� �c�o�n�t�e�n�t� �o�f� �r�u�m�e�n� �b�a�c�t�e�r�i�a� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �b�a�c�t�e�r�i�a�l� 

�p�e�l�l�e�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �s�u�b�s�e�q�u�e�n�t� �s�t�u�d�y� �i�n� �w�h�i�c�h� �f�o�u�r� 

�r�u�m�e�n�-�c�a�n�n�u�l�a�t�e�d� �a�n�i�m�a�l�s� �w�e�r�e� �c�o�n�s�u�m�i�n�g� �d�i�e�t�s� �s�i�m�i�l�a�r� �t�o� 

�d�i�e�t� �4�.� 
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�T�h�e� �M�N� �a�s� �a� �p�e�r�c�e�n�t� �o�f� �t�h�e� �t�o�t�a�l� �N� �f�o�r� �e�a�c�h� �s�a�m�p�l�e� �t�y�p�e� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�s�:� 

�%� �M�N�.� �=� �(�M�N�/�M�C�Y�T� �x� �S�C�Y�T�/�S�N�)� �*� �1�0�0� �s� 

�w�h�e�r�e� �*�M�N�,� �=� �s�a�m�p�l�e� �M�N�,� �%�,� 
�M�N� �=� �m�i�c�r�o�b�i�a�l� �n�i�t�r�o�g�e�n�,� �g�/�g� �D�M�,� 

�M�C�Y�T� �=� �m�i�c�r�o�b�i�a�l� �c�y�t�o�s�i�n�e�,� �u�m�o�l�e�s�/�g� �D�M�,� 
�S�C�Y�T� �=� �s�a�m�p�l�e� �c�y�t�o�s�i�n�e�,� �u�m�o�l�e�s�/�g� �D�M�,� 

�S�N� �=� �s�a�m�p�l�e� �n�i�t�r�o�g�e�n�,� �g�/�g� �D�M�.� 

�S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s� 

�A�n�a�l�y�s�e�s� �o�f� �t�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �m�o�d�e�l�s� �f�o�r� �e�a�c�h� 

�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� 

�l�e�a�s�t� �s�q�u�a�r�e�s� �r�e�g�r�e�s�s�i�o�n� �p�r�o�c�e�d�u�r�e� �(�3�3�)� �(�R�S�R�E�G�)�.� �R�i�d�g�e� 

�a�n�a�l�y�s�i�s� �(�2�2�)� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�h�e�n� �a� �u�n�i�q�u�e� �o�p�t�i�m�u�m� �o�f� �t�h�e� 

�r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �c�o�u�l�d� �n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e� �m�o�d�e�l�s� 

�i�n�c�l�u�d�e�d�:� 

�Y� �=� �b�y� �+� �b�x�,� �+� �b�x�,� �+� �b�,�x�?� �+� �b�y�x�, �� 

�+� �b�s�x�,�;�X�,� �+� �D�o�z� �+� �e�,� 

�w�h�e�r�e� �Y�¥� �=� �m�e�a�s�u�r�e�d� �r�e�s�p�o�n�s�e�,� 
�X�,� �=� �v�a�r�i�a�b�l�e� �f�o�r� �R�A�P�,� 
�X�,� �=� �v�a�r�i�a�b�l�e� �f�o�r� �R�A�C�,� 
�Z�,� �=� �v�a�r�i�a�b�l�e� �f�o�r� �g�e�n�e�t�i�c� �h�e�r�d� �(�c�o�v�a�r�i�a�t�e�)�,� 
�b�o� �=� �i�n�t�e�r�c�e�p�t�,� 

�b�i�-�b�,� �=� �l�i�n�e�a�r� �e�f�f�e�c�t� �o�f� �R�A�C� �a�n�d� �R�A�P�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� 
�b�,�-�b�,� �=� �q�u�a�d�r�a�t�i�c� �e�f�f�e�c�t� �o�f� �R�A�C� �a�n�d� �R�A�P�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� 

�b�,� �=� �c�r�o�s�s�p�r�o�d�u�c�t� �o�f� �R�A�C� �a�n�d� �R�A�P�,� 
�b�,� �=� �r�e�g�r�e�s�s�o�r� �u�s�e�d� �a�s� �c�o�v�a�r�i�a�t�e�,� �a�n�d� 
�e� �=� �r�e�s�i�d�u�a�l� �e�r�r�o�r�.� 
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�A�l�l� �d�a�t�a� �w�e�r�e� �a�l�s�o� �s�u�b�j�e�c�t�e�d� �t�o� �l�e�a�s�t� �s�q�u�a�r�e�s� �a�n�a�l�y�s�i�s� 

�o�f� �v�a�r�i�a�n�c�e� �b�y� �t�h�e� �g�e�n�e�r�a�l� �l�i�n�e�a�r� �m�o�d�e�l� �p�r�o�c�e�d�u�r�e� �(�3�3�)� �f�o�r� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �a� �p�o�s�s�i�b�l�e� �c�o�v�a�r�i�a�t�e�.� �T�h�e� �m�o�d�e�l� �w�a�s�:� 

�w�h�e�r�e� �Y�i�y�,� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �o�f� �c�o�w� �1� �o�f� �g�e�n�e�t�i�c� �h�e�r�d� �i�n� 
�l�o�c�a�t�i�o�n� �j� �o�n� �d�i�e�t� �k�,� 

�=� �p�o�p�u�l�a�t�i�o�n� �m�e�a�n�,� 
�/� �=� �g�e�n�e�t�i�c� �h�e�r�d� �i�,� �i� �=� �1�,� �c�o�n�t�r�o�l�;� �i� �=� �2�,� 

�s�e�l�e�c�t�i�o�n�,� 
�L�;� �=� �l�o�c�a�t�i�o�n� �j�,� �j�]� �=� �1�,� �f�r�e�e�s�t�a�l�l�,� �j� �=� �2�,� �t�i�e� �s�t�a�l�l�,� 
�D�,� �=� �d�i�e�t�a�r�y� �t�r�e�a�t�m�e�n�t� �k�,� �k� �=�1� �-� �9�,� 

�=� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �g�e�n�e�t�i�c� �h�e�r�d� �i� �a�n�d� �d�i�e�t� �k�,� 
�(�L�D�)�,� �=� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �l�o�c�a�t�i�o�n� �j� �a�n�d� �d�i�e�t� �k�,� 

�=� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �g�e�n�e�t�i�c� �h�e�r�d� �i�,� �l�o�c�a�t�i�o�n� �j�,� �a�n�d� 
�d�i�e�t� �k� �w�i�t�h�i�n� �c�o�w� �1�,� �a�n�d� 

�e�y�,� �=� �r�e�s�i�d�u�a�l�.� 
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�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�E�v�a�l�u�a�t�i�o�n� �o�f� �I�n�g�r�e�d�i�e�n�t�s� 

�C�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �i�n�d�i�v�i�d�u�a�l� �d�i�e�t�a�r�y� �i�n�g�r�e�d�i�e�n�t�s� 

�i�s� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �3� �a�n�d� �r�u�m�i�n�a�l� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �a�n�d� 

�e�s�t�i�m�a�t�e�d� �r�a�t�e�s� �o�f� �d�e�g�r�a�d�a�b�i�l�i�t�y� �a�r�e� �i�n� �T�a�b�l�e� �4�.� �O�n�l�y� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�e� �i�n�g�r�e�d�i�e�n�t�s� �w�e�r�e� �r�u�m�i�n�a�l�l�y� �i�n�c�u�b�a�t�e�d� �p�r�i�o�r� �t�o� 

�t�h�e� �l�a�c�t�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�.� �S�e�l�e�c�t�i�o�n� �o�f� �f�e�e�d� �i�n�g�r�e�d�i�e�n�t�s� �w�a�s� 

�b�a�s�e�d� �o�n� �t�h�e� �k�d� �(�r�a�t�e�,� �@�/�h�)� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �D�M� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �i�n� �s�i�t�u� �i�n�c�u�b�a�t�i�o�n�s� �o�f� �s�e�v�e�r�a�l� �c�a�r�b�o�h�y�d�r�a�t�e� 

�(�c�r�a�c�k�e�d� �c�o�r�n�,� �g�r�o�u�n�d� �c�o�r�n�,� �h�i�g�h�-�m�o�i�s�t�u�r�e� �s�h�e�l�l�e�d� �c�o�r�n�,� 

�c�r�a�c�k�e�d� �b�a�r�l�e�y�,� �g�r�o�u�n�d� �b�a�r�l�e�y�)� �a�n�d� �p�r�o�t�e�i�n� �s�o�u�r�c�e�s� �(�s�o�y�b�e�a�n� 

�m�e�a�l�,� �b�l�o�o�d� �m�e�a�l�,� �d�r�i�e�d� �b�r�e�w�e�r�s� �g�r�a�i�n�s�,� �c�o�r�n� �g�l�u�t�e�n� �m�e�a�l�)�.� 

�R�a�t�e�s� �o�f� �D�M� �d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �c�r�a�c�k�e�d� �c�o�r�n� �(�4�.�8� �%�*�/�h�)� �a�n�d� 

�g�r�o�u�n�d� �b�a�r�l�e�y� �(�7�.�2� �%�*�/�h�)� �d�i�f�f�e�r�e�d� �m�o�s�t� �a�m�o�n�g� �t�h�e� �c�a�r�b�o�h�y�d�r�a�t�e� 

�s�o�u�r�c�e�s�.� �T�h�e� �s�e�l�e�c�t�e�d� �p�r�o�t�e�i�n� �s�o�u�r�c�e�s� �i�n�c�l�u�d�e�d� �b�l�o�o�d� �m�e�a�l� 

�a�n�d� �s�o�y�b�e�a�n� �m�e�a�l�.� �B�e�c�a�u�s�e� �t�h�e� �N�D�F� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �h�a�d� �n�o�t� 

�b�e� �n� �d�e�t�e�r�m�i�n�e�d� �w�h�e�n� �t�h�e� �l�a�c�t�a�t�i�o�n� �s�t�u�d�y� �b�e�g�a�n�,� �t�h�e� �o�r�i�g�i�n�a�l� 

�f�o�r�m�u�l�a�t�i�o�n�s� �o�f� �R�A�C� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �N�D�F� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� 

�r�e�p�o�r�t�e�d� �b�y� �N�o�c�e�k� �a�n�d� �R�u�s�s�e�l�l� �(�2�7�)� �f�o�r� �r�o�l�l�e�d� �b�a�r�l�e�y� �a�n�d� 

�c�r�a�c�k�e�d� �c�o�r�n�.� �T�h�e� �d�e�c�i�s�i�o�n� �t�o� �u�s�e� �t�h�e�s�e� �v�a�l�u�e�s� �f�o�r� 

�p�r�e�l�i�m�i�n�a�r�y� �e�s�t�i�m�a�t�e�s� �w�a�s� �m�a�d�e� �b�e�c�a�u�s�e� �t�h�e� �D�M� 

�d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �r�e�p�o�r�t�e�d� �b�y� �N�o�c�e�k� �a�n�d� �R�u�s�s�e�l�l� �(�2�7�)�,� �a�n�d� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �D�M� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �d�e�t�e�r�m�i�n�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� 

�f�o�r� �c�o�r�n� �a�n�d� �b�a�r�l�e�y�,� �w�e�r�e� �s�i�m�i�l�a�r�.� 
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�T�a�b�l�e� �4�.� �I�n� �s�i�t�u� �f�r�a�c�t�i�o�n�s� �a�n�d� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �o�f� �D�M�,� �C�P�,� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

�a�n�d� �N�D�F� �o�f� �c�r�a�c�k�e�d� �c�o�r�n�,� �g�r�o�u�n�d� �b�a�r�l�e�y�,� �s�o�y�b�e�a�n� �m�e�a�l�,� �a�n�d� 
�b�l�o�o�d� �m�e�a�l�.� 

�F�r�a�c�t�i�o�n� �c�c�!� �G�B� �S�B�M� �B�M� 

�D�M� �D�e�g�r�a�d�a�b�i�l�i�t�y� 

�a�n�?� �8� �1�4�.�3� �2�7�.�4� �1�.�3� 

�B� �9�5�.�4� �6�9�.�2� �7�0�.�2� �1�7�.�5� 

�C�c� �3�.�7� �1�6�.�5� �2�.�4� �8�3�.�8� 

�k�d�}� �4�.�8� �7�.�2� �8�.�9� �5� 

�D�*� �4�6�.�7� �5�5�.�1� �7�2�.�3� �3�.�9� 

�C�P� �D�e�g�r�a�d�a�b�i�l�i�t�y� �°� 

�1�0�.�6� �2�3�.�0� �2�0�.�4� �1�0�.�0� 

�B� �5�9�.�5� �6�1�.�6� �6�5�.�3� �1�1�.�1� 

�2�9�.�9� �1�5�.�3� �1�4�.�2� �7�8�.�9� 

�k�d� �9�.�1� �1�3�.�8� �1�3�.�1� �-�1� 

�D� �4�9�.�0� �6�8�.�3� �6�7�.�8� �1�7�.�5� 

�N�D�F� �D�e�g�r�a�d�a�b�i�l�i�t�y� 

�4�8�.�1� �3�7�.�2� �2�4�.�0� �N�M�®�°� 

�B� �2�7�.�7� �2�8�.�1� �6�9�.�1� �N�M� 

�C�c� �2�4�.�2� �3�4�.�7� �6�.�9� �N�M� 

�k�d� �8�.�6� �9�.�3� �1�2�.�8� �N�M� 

�D� �6�5�.�6� �5�3�.�3� �7�1�.�2� �N�M� 

�'� �c�e� �c�r�a�c�k�e�d� �c�o�r�n�,� �G�B� �=� �g�r�o�u�n�d� �b�a�r�l�e�y�,� �=� �s�o�y�b�e�a�n� 
�m�e�a�l�,� �B�M� �=� �b�l�o�o�d� �m�e�a�l�.� 

�E�s�t�i�m�a�t�e�d� �f�r�a�c�t�i�o�n�s� �a�r�e� �A� �=� �r�a�p�i�d�l�y� �s�o�l�u�b�l�e�,� �B� 
�d�e�g�r�a�d�e�d� �a�t� �a� �m�e�a�s�u�r�a�b�l�e� �r�a�t�e�,� �C� �=� 
�a�f�t�e�r� �7�2� �h� �i�n� �t�h�e� �r�u�m�e�n�.� 

�3� �K�d� �=� �d�e�g�r�a�d�a�b�i�l�i�t�y� �r�a�t�e� �o�f� �f�r�a�c�t�i�o�n� �B� �(�%�/�h�)�.� 

�4�D� 

�A�N
� 

�n�o�n�m�e�a�s�u�r�a�b�l�e�.� 

�8�4� 

�e�s�t�i�m�a�t�e�d� �p�e�r�c�e�n�t� �r�u�m�i�n�a�l� �d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� 
�i�n�g�r�e�d�i�e�n�t� �a�t� �r�u�m�e�n� �t�u�r�n�o�v�e�r� �o�f� �.�0�8�/�h�.� 

�C�o�r�r�e�c�t�e�d� �f�o�r� �m�i�c�r�o�b�i�a�l� �n�i�t�r�o�g�e�n� �c�o�n�t�a�m�i�n�a�t�i�o�n�.� 

�°� �N�M� 

�u�n�d�e�g�r�a�d�e�d� �r�e�s�i�d�u�e



�T�h�e� �C�P� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �o�f� �B�M� �a�n�d� �S�B�M� �f�o�r� �u�s�e� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� 

�f�o�r�m�u�l�a�t�i�o�n�s� �w�e�r�e� �a�l�s�o� �f�r�o�m� �(�2�7�)�.� 

�I�n� �t�h�e� �o�r�i�g�i�n�a�l� �R�A�C� �f�o�r�m�u�l�a�t�i�o�n�s�,� �c�a�l�c�u�l�a�t�e�d� �R�A�C� �w�a�s� 

�l�o�w�e�s�t� �f�o�r� �c�r�a�c�k�e�d� �c�o�r�n�-�b�a�s�e�d� �d�i�e�t�s� �a�n�d� �h�i�g�h�e�s�t� �f�o�r� �g�r�o�u�n�d� 

�b�a�r�l�e�y�-�b�a�s�e�d� �d�i�e�t�s�.� �T�h�e� �f�i�n�a�l� �a�n�a�l�y�s�i�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� 

�d�i�e�t�s� �c�o�n�t�a�i�n�i�n�g� �c�r�a�c�k�e�d� �c�o�r�n� �h�a�d� �t�h�e� �h�i�g�h�e�s�t� �c�a�l�c�u�l�a�t�e�d� �R�A�C� 

�a�n�d� �t�h�o�s�e� �c�o�n�t�a�i�n�i�n�g� �g�r�o�u�n�d� �b�a�r�l�e�y� �t�h�e� �l�o�w�e�s�t� �R�A�C�,� �a�l�t�h�o�u�g�h� 

�t�h�e� �r�a�t�e�s� �(�k�d�)� �o�f� �N�D�F� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �w�e�r�e� �n�u�m�e�r�i�a�l�l�y� �h�i�g�h�e�r� 

�f�o�r� �b�a�r�l�e�y� �(�9�.�3�)� �t�h�a�n� �c�o�r�n� �(�8�.�6�)�.� �T�h�e� �n�u�m�e�r�i�c�a�l� �o�r�d�e�r� �o�f� �t�h�e� 

�r�a�t�e� �o�f� �N�D�F� �d�e�g�r�a�d�a�b�i�l�i�t�y� �f�o�l�l�o�w�e�d� �t�h�e� �o�r�i�g�i�n�a�l� �a�s�s�u�m�p�t�i�o�n� 

�a�s� �g�r�o�u�n�d� �b�a�r�l�e�y� �d�e�g�r�a�d�a�b�i�l�i�t�y� �w�a�s� �f�a�s�t�e�r� �t�h�a�n� �c�r�a�c�k�e�d� �c�o�r�n�.� 

�I�n� �v�i�t�r�o� �a�n�d� �i�n� �s�i�t�u� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �o�f� �g�r�o�u�n�d� �b�a�r�l�e�y� �a�n�d� 

�c�r�a�c�k�e�d� �c�o�r�n� �d�e�g�r�a�d�a�b�i�l�i�t�y� �r�a�t�e�s� �r�e�f�l�e�c�t�e�d� �t�h�e� �s�a�m�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �(�4�,�1�4�,�1�5�,�2�7�,�2�8�)�.� �A�l�t�h�o�u�g�h� �r�a�t�e�s� �o�f� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �s�o�l�u�b�l�e� �s�t�a�r�c�h� �d�e�t�e�r�m�i�n�e�d� �i�n� �v�i�t�r�o� �a�n�d� �i�n� 

�v�i�v�o� �r�e�f�l�e�c�t�e�d� �b�a�r�l�e�y� �g�r�e�a�t�e�r� �t�h�a�n� �c�o�r�n�,� �t�h�e� �p�e�r�c�e�n�t�a�g�e� 

�s�t�a�r�c�h� �i�n� �c�o�r�n� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �b�a�r�l�e�y� �(�4�,�1�5�,�2�8�)�.� 

�T�h�e� �c�a�l�c�u�l�a�t�e�d� �R�A�C� �d�o�e�s� �n�o�t� �r�e�f�l�e�c�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�s�p�e�c�i�f�i�c� �r�a�t�e�s� �o�f� �a�v�a�i�l�a�b�i�l�i�t�y�.� �I�n�s�t�e�a�d�,� �i�t� �r�e�f�l�e�c�t�s� �t�h�e� 

�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �t�h�e� �t�o�t�a�l� �c�a�r�b�o�h�y�d�r�a�t�e� �b�a�s�e�d� �o�n� �t�w�o� 

�a�s�s�u�m�p�t�i�o�n�s�:� �1�)� �n�o�n�s�t�r�u�c�t�u�r�a�l� �c�a�r�b�o�h�y�d�r�a�t�e�s� �a�r�e� �9�0�%� 
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�a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �r�u�m�e�n�,� �a�n�d� �2�)� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �t�h�e� 

�s�t�r�u�c�t�u�r�a�l� �c�a�r�b�o�h�y�d�r�a�t�e�s� �c�a�n� �b�e� �a�c�c�u�r�a�t�e�l�y� �e�s�t�i�m�a�t�e�d� �b�y� �i�n� 

�s�i�t�u� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �o�f� �N�D�F� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s�.� 

�T�h�e� �m�i�c�r�o�b�i�a�l�-�c�o�r�r�e�c�t�e�d� �d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �t�h�e� �C�P� �o�f� 

�g�r�o�u�n�d� �b�a�r�l�e�y� �(�6�8�.�3�%�)� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� �c�r�a�c�k�e�d� �c�o�r�n� �(�4�9�.�0�%�)�,� 

�b�u�t� �s�i�m�i�l�a�r� �t�o� �o�t�h�e�r� �r�e�p�o�r�t�e�d� �v�a�l�u�e�s� �(�2�7�)�.� �A�s� �a� �r�e�s�u�l�t� �o�f� 

�t�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�n� �C�P� �d�e�g�r�a�d�a�b�i�l�i�t�y�,� �s�l�i�g�h�t�l�y� �m�o�r�e� �B�M� �w�a�s� 

�i�n�c�l�u�d�e�d� �i�n� �t�h�e� �g�r�o�u�n�d� �b�a�r�l�e�y� �d�i�e�t�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� 

�c�r�a�c�k�e�d� �c�o�r�n� �d�i�e�t�s� �i�n� �o�r�d�e�r� �t�o� �a�c�h�i�e�v�e� �s�p�e�c�i�f�i�e�d� �l�o�w�e�r� 

�l�e�v�e�l�s� �o�f� �R�A�P� �(�T�a�b�l�e� �2�)�.� 

�C�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n�,� �C�P� �d�e�g�r�a�d�a�b�i�l�i�t�y� �a�n�d� �N�D�F� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �S�B�M� �w�a�s� �s�i�m�i�l�a�r� �t�o� �o�t�h�e�r� �r�e�p�o�r�t�s� 

�(�2�4�,�2�7�,�3�9�)�.� �S�o�u�r�c�e� �o�f� �B�M� �(�p�o�r�c�i�n�e�)� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�a�s� 

�c�o�n�s�i�s�t�e�n�t�l�y� �h�i�g�h� �i�n� �C�P� �a�n�d� �p�r�o�v�i�d�e�d� �t�h�e� �l�e�a�s�t� �v�a�r�i�a�t�i�o�n� �i�n� 

�D�M� �a�n�d� �C�P� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s�.� �B�e�c�a�u�s�e� �N�D�F� �c�o�n�t�e�n�t� �o�f� �B�M� �w�a�s� 

�v�e�r�y� �l�o�w� �(�T�a�b�l�e� �4�)�,� �a�n� �a�c�c�u�r�a�t�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �N�D�F� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �c�o�u�l�d� �n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d�.� 

�C�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �f�o�r�a�g�e� �s�o�u�r�c�e�s� �w�a�s� �s�i�m�i�l�a�r� 

�t�o� �v�a�l�u�e�s� �u�s�e�d� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �f�o�r�m�u�l�a�t�i�o�n�.� �R�u�m�i�n�a�l� 

�d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �t�h�e� �f�o�r�a�g�e�s� �w�a�s� �n�o�t� �d�e�t�e�r�m�i�n�e�d� �i�n� �s�i�t�u�.� 

�I�n�s�t�e�a�d�,� �i�n� �s�i�t�u� �v�a�l�u�e�s� �f�r�o�m� �(�2�7�)� �w�e�r�e� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� 

�t�h�e�s�e� �d�e�g�r�a�d�a�b�i�l�i�t�i�e�s� �f�o�r� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �R�A�P� �a�n�d� �R�A�C� 

�o�f� �t�h�e� �c�o�m�p�l�e�t�e� �d�i�e�t�.� 
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�A�s� �e�x�p�e�c�t�e�d�,� �N�D�F� �v�a�r�i�e�d� �t�h�e� �m�o�s�t� �a�m�o�n�g� �d�i�e�t�s�.� �A�l�t�h�o�u�g�h� �t�h�e� 

�a�c�t�u�a�l� �C�P� �a�n�d� �c�a�l�c�u�l�a�t�e�d� �C�H�O� �p�e�r�c�e�n�t�a�g�e�s� �(�N�S�C� �+� �N�D�F�)� �w�e�r�e� 

�s�i�m�i�l�a�r� �a�m�o�n�g� �d�i�e�t�s�,� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�i�e�s� �o�f� �C�P� �a�n�d� �C�H�O� 

�d�i�f�f�e�r�e�d� �a�m�o�n�g� �d�i�e�t�s� �(�R�A�P� �(�P�<�.�0�5�)�,� �R�A�C� �(�P�<�.�1�2�)�)�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �R�A�C� �w�a�s� �n�o�t� �a�s� �l�a�r�g�e� �a�s� �e�x�p�e�c�t�e�d�,� �d�u�e� 

�p�r�i�m�a�r�i�l�y� �t�o� �t�h�e� �h�i�g�h� �N�D�F� �c�o�n�t�e�n�t�.� 

�D�r�y� �M�a�t�t�e�r� �I�n�t�a�k�e� 

�N�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �D�M�I�,� �o�r� �D�M�I� �e�x�p�r�e�s�s�e�d� �a�s� �a� �p�e�r�c�e�n�t�a�g�e� 

�o�f� �B�W�,� �w�e�r�e� �d�e�t�e�c�t�e�d� �a�m�o�n�g� �d�i�e�t�a�r�y� �t�r�e�a�t�m�e�n�t�s� �f�r�o�m� �w�k� �4� 

�t�h�r�o�u�g�h� �1�5� �o�f� �l�a�c�t�a�t�i�o�n� �(�T�a�b�l�e� �5�)�.� �H�i�g�h� �i�n�t�a�k�e�s� �w�e�r�e� 

�m�a�i�n�t�a�i�n�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y� �w�i�t�h� �a� �l�i�n�e�a�r� �i�n�c�r�e�a�s�e� 

�t�h�r�o�u�g�h� �w�k� �1�5� �(�P�<�.�0�1�)�.� �O�n� �t�h�e� �c�o�n�t�r�a�r�y�,� �C�a�s�p�e�r� �e�t� �a�l�.� �(�4�)�,� 

�C�a�s�p�e�r� �a�n�d� �S�h�i�n�g�o�e�t�h�e� �(�3�)�,� �a�n�d� �M�c�C�a�r�t�h�y� �e�t� �a�l�.� �(�2�1�)� �r�e�p�o�r�t�e�d� 

�l�o�w�e�r� �D�M�I� �o�f� �b�a�r�l�e�y�-�b�a�s�e�d� �t�h�a�n� �c�o�r�n�-�b�a�s�e�d� �t�o�t�a�l� �m�i�x�e�d� �d�i�e�t�s� 

�i�n� �m�a�t�u�r�e� �l�a�c�t�a�t�i�n�g� �c�o�w�s�.� �O�t�h�e�r�s� �h�a�v�e� �s�h�o�w�n� �n�o� �d�e�p�r�e�s�s�i�o�n� 

�o�f� �i�n�t�a�k�e� �w�h�e�n� �c�o�w�s� �w�e�r�e� �f�e�d� �b�a�r�l�e�y�-�b�a�s�e�d� �d�i�e�t�s� 

�(�1�1�,�1�4�,�1�5�,�3�7�,�4�2�)�.� 

�P�l�a�s�m�a� �U�r�e�a� �N�i�t�r�o�g�e�n� 

�A�l�t�h�o�u�g�h� �d�i�e�t�s� �v�a�r�i�e�d� �w�i�d�e�l�y� �i�n� �r�u�m�i�n�a�l� �a�v�a�i�l�a�b�i�l�i�t�i�e�s� 

�o�f� �C�P�,� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �p�l�a�s�m�a� �u�r�e�a� �n�i�t�r�o�g�e�n� �(�P�U�N�)� �w�e�r�e� 

�f�o�u�n�d� �(�T�a�b�l�e� �6�)�.� �A�l�l� �d�i�e�t�s� �e�x�c�e�e�d�e�d� �t�h�e� �r�e�c�o�m�m�e�n�d�e�d� �l�e�v�e�l� 

�o�f� �d�i�e�t�a�r�y� �C�P� �f�o�r� �f�i�r�s�t�-�l�a�c�t�a�t�i�o�n� �H�o�l�s�t�e�i�n� �h�e�i�f�e�r�s� �(�2�4�)�,� 

�t�h�u�s� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �l�e�v�e�l�s� �o�f� �P�U�N� �o�n� �a�l�l� �d�i�e�t�a�r�y� 

�t�r�e�a�t�m�e�n�t�s� �r�e�f�l�e�c�t� �t�h�e� �h�i�g�h� �d�i�e�t�a�r�y� �C�P� �c�o�n�t�e�n�t�.� 

�8�7



�T�h�e� �P�U�N� �l�e�v�e�l�s� �e�x�c�e�e�d�e�d� �t�h�e� �r�e�c�o�m�m�e�n�d�e�d� �m�i�n�i�m�u�m� �o�f� �8�-�1�0� 

�m�g� �N�/�d�l� �r�e�q�u�i�r�e�d� �t�o� �m�a�x�i�m�i�z�e� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �d�i�g�e�s�t�i�o�n� �i�n� �t�h�e� 

�r�u�m�e�n� �d�u�r�i�n�g� �l�a�c�t�a�t�i�o�n� �(�2�4�)�.� �T�h�e� �v�a�l�u�e�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� 

�o�t�h�e�r� �s�t�u�d�i�e�s� �i�n� �w�h�i�c�h� �S�B�M�-�b�a�s�e�d�,� �h�i�g�h� �p�r�o�t�e�i�n� �d�i�e�t�s� �w�e�r�e� 

�f�e�d� �(�6�,�3�1�)�.� 

�T�h�e� �P�U�N� �s�a�m�p�l�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �b�l�o�o�d� �s�a�m�p�l�e�s� 

�t�a�k�e�n� �3� �h� �p�o�s�t�-�f�e�e�d�i�n�g�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �P�U�N� �m�a�y� �h�a�v�e� 

�b�e�e�n� �h�i�g�h�e�r� �p�r�i�o�r� �t�o� �t�h�i�s� �t�i�m�e� �w�i�t�h� �d�i�e�t�s� �c�o�n�t�a�i�n�i�n�g� �h�i�g�h�e�r� 

�l�e�v�e�l�s� �o�f� �g�r�o�u�n�d� �b�a�r�l�e�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �m�o�r�e� �r�a�p�i�d�l�y� 

�d�e�g�r�a�d�e�d� �C�P� �o�f� �g�r�o�u�n�d� �b�a�r�l�e�y�.� �W�h�e�n� �b�l�o�o�d� �s�a�m�p�l�e�s� �w�e�r�e� �d�r�a�w�n� 

�a�t� �0�,� �2�,� �4�,� �a�n�d� �6� �h� �p�o�s�t�-�f�e�e�d�i�n�g� �f�r�o�m� �l�a�c�t�a�t�i�n�g� �c�o�w�s� �f�e�d� 

�b�a�r�l�e�y� �a�n�d� �m�i�l�o�-�b�a�s�e�d� �d�i�e�t�s�,� �b�l�o�o�d� �u�r�e�a� �N� �w�a�s� �h�i�g�h�e�r� �f�o�r� 

�b�a�r�l�e�y� �t�h�a�n� �m�i�l�o� �d�i�e�t�s� �(�1�5�)�.� 

�G�r�o�w�t�h� �m�e�a�s�u�r�e�m�e�n�t�s� 

�S�i�n�c�e� �t�h�e�s�e� �a�n�i�m�a�l�s� �w�e�r�e� �i�n� �t�h�e� �f�i�r�s�t� �l�a�c�t�a�t�i�o�n�,� �t�h�e�y� 

�w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �p�a�r�t�i�t�i�o�n� �n�u�t�r�i�e�n�t�s� �t�o�w�a�r�d� �g�r�o�w�t�h� �(�2�9�)� 

�i�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�a�t� �r�e�q�u�i�r�e�d� �f�o�r� �l�a�c�t�a�t�i�o�n�.� �A�l�l� �a�n�i�m�a�l�s� 

�i�n�c�r�e�a�s�e�d� �i�n� �B�W� �o�v�e�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d�,� �a�n�d� �n�o� 

�d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �r�e�s�p�o�n�s�e� �t�o� �d�i�e�t�s�.� �H�o�w�e�v�e�r�,� 

�l�a�r�g�e� �v�a�r�i�a�t�i�o�n�s� �e�x�i�s�t�e�d� �w�h�e�n� �c�o�m�p�a�r�i�n�g� �t�h�e� �c�h�a�n�g�e� �i�n� �B�W� 

�f�r�o�m� �t�h�e� �b�e�g�i�n�n�i�n�g� �t�o� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y� �b�y� �d�i�e�t�a�r�y� �g�r�o�u�p� 
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�T�a�b�l�e� �6�.� �P�l�a�s�m�a� �u�r�e�a� �n�i�t�r�o�g�e�n� �(�P�U�N�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �3� �t�o� �4� 
�h� �p�o�s�t�-�f�e�e�d�i�n�g� �o�f� �p�r�i�m�i�p�a�r�o�u�s� �c�o�w�s� �f�e�d� �d�i�e�t�s� �v�a�r�y�i�n�g� �i�n� 
�R�A�P� �a�n�d� �R�A�C�.� 
� � 

� � 

�P�U�N�!� 

�D�i�e�t� �m�g�/�1�0�0� �m�l� �S�E� 

�1� �1�7�.�7� �1�.�4� 

�2� �1�8�.�4� �1�.�3� 

�3� �1�6�.�2� �1�.�4� 

�4� �1�4�.�6� �1�.�4� 

�5� �1�7�.�4� �1�.�4� 

�6� �1�6�.�5� �1�.�3� 

�7� �1�7�.�4� �1�.�4� 

�8� �1�7�.�9� �1�.�3� 

�9� �1�6�.�2� �1�.�4� 
� � 

�|� �L�e�a�s�t� �s�q�u�a�r�e�s� �m�e�a�n�s� �o�f� �6� �c�o�w�s� �p�e�r� �d�i�e�t�.� 
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�(�T�a�b�l�e� �5�)�.� �A�l�l� �a�n�i�m�a�l�s� �i�n�c�r�e�a�s�e�d� �i�n� �B�W�,� �y�e�t� �t�h�e� �s�i�x� �a�n�i�m�a�l�s� 

�r�e�c�e�i�v�i�n�g� �d�i�e�t� �2� �h�a�d� �a� �g�r�e�a�t�e�r� �r�e�c�o�v�e�r�y� �o�f� �w�e�i�g�h�t� �l�o�s�s� 

�(�+� �2�9�.�6� �k�g�)� �t�h�a�n� �t�h�e� �s�l�o�w�e�r� �g�a�i�n�i�n�g� �a�n�i�m�a�l�s� �o�n� �d�i�e�t� �6�.� 

�O�t�h�e�r�s� �(�4�0�,� �3�6�)� �h�a�v�e� �r�e�p�o�r�t�e�d� �B�W� �g�a�i�n�s� �i�n� �l�a�c�t�a�t�i�n�g� 

�p�r�i�m�i�p�a�r�o�u�s� �h�e�i�f�e�r�s�.� �C�r�e�s�s�m�a�n� �e�t� �a�l�.� �(�1�0�)� �s�h�o�w�e�d� �a�n� �o�v�e�r�a�l�l� 

�g�a�i�n� �o�f� �2�6�.�2� �k�g� �i�n� �p�r�i�m�i�p�a�r�o�u�s� �h�e�i�f�e�r�s� �d�u�r�i�n�g� �w�k� �1� �t�h�r�o�u�g�h� 

�1�2� �o�f� �l�a�c�t�a�t�i�o�n�.� �D�u�r�i�n�g� �t�h�e� �s�a�m�e� �p�e�r�i�o�d�,� �t�h�e� �m�a�t�u�r�e� �c�o�w�s� 

�l�o�s�t� �6�.�8� �k�g�.� �G�a�i�n�s� �i�n� �o�u�r� �s�t�u�d�y� �w�e�r�e� �c�o�n�s�i�d�e�r�a�b�l�y� �h�i�g�h�e�r� 

�t�h�a�n� �(�1�0�)�,� �y�e�t� �t�h�e� �i�n�i�t�i�a�l� �B�W� �m�e�a�s�u�r�e�m�e�n�t� �w�a�s� �w�k� �3� �o�f� 

�l�a�c�t�a�t�i�o�n� �c�o�m�p�a�r�e�d� �w�i�t�h� �w�k� �1� �i�n� �(�1�0�)�.� �A� �d�e�c�r�e�a�s�e� �i�n� �B�W� �i�s� 

�e�x�p�e�c�t�e�d� �d�u�r�i�n�g� �w�k� �0�-�3� �i�n� �h�i�g�h� �p�r�o�d�u�c�i�n�g� �c�o�w�s�.� �T�h�e� �i�n�i�t�i�a�l� 

�B�W� �w�a�s� �p�r�o�b�a�b�l�y� �t�h�e� �l�o�w�e�s�t� �o�f� �t�h�e� �l�a�c�t�a�t�i�o�n�.� �R�o�f�f�l�e�r� �a�n�d� 

�T�h�a�c�k�e�r� �(�3�2�)� �r�e�p�o�r�t�e�d� �l�o�w�e�r� �B�W� �l�o�s�s� �i�n� �e�a�r�l�y� �l�a�c�t�a�t�i�o�n� �i�n� 

�l�a�c�t�a�t�i�n�g� �h�e�i�f�e�r�s� �f�e�d� �h�i�g�h� �p�r�o�t�e�i�n� �d�i�e�t�s� �v�s� �l�o�w� �p�r�o�t�e�i�n� 

�d�i�e�t�s�,� �w�i�t�h� �a� �s�u�b�s�e�q�u�e�n�t� �r�e�c�o�v�e�r�y� �o�f� �B�W� �w�i�t�h� �h�i�g�h� �p�r�o�t�e�i�n� 

�s�u�p�p�l�e�m�e�n�t�a�t�i�o�n�.� 

�H�e�i�g�h�t� �m�e�a�s�u�r�e�m�e�n�t�s� �(�W�H� �a�n�d� �H�H�)� �t�a�k�e�n� �a�t� �4�-�w�k� �i�n�t�e�r�v�a�l�s� 

�i�n�d�i�c�a�t�e�d� �s�m�a�l�l� �i�n�c�r�e�a�s�e�s� �i�n� �s�t�a�t�u�r�e� �d�u�r�i�n�g� �t�h�e� �1�2�-�w�k� �s�t�u�d�y�.� 

�C�h�a�n�g�e� �i�n� �b�o�d�y� �c�o�n�d�i�t�i�o�n� �s�c�o�r�e� �(�B�C�S�)� �w�a�s� �a�l�s�o� �s�l�i�g�h�t� �o�v�e�r� 

�t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d�,� �y�e�t� �a�n�i�m�a�l�s� �i�n� �e�a�r�l�y� �l�a�c�t�a�t�i�o�n� 

�w�o�u�l�d� �n�o�t� �b�e� �e�x�p�e�c�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �g�r�e�a�t�l�y� �i�n� �b�o�d�y� �c�o�n�d�i�t�i�o�n�.� 

�T�h�e� �a�v�e�r�a�g�e� �B�C�S� �1� �w�k� �p�r�i�o�r� �t�o� �t�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �t�h�e� �s�t�u�d�y� 

�w�a�s� �2�.�3�,� �t�h�u�s� �m�o�s�t� �a�n�i�m�a�l�s� �b�e�g�a�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�i�e�t�s� �i�n� 

�t�h�i�n� �c�o�n�d�i�t�i�o�n�.� �T�h�e� �a�n�i�m�a�l�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �h�a�d� �b�e�e�n� 

�m�a�i�n�t�a�i�n�e�d� �p�r�e�v�i�o�u�s�l�y� �o�n� �p�a�s�t�u�r�e�.� 
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�A� �q�u�a�d�r�a�t�i�c� �r�e�s�p�o�n�s�e� �(�P�<�.�0�1�)� �o�f� �3�.�5� �%� �f�a�t� �c�o�r�r�e�c�t�e�d� 

�m�i�l�k� �(�F�C�M�)� �y�i�e�l�d� �(�k�g�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�c�r�o�s�s� �w�e�e�k�s� �o�f� 

�l�a�c�t�a�t�i�o�n� �f�r�o�m� �t�h�e� �r�e�p�e�a�t�e�d� �m�e�a�s�u�r�e�s� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e�.� 

�P�e�a�k� �m�i�l�k� �y�i�e�l�d� �o�c�c�u�r�r�e�d� �b�e�t�w�e�e�n� �w�k� �7� �a�n�d� �1�1� �o�f� �l�a�c�t�a�t�i�o�n�.� 

�B�a�s�e�l�i�n�e� �p�r�o�d�u�c�t�i�o�n� �c�u�r�v�e�s� �o�f� �h�e�i�f�e�r�s� �i�n� �w�i�n�t�e�r�,� �e�s�t�a�b�l�i�s�h�e�d� 

�b�y� �(�2�)�,� �s�h�o�w�e�d� �p�e�a�k� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �b�e�t�w�e�e�n� �w�k� �7� �a�n�d� �9� �o�f� 

�l�a�c�t�a�t�i�o�n�.� �P�r�o�d�u�c�t�i�o�n� �w�a�s� �p�e�r�s�i�s�t�e�n�t� �t�h�r�o�u�g�h� �w�k� �1�1�.� 

�H�e�i�f�e�r�s� �i�n� �s�u�m�m�e�r� �p�e�a�k�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0� �d� �l�a�t�e�r� �t�h�a�n� �t�h�o�s�e� 

�i�n� �w�i�n�t�e�r� �(�2�)�.� �I�n� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �v�a�r�i�o�u�s� �f�o�r�a�g�e� �t�o� 

�c�o�n�c�e�n�t�r�a�t�e� �r�a�t�i�o�s� �(�F�:�C�)� �f�e�d� �t�o� �p�r�i�m�i�p�a�r�o�u�s� �h�e�i�f�e�r�s�,� �M�a�c�l�e�o�d� 

�e�t� �a�l�.� �(�1�9�)� �r�e�p�o�r�t�e�d� �m�a�x�i�m�u�m� �p�r�o�d�u�c�t�i�o�n� �a�t� �w�k� �6� �i�n� �h�i�g�h� 

�f�o�r�a�g�e� �d�i�e�t�s� �(�8�0�:�2�0� �a�n�d� �6�5�:�3�5�)�,� �w�k� �7� �i�n� �5�0�:�5�0� �d�i�e�t�s�,� �a�n�d� �w�k� 

�8� �i�n� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�e� �d�i�e�t�s� �(�3�5�:�6�5�)�.� 

�T�h�e� �l�e�a�s�t� �s�q�u�a�r�e�s� �m�e�a�n�s� �(�6� �a�n�i�m�a�l�s� �p�e�r� �d�i�e�t�)� �o�f� �t�h�e� 

�d�a�i�l�y� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �m�i�l�k� �c�o�m�p�o�s�i�t�i�o�n� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� 

�T�a�b�l�e� �7�.� �P�r�o�d�u�c�t�i�o�n� �a�t� �4� �w�k� �i�n�t�e�r�v�a�l�s� �a�r�e� �f�o�u�n�d� �i�n� �T�a�b�l�e� �8�.� 

�H�o�w�e�v�e�r�,� �d�u�e� �t�o� �t�h�e� �l�o�w� �n�u�m�b�e�r�s� �o�f� �a�n�i�m�a�l� �p�e�r� �t�r�e�a�t�m�e�n�t�,� �a�n� 

�e�v�a�l�u�a�t�i�o�n� �b�a�s�e�d� �o�n� �t�h�e� �c�e�n�t�r�a�l� �c�o�m�p�o�s�i�t�e� �a�n�a�l�y�s�i�s� �i�s� �a� 

�b�e�t�t�e�r� �t�e�s�t� �o�f� �a�n�i�m�a�l� �r�e�s�p�o�n�s�e� �t�o� �d�i�e�t�a�r�y� �t�r�e�a�t�m�e�n�t�.� 

�R�e�s�p�o�n�s�e� �S�u�r�f�a�c�e�s� 

�P�r�i�o�r� �t�o� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s�,� �a�n�a�l�y�s�i�s� �o�f� 

�v�a�r�i�a�n�c�e� �p�r�o�c�e�d�u�r�e�s� �i�n�d�i�c�a�t�e�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �o�r� �m�i�l�k� �c�o�m�p�o�n�e�n�t�s� �d�u�e� �t�o� �d�i�e�t� �(�s�i�x� 

�a�n�i�m�a�l�s�/�d�i�e�t�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �t�e�s�t� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�9�2



�-� 

�
 
�
 

�
 
�
 

�S�O�°� �9�8�°� 
�9�8�°� 

�T�8�°� 
�G�L�°� 

�9�8�°� 
�8�8�°� 

�S�B�"� 
�E�L�°� 

�£�8�"� 
�/� �b�y�  ��u�t�e�j�o�j�d� 

�G�T �� 
 ¬�°�£� 

�r�E
� 

 ¬�° ¬� 
�E�° ¬� 

�v�i�e� 
�=� �E�T�E� 

�T�E
� 

�e�v�e� 
�E

�E
� 

�%� 
 ��u�t�e�j�o�j�d� 

�9�0�°� 
�2�6�°� 

�1�6�°� 
�T�6�°� 

�v�8�"� 
�9�6�°� 

�6�6�°� 
�0�6�°� 

�9�8�°� 
�£�6�"� 

�b�y�  ��W
�e�d� 

�9�1�°� 
�G�'�E� 

�9�°�f� 
�9�'�¢� 

�g�e� 
�L�e�e� 

�L�T�E� 
�C�O�G�T�E� 

�B�°�E ¬� 
�8�B

� 
�E� 

�g� 
�'�2�e�4� 

�G�°�T� 
 ¬�°�9�%�@

� �L�°�S�Z� 
�G

�'�S
� 

�v�e�z� 
�8�7�9�%

� �G
�6�L�e� 

�2�°�9�2� 
�L�°�e�z� 

�L�°�S�t� 
�b�x�  ��W

�o�a�g�s�'�e� 
�b�e�l� 

�G�°�9�%�@
� �9�°�G

�2� 
�T�°�S!"� 

�B�r�z�e� 
�T�'�9�%

� 
�2�4�%

� 
�L�°�9�%

� 
�9�2�%

� �L�H
�e� 

�b�y�  ��A
�T�I� 

�0�°�9� 
�S�°�4�9� 

�O�°�7�@
�9� 

� �O�°�'�f�L� 
�2�°�5�9� 

�9�°�8�G
� 

�2�°�4�9� 
�9�°�2�9� 

�F�°�S�9� 
�d�o�z�  ��d�v�a� 

�9�°�9�9� 
�6�°�S�9� 

�§�°�S�9� 
�4�°�4�9� 

�G
�*�L�9� 

�L�£�°�9�9� 
�T�'�6�9� 

�9�°�8�9� 
�T

�O
�L� 

�O
�H�O

�%
� 

 ��O�w�e� 
�a�s� 

�6� 
�8� 

�L� 
�9� 

�S� 
�v� 

�E� 
�Z� 

�T� 
�w�a�y�z�T� 

�e
�e

� �e
�e

�e
� 

�F
�O

�T
�N

� 
�
 
�
 

�*�(�a
�w

�u
�)� �u

�t�e
�q

�o
�a

�d
� 

�s�t�q
�e

�{�t�t�e
�a

�e
� 

�u
�s�u

�n
�a

� �p�u�e� �(�a�v�y�)� �e
�a

�e
�a

�p
�A

�y
�o

�q
�a

�e
�o

�s
� 

�a
�t�T

�q
�e

�t�T
�t�e

�a
�e

� 
�u�o�e�w

�n�a�z� 
�u�t� 

�b�u�t�A
�a�r�z�e�a� 

�S
�}�a

�T
�p

� 
�p�a�y� �s�m

�o
�o

� �s�n
�o

�r�z�e
�d

�t�u
�t�i�a

�d
� 

�w
�o�r�j�y� �u

�o
�t�y�A

�t�s�o
�d

�w
�u

�o
�s� 

�y�T
�T

�w
� 

�p�u�e� �u
�o

�T
�A

�O
�N

�n
�p

�o
�a

�d
� 

�y�T
�t�w

� �A
�t�t�e

�d
�  ��4� 

�e
�t�q

�e
�d

� 

�9�3



�T�a�b�l�e� �8�.� �L�e�a�s�t� �s�q�u�a�r�e�s� �m�e�a�n�s� �o�f� �m�i�l�k� �y�i�e�l�d� �a�n�d� �c�o�m�p�o�n�e�n�t� �r�e�s�p�o�n�s�e�s� �b�y� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d� 
�o�f� �p�r�i�m�i�p�a�r�o�u�s� �c�o�w�g� �f�e�d� �d�i�e�t�s� �v�a�r�v�i�n�g� �i�n� �R�A�P� �a�n�d� �R�a�c�.�+� 
� � 

� � 

�D�i�e�t�?� 

�I�t�e�m� �P�e�r� �1� �2� �3� �.� �5� �6� �7� �8� �9� �S�E� 

�M�i�l�k�,� �k�g�é� �L� �2�5�.�2� �2�2�.�8� �2�6�.�4� �2�8�.�6� �2�7�.�0� �2�3�.�4� �2�6�.�7� �2�6�.�1� �2�6�.�8� �1�.�5� 

�2� �2�5�.�0� �2�2�.�6� �2�7�.�2� �2�7�.�4� �2�6�.�4� �2�3�.�3� �2�3�.�9� �2�6�.�1� �2�7�.�2� �1�.�4� 

�3� �2�3�.�9� �2�2�.�5� �2�6�.�5� �2�5�.�5� �2�4�.�8� �2�1�.�8� �2�4�.�6� �2�4�.�5� �2�5�.�4� �1�.�4� 

�F�C�M�,� �k�g�>� �1� �2�6�.�3� �2�3�.�6� �2�5�.�7� �2�8�.�6� �2�6�.�5� �2�3�.�6� �2�6�.�9� �2�6�.�3� �2�5�.�7� �1�.�5� 

�2� �2�5�.�7� �2�4�.�5� �2�6�.�9� �2�8�.�7� �2�6�.�8� �2�4�.�2� �2�4�.�3� �2�6�.�2� �2�7�.�0� �1�.�5� 

�3� �2�5�.�2� �2�3�.�1� �2�5�.�9� �2�6�.�3� �2�7�.�2� �2�3�.�3� �2�5�.�3� �2�4�.�7� �2�6�.�3� �1�.�5� 

�F�a�t�,� �k�g�?� �L� �£�9�5� �8�5� �8�8� �1�.�0�0� �.�9�2� �8�3� �9�5� �9�3� �.�8�7� �0�6� 

�2� �9�2� �9�1� �9�4� �©� �1�.�0�6� �9�5� �8�7� �.� �8�6� �9�3� �9�4� �0�6� 

�3� �9�2� �8�3� �8�9� �9�4� �1�.�0�2� �8�3� �9�2� �a�7� �9�5� �0�6� 

�P�r�o�t�e�i�n�,� �L� �8�2� �7�2� �8�0� �8�9� �8�7� �.�7�4� �8�3� �8�5� �a�5� �0�5� 

�k�g�,� �®� �2� �8�3� �7�3� �8�9� �9�1� �8�8� �.�7�6� �.�7�8� �.�9�1� �.�9�0� �0�8� 

�3� �.�6�3� �7�4� �.� �8�6� �8�5� �8�3� �7�3� �8�2� �a�2� �a�4� �0�5� 

�F�a�t�,� �v�¢� �1� �3�.�8� �3�.�7� �3�.�5� �3�.�5� �3�.�4� �3�.�6� �3�.�5� �3�.�6� �3�.�3� �1�8� 

�2� �3�.�7� �4�.�0� �3�.�5� �3�.�8� �3�.�7� �3�.�8� �3�.�6� �3�.�6� �3�.�5� �1�5� 

�3� �3�.�9� �3�.�7� �3�.�4� �3�.�7� �4�.�2� �3�.�9� �3�.�7� �3�.�5� �3�.�7� �1�9� 

�P�r�o�t�e�i�n�,� �2� �3�.�3� �3�.�2� �3�.�0� �3�.�2� �3�.�3� �3�.�2� �3�.�2� �3�.�3� �3�.�2� �1�5� 

�k�g�,� �*� �2� �3�.�3� �3�.�3� �3�.�3� �3�.�3� �3�.�4� �3�.�3� �3�.�3� �2�.�5� �3�.�3� �.�1�6� 

�3� �3�.�5� �3�.�3� �3�.�2� �3�.�4� �2�.�4� �3�.�3� �3�.�3� �3�.�3� �3�.�3� �1�5� 
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�R�A�P� �=� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �p�r�o�t�e�i�n�,� �&� �o�f� �C�P� 

�R�A�C� �©� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�,� �%� �o�f� �C�H�O� 

�S�e�e� �t�e�x�t� �f�o�r� �d�i�e�t�a�r�y� �d�e�s�c�r�i�p�t�i�o�n�s� 

�3� �P�e�r�i�o�d� �1� �©� �w�k� �4� �t�h�r�o�u�g�h� �7� �o�f� �l�a�c�t�a�t�i�o�n�.� 
�P�e�r�i�o�d� �2� �=� �w�k� �8� �t�h�r�o�u�g�h� �1�1� �o�f� �l�a�c�t�a�t�i�o�n�.� 
�P�e�r�i�o�d� �3� �=� �w�k� �1�2� �t�h�r�o�u�g�h� �1�5� �o�f� �l�a�c�t�a�t�i�o�n�.� 

�*� �E�f�f�e�c�t� �o�f� �p�e�r�i�o�d�,� �P�<�.�1�0�.� 

�Q�u�a�d�r�a�t�i�c� �e�f�f�e�c�t� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d�,� �P�<�.�0�5�.� 

�Q�u�a�d�r�a�t�i�c� �e�f�f�e�c�t� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d�,� �P�<�.�0�6�.� 
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�p�r�o�d�u�c�t�i�o�n� �d�u�e� �t�o� �g�e�n�e�t�i�c� �g�r�o�u�p� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�.� �T�h�e�r�e�f�o�r�e�,� 

�g�e�n�e�t�i�c� �h�e�r�d� �w�a�s� �u�s�e�d� �a�s� �a� �c�o�v�a�r�i�a�t�e� �i�n� �t�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� 

�a�n�a�l�y�s�e�s� �a�p�p�r�o�x�i�m�a�t�e�d� �b�y� �a� �s�e�c�o�n�d� �o�r�d�e�r� �m�o�d�e�l�.� 

�R�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �p�r�e�d�i�c�t�i�o�n� �e�q�u�a�t�i�o�n�s� �w�e�r�e� 

�d�e�v�e�l�o�p�e�d� �f�o�r� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �v�a�r�i�a�b�l�e�s� �(�T�a�b�l�e� �9�)�.� �T�h�e�s�e� 

�e�q�u�a�t�i�o�n�s� �w�e�r�e� �u�s�e�d� �t�o� �p�r�o�d�u�c�e� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l�,� �r�e�s�p�o�n�s�e�-� 

�s�u�r�f�a�c�e� �g�r�a�p�h�s� �f�o�r� �t�h�e� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �p�a�r�a�m�e�t�e�r�s�.� 

�D�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �r�e�s�p�o�n�s�e�-�s�u�r�f�a�c�e� �r�e�s�u�l�t�s� �w�i�l�l� �f�o�l�l�o�w� 

�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�e� �d�a�t�a�.� 

�R�e�s�p�o�n�s�e� �s�u�r�f�a�c�e�:� �M�i�l�k� 

�T�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �o�f� �m�i�l�k� �y�i�e�l�d� �w�i�t�h� �i�n�d�e�p�e�n�d�e�n�t� 

�v�a�r�i�a�b�l�e�s� �R�A�P� �a�n�d� �R�A�C� �i�s� �s�h�a�p�e�d� �l�i�k�e� �a� �s�a�d�d�l�e� �(�F�i�g�u�r�e� �2�)�.� 

�T�h�e� �e�i�g�e�n�v�a�l�u�e� �o�f� �1�.�2�7� �s�h�o�w�s� �t�h�a�t� �t�h�e� �v�a�l�l�e�y� �o�r�i�e�n�t�a�t�i�o�n� �o�f� 

�t�h�e� �s�a�d�d�l�e� �i�s� �l�e�s�s� �c�u�r�v�e�d� �t�h�a�n� �t�h�e� �h�i�l�l� �o�r�i�e�n�t�a�t�i�o�n�,� �w�i�t�h� 

�e�i�g�e�n�v�a�l�u�e� �o�f� �-�4�.�2�9� �(�T�a�b�l�e� �1�0�)�.� �T�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e� 

�a�s�s�o�c�i�a�t�e�d� �e�i�g�e�n�v�e�c�t�o�r�s� �s�h�o�w� �t�h�a�t� �t�h�e� �v�a�l�l�e�y� �i�s� �m�o�r�e� �a�l�i�g�n�e�d� 

�w�i�t�h� �R�A�C� �a�n�d� �t�h�e� �h�i�l�l� �w�i�t�h� �R�A�P�.� �T�h�e� �c�a�n�o�n�i�c�a�l� �v�a�r�i�a�b�l�e�s� �a�r�e� 

�l�i�n�e�a�r� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �v�a�r�i�a�b�l�e�s�,� �t�h�u�s� �a� �d�e�c�r�e�a�s�e� 

�i�n� �R�A�P� �(�X�,�)� �w�o�u�l�d� �i�n�c�r�e�a�s�e� �m�i�l�k� �y�i�e�l�d� �a�n�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �R�A�C� 

�(�X�,�)� �w�o�u�l�d� �d�e�c�r�e�a�s�e� �m�i�l�k� �y�i�e�l�d�.� �U�p� �t�o� �a� �m�a�x�i�m�u�m� �o�f� �7�1�.�2� �%� 

�R�A�C�,� �a� �d�e�c�r�e�a�s�e� �i�n� �R�A�P� �f�r�o�m� �6�7�.�1� �%� �w�o�u�l�d� �c�a�u�s�e� �a�n� �i�n�c�r�e�a�s�e� 

�i�n� �m�i�l�k� �y�i�e�l�d�.� 
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�1� �M�i�l�k�,� �k�g� �a� 

�2�9�.�5� �-� �P�L�L�.� 

�s�a�z� �|�|� �|�|� �O�K�A� �T�A�T� 
�1�9�.�0� �|� �C�y� �{� �y�r� 

�1�3�.�8� �t�H� �S� 
�n�l� �8�0� �6�s� �,� 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � �4� �6�6� �6� �6�8� �7�9� �6�7� 
�R�A�P�,� �7�2� 

�F�i�g�u�r�e� �2�.� �R�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �o�f� �m�i�l�k� �y�i�e�l�d� �f�r�o�m� �d�i�e�t�s� 
�v�a�r�y�i�n�g� �i�n� �R�A�P� �a�n�d� �R�A�C� �i�n� �5�4� �p�r�i�m�i�p�a�r�o�u�s� �c�o�w�s� �(�R�-� 
�S�q�u�a�r�e�=�.�4�6�;� �C�.�V�.�=�1�3�.�7�8�;� �L�a�c�k� �o�f� �f�i�t�,� �P�<�.�2�0�)�.� 
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�T�a�b�l�e� �1�0�.� �S�o�l�u�t�i�o�n�s� �f�o�r� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �o�f� �m�i�l�k� 
�a�n�d� �m�i�l�k� �c�o�m�p�o�n�e�n�t�s�.� 

� � 

� � 

�S�o�l�u�t�i�o�n�s� �M�i�l�k� �3�.�5�%� �F�a�t� �P�r�o�t� �F�a�t� �P�r�o�t� 
�F�C�M� 

�k�g� �k�g� �k�g� �k�g� �%� �%� 

�S�t�a�t�i�o�n�a�r�y� �p�o�i�n�t�s� 
�(�S�P�)�!� 
�R�A�P� �(�X�,�)� �6�7�.�1� �6�8�.�3� �7�2�.�1� �7�2�.�5� �6�7�.�0� �6�4�.�4� 

�R�A�C� �(�X�,�)� �7�1�.�2� �7�1�.�8� �7�3�.�1� �7�3�.�3� �7�0�.�5� �7�0�.�5� 

�E�s�t�i�m�a�t�e�d� �2�5�.�6� �2�5�.�7� �-�9�0� �.�8�2� �3�.�6� �3�.�3� 
�m�e�a�n� �a�t� �S�P� 

�E�i�g�e�n�v�a�l�u�e�s�?� 

�X�,� �1�.�2�7� �-� �7�6�7� �-�0�1�4� �.�0�1�1� �-� �3�0�8� �~�1�4�4� 

�X�,� �~�4�.�2�9� �-�2�.�8�7� �-�.�0�6�4� �-�.�1�0�5� �-�.�0�9�2� �-�.�1�2�4� 
� � 

�'� �R�A�P� �=� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �p�r�o�t�e�i�n�,� �%� �o�f� �C�P� 
�R�A�C� �=� �r�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�,� �%� �o�f� �C�H�O� 

�@� �B�a�s�e�d� �o�n� �c�o�d�e�d� �d�a�t�a� 

�9�8



�T�h�e� �m�o�d�e�l� �u�s�e�d� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �m�i�l�k� �y�i�e�l�d� �h�a�d� �t�h�e� �l�o�w�e�s�t� 

�p�r�o�p�o�r�t�i�o�n� �o�f� �v�a�r�i�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �f�a�c�t�o�r�s� �o�t�h�e�r� �t�h�a�n� �t�h�e� 

�m�o�d�e�l� �(�R�°�=�.�4�6�)� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �R�-�S�q�u�a�r�e� �v�a�l�u�e�s� �o�f� �t�h�e� 

�m�o�d�e�l�s� �f�o�r� �t�h�e� �o�t�h�e�r� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �(�T�a�b�l�e� �1�1�)�.� �B�o�t�h� 

�R�A�P� �(�P�<�.�0�2�)� �a�n�d� �R�A�C� �(�P�<�.�0�3�)� �i�n�f�l�u�e�n�c�e�d� �t�h�e� �p�r�e�d�i�c�t�e�d� 

�r�e�s�p�o�n�s�e� �o�f� �m�i�l�k� �y�i�e�l�d� �(�T�a�b�l�e� �1�1�)�.� 

�S�i�n�c�e� �a� �u�n�i�q�u�e� �o�p�t�i�m�u�m� �c�o�u�l�d� �n�o�t� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e�s�e� 

�d�a�t�a�,� �a� �r�i�d�g�e� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �t�o� �p�r�e�d�i�c�t� �a�n� �o�p�t�i�m�u�m� 

�r�e�s�p�o�n�s�e�.� �T�h�e� �r�i�d�g�e� �c�o�u�l�d� �b�e� �i�n�t�e�r�p�r�e�t�e�d� �a�s� �t�h�e� �a�r�e�a� �o�f� �t�h�e� 

�s�u�r�f�a�c�e� �o�f� �t�h�e� �p�r�e�d�i�c�t�e�d� �r�e�s�p�o�n�s�e� �o�n� �w�h�i�c�h� �t�h�e� �r�e�s�p�o�n�s�e� 

�r�a�p�i�d�l�y�  ��c�l�i�m�b�s�'� �o�r� �'�f�a�l�l�s�'�.� �T�h�e� �s�t�a�r�t�i�n�g� �p�o�i�n�t� �o�f� �t�h�e� 

�r�i�d�g�e� �a�n�a�l�y�s�i�s� �h�a�s� �e�a�c�h� �c�o�o�r�d�i�n�a�t�e� �e�q�u�a�l� �t�o� �t�h�e� �m�i�d�p�o�i�n�t� 

�b�e�t�w�e�e�n� �t�h�e� �h�i�g�h�e�s�t� �a�n�d� �l�o�w�e�s�t� �f�a�c�t�o�r�s� �i�n� �t�h�e� �d�e�s�i�g�n�.� �T�h�e� 

�a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �t�h�e� �c�o�v�a�r�i�a�t�e� �i�s� �u�s�e�d� �i�n� �t�h�e� �r�i�d�g�e� 

�e�q�u�a�t�i�o�n�,� �t�h�u�s� �t�h�e� �p�r�e�d�i�c�t�e�d� �r�e�s�p�o�n�s�e�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� 

�f�a�l�l� �b�e�t�w�e�e�n� �t�h�e� �m�a�x�i�m�u�m� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �c�o�n�t�r�o�l� �a�n�d� 

�s�e�l�e�c�t�i�o�n� �g�e�n�e�t�i�c� �h�e�r�d�s�.� �T�h�e� �r�i�d�g�e� �a�n�a�l�y�s�i�s� �i�s� �b�a�s�e�d� �o�n� 

�c�o�d�e�d� �d�a�t�a�.� 

�T�h�e� �r�i�d�g�e� �a�n�a�l�y�s�i�s� �f�o�r� �m�i�l�k� �y�i�e�l�d� �(�T�a�b�l�e� �1�2�)� �s�u�g�g�e�s�t�e�d� 

�t�h�a�t� �a� �d�e�c�r�e�a�s�e� �i�n� �R�A�C� �a�n�d� �R�A�P� �w�o�u�l�d� �i�n�c�r�e�a�s�e� �m�i�l�k� �y�i�e�l�d�.� 

�T�h�e� �s�u�g�g�e�s�t�e�d� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �R�A�C� �a�n�d� �R�A�P�,� �w�i�t�h�i�n� �t�h�e� 

�c�o�n�s�t�r�a�i�n�t�s� �o�f� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�,� �w�o�u�l�d� �b�e� �6�0�.�8� �%� �R�A�P� �a�n�d� �6�8�.�7� 

�%� �R�A�C�.� �A� �d�i�e�t� �s�i�m�i�l�a�r� �t�o� �d�i�e�t� �4� �w�o�u�l�d� �p�r�o�v�i�d�e� �t�h�i�s� 

�c�o�m�b�i�n�a�t�i�o�n�.� 
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�T�a�b�l�e� �1�1�.� �T�e�s�t�s� �o�f� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �R�A�P� �a�n�d� �R�A�C� �f�o�r� �t�h�e� �m�o�d�e�l� 
�o�f� �e�a�c�h� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e�.� 
� � 

� � 

� � 

�P�r�o�b� �>� �F� �?� �R�-� 

�V�a�r�i�a�b�l�e� �x�,� �!� �X�,� �S�q�u�a�r�e �� �c�.�v�.�?� 

�M�i�l�k� �y�i�e�l�d� �-�0�2� �-�0�3� �-�4�6� �1�3�.�7�8� 

�3�.�5�%� �F�C�M� �y�i�e�l�d� �-�0�3� �-�2�6� �~�4�4� �1�3�.�4�8� 

�F�a�t� �y�i�e�l�d� �-�0�9� �2�7�5� �~�3�5� �1�5�.�3�4� 

�P�r�o�t�e�i�n� �y�i�e�l�d� �0�4� �.�0�8� �.�3�4� �1�3�.�5�8� 

�F�a�t�,� �%� �~�3�9� �-�1�3� �.�0�6� �1�1�.�4�6� 

�P�r�o�t�e�i�n�,� �%� �.�2�9� �3�6� �-�2�2� �6�.�6�3� 
� � 

�|� �X�,� �=� �R�u�m�e�n� �a�v�a�i�l�a�b�l�e� �p�r�o�t�e�i�n�,� �%� �o�f� �C�P�.� 
�X�,� �=� �R�u�m�e�n� �a�v�a�i�l�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�,� �%� �o�f� �C�H�O� 

�>� �H�O� �f�o�r� �X�,� �X�i�,� �X�,�*�X�,�,� �X�,�*�X�,�=�0�.� 
�H�O� �f�o�r� �X�,� �=� �X�,�,� �X�,�*�X�,�,� �X�)�*�X�,�=�0�.� 

�3� �P�r�o�p�o�r�t�i�o�n� �o�f� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� �r�e�s�p�o�n�s�e� �a�t�t�r�i�b�u�t�e�d� �t�o� 
�t�h�e� �m�o�d�e�l�,� �c�o�r�r�e�c�t�e�d� �f�o�r� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �c�o�v�a�r�i�a�t�e�.� 

�4� �C�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n� �=� �1�0�0� �*� �r�o�o�t�m�s�e�/�m�e�a�n� 
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�T�a�b�l�e� �1�2�.� �E�s�t�i�m�a�t�e�d� �r�i�d�g�e� �o�f� �m�a�x�i�m�u�m� �r�e�s�p�o�n�s�e� �f�o�r� �3�.�5�%� �F�C�M� 
�a�n�d� �m�i�l�k� �y�i�e�l�d�s� �b�a�s�e�d� �o�n� �e�x�p�e�r�i�m�e�n�t�a�l� �d�i�e�t�s� �v�a�r�y�i�n�g� �i�n� �R�A�P� 
�a�n�d� �R�A�C�.� 
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�D�e�p�e�n�d�e�n�t� �I�n�d�e�p�e�n�d�e�n�t� �E�s�t�i�m�a�t�e�d� 
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�5�9�.�9� �6�8�.�8� �2�7�.�9� �.�9�0� 

�M�i�l�k�,� �k�g� �6�5�.�8� �7�0�.�0� �2�5�.�7� �-�5�3� 

�6�5�.�1� �6�9�.�9� �2�5�.�9� �~�5�2� 

�6�4�.�4� �6�9�.�8� �2�6�.�1� �~�5�1� 

�6�3�.�9� �6�9�.�7� �2�6�.�3� �-�5�0� 

�6�3�.�3� �6�9�.�5� �2�6�.�5� �4�9� 

�6�2�.�8� �6�9�.�4� �2�6�.�8� �~�5�1� 

�6�2�.�3� �6�9�.�2� �2�7�.�1� �-�5�5� 

�6�1�.�8� �6�9�.�0� �2�7�.�3� �-�6�3� 

�6�1�.�3� �6�8�.�9� �2�7�.�7� �~�7�5� 

�6�0�.�8� �6�8�.�7� �2�8�.�0� �~�9�1� 
� � 

�'� �D�e�t�e�r�m�i�n�e�d� �b�y� �r�i�d�g�e� �a�n�a�l�y�s�i�s� �o�f� �s�a�d�d�l�e�-�s�u�r�f�a�c�e� �r�e�s�p�o�n�s�e� 
�w�i�t�h� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �l�i�m�i�t�e�d� �t�o� �t�h�e� �r�a�n�g�e� �o�f� �t�h�e� 
�e�x�p�e�r�i�m�e�n�t�a�l� �r�e�g�i�o�n�.� 
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�W�h�e�n� �t�h�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �e�x�c�e�e�d� 

�t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�a�n�g�e� �(�T�a�b�l�e� �1�3�)�,� �t�h�e� �r�i�d�g�e� �a�n�a�l�y�s�i�s� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �d�e�c�r�e�a�s�i�n�g� �R�A�P� �b�e�l�o�w� �6�0� �%� �a�n�d� �R�A�C� �b�e�l�o�w� �6�8� �%� 

�w�o�u�l�d� �i�n�c�r�e�a�s�e� �m�i�l�k� �y�i�e�l�d� �m�o�r�e� �t�h�a�n� �2�.�7� �k�g� �a�b�o�v�e� �t�h�e� 

�e�s�t�i�m�a�t�e�d� �m�e�a�n� �a�t� �t�h�e� �S�P� �o�f� �t�h�e� �s�u�r�f�a�c�e�.� �H�o�w�e�v�e�r�,� 

�i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e�s�e� �d�a�t�a� �m�u�s�t� �b�e� �d�o�n�e� �w�i�t�h� �c�a�u�t�i�o�n�.� �T�h�e� 

�s�t�a�n�d�a�r�d� �e�r�r�o�r�s� �o�f� �t�h�e� �m�e�a�n�s� �i�n�c�r�e�a�s�e� �g�r�e�a�t�l�y� �w�h�e�n� �t�h�e� 

�r�e�s�p�o�n�s�e�s� �a�r�e� �p�r�e�d�i�c�t�e�d� �f�r�o�m� �p�o�i�n�t�s� �o�u�t�s�i�d�e� �o�f� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �r�e�g�i�o�n�.� �T�h�e�s�e� �p�r�e�d�i�c�t�e�d� �r�e�s�p�o�n�s�e�s� �r�e�i�t�e�r�a�t�e� 

�t�h�e� �q�u�e�s�t�i�o�n�a�b�l�e� �r�e�l�i�a�b�i�l�i�t�y� �o�f� �e�x�t�r�a�p�o�l�a�t�i�o�n� �o�u�t�s�i�d�e� �t�h�e� 

�r�a�n�g�e� �o�f� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �i�n� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� 

�m�e�t�h�o�d�o�l�o�g�y�.� 

�D�i�f�f�e�r�e�n�c�e�s� �i�n� �m�i�l�k� �y�i�e�l�d� �b�y� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d� �w�e�r�e� 

�a�l�s�o� �e�x�a�m�i�n�e�d�.� �E�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d�s� �w�e�r�e� �w�k� �4�-�7� �(�p�e�r�i�o�d� �1�)�,� 

�w�k� �8�-�1�1� �(�p�e�r�i�o�d� �2�)�,� �a�n�d� �w�k� �1�2�-�1�5� �o�f� �l�a�c�t�a�t�i�o�n� �(�p�e�r�i�o�d� �3�)�.� 

�M�i�l�k� �y�i�e�l�d� �d�i�f�f�e�r�e�d� �(�P�<�.�0�7�)� �b�y� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d�.� 

�R�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �o�f� �m�i�l�k� �y�i�e�l�d� �b�y� �e�x�p�e�r�i�m�e�n�t�a�l� �p�e�r�i�o�d� 

�r�e�s�u�l�t�e�d� �i�n� �s�i�m�i�l�a�r� �t�r�e�n�d�s� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�i�s�c�u�s�s�e�d� �f�o�r� �m�i�l�k� 

�y�i�e�l�d� �f�r�o�m� �w�k� �4� �t�h�r�o�u�g�h� �1�2� �o�f� �l�a�c�t�a�t�i�o�n�.� �E�v�a�l�u�a�t�i�o�n�s� �o�f� �t�h�e� 

�e�i�g�e�n�v�e�c�t�o�r�s� �a�n�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �e�i�g�e�n�v�a�l�u�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 

�d�e�c�r�e�a�s�e�s� �i�n� �R�A�P� �d�u�r�i�n�g� �p�e�r�i�o�d�s� �1� �a�n�d� �2� �w�o�u�l�d� �i�n�c�r�e�a�s�e� �m�i�l�k� 

�y�i�e�l�d�,� �w�h�e�r�e�a�s�,� �i�n�c�r�e�a�s�e�s� �i�n� �R�A�C� �w�o�u�l�d� �d�e�c�r�e�a�s�e� �m�i�l�k� �y�i�e�l�d�.� 
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�T�a�b�l�e� �1�3�.� �E�s�t�i�m�a�t�e�d� �r�i�d�g�e� �o�f� �m�a�x�i�m�u�m� �r�e�s�p�o�n�s�e� �f�o�r� �m�i�l�k� �a�n�d� 
�3�.�5�%� �F�C�M� �y�i�e�l�d�s�.� �'� 
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�D�e�p�e�n�d�e�n�t� �I�n�d�e�p�e�n�d�e�n�t� �E�s�t�i�m�a�t�e�d� 
�V�a�r�i�a�b�l�e� �V�a�r�i�a�b�l�e�s� �R�e�s�p�o�n�s�e� 

�V�a�r�i�a�b�l�e�,� �R�A�P� �(�X�,�)� �R�A�C� �(�X�,�)� �Y�,� �S�E� 

�F�C�M�,� �k�g� �5�9�.�9� �6�8�.�7� �2�8�.�1� �1�.�1� 

�5�8�.�9� �6�8�.�3� �2�8�.�7� �1�.�5� 

�5�7�.�8� �6�8�.�0� �2�9�.�4� �2�.�1� 

�5�6�.�8� �6�7�.�7� �3�0�.�1� �2�.�8� 

�5�5�.�8� �6�7�.�4� �3�0�.�8� �3�.�5� 

�5�4�.�8� �6�7�.�0� �3�1�.�7� �4�.�4� 

�5�3�.�8� �6�6�.�7� �3�2�.�5� �5�.�3� 

�5�2�.�8� �6�6�.�4� �3�3�.�5� �6�.�4� 

�5�1�.�8� �6�6�.�0� �3�4�.�5� �7�.�5� 

�5�0�.�7� �6�5�.�7� �3�5�.�6� �8�.�7� 

�M�i�l�k�,� �k�g� �6�0�.�3� �6�8�.�5� �2�8�.�4� �1�.�1� 

�5�9�.�3� �6�8�.�2� �2�9�.�2� �1�.�6� 

�5�8�.�3� �6�7�.�8� �3�0�.�1� �2�.�1� 

�5�7�.�3� �6�7�.�5� �3�1�.�1� �2�.�8� 

�5�6�.�4� �6�7�.�2� �3�2�.�2� �3�.�6� 

�5�5�.�4� �6�6�.�8� �3�3�.�5� �4�.�4� 

�5�4�.�4� �6�6�.�5� �3�4�.�8� �5�.�4� 

�5�3�.�5� �6�6�.�1� �3�6�.�2� �6�.�4� 

�5�2�.�5� �6�5�.�8� �3�7�.�7� �7�.�6� 

�5�1�.�5� �6�5�.�5� �3�9�.�4� �8�.�8� 
� � 

�'� �D�e�t�e�r�m�i�n�e�d� �b�y� �r�i�d�g�e� �a�n�a�l�y�s�i�s� �o�f� �s�a�d�d�l�e�-�s�u�r�f�a�c�e� �r�e�s�p�o�n�s�e� 
�b�a�s�e�d� �o�n� �e�s�t�i�m�a�t�e�d� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �R�A�P� �a�n�d� �R�A�C� �o�u�t�s�i�d�e� �o�f� 
�t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�g�i�o�n�.� 
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�I�n� �p�e�r�i�o�d� �3�,� �c�h�a�n�g�e�s� �i�n� �e�i�t�h�e�r� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �h�a�d� �l�e�s�s� 

�e�f�f�e�c�t� �o�n� �m�i�l�k� �y�i�e�l�d�.� �I�n� �g�e�n�e�r�a�l�,� �a� �d�e�c�r�e�a�s�e� �i�n� �R�A�C� �a�n�d� �R�A�P� 

�w�o�u�l�d� �t�e�n�d� �t�o� �m�a�x�i�m�i�z�e� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �d�u�r�i�n�g� �e�a�c�h� �p�e�r�i�o�d�.� 

�T�h�e� �p�r�e�d�i�c�t�e�d� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �f�r�o�m� �t�h�e� �r�i�d�g�e� �a�n�a�l�y�s�i�s� 

�r�a�n�g�e�d� �f�r�o�m� �2�6�.�4� �k�g� �(�R�A�P�=�6�5�.�8�,� �R�A�C�=�7�0�.�0�)� �t�o� �2�9�.�6� �k�g� 

�(�R�A�P�=�6�0�.�5�,� �R�A�C�=�6�8�.�6�)� �d�u�r�i�n�g� �p�e�r�i�o�d� �1� �w�h�e�n� �t�h�e� �f�a�c�t�o�r� �v�a�l�u�e�s� 

�w�e�r�e� �l�i�m�i�t�e�d� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�g�i�o�n�.� �I�n� �p�e�r�i�o�d� �2�,� 

�p�r�e�d�i�c�t�e�d� �m�i�l�k� �y�i�e�l�d� �r�a�n�g�e�d� �f�r�o�m� �2�5�.�7� �t�o� �2�7�.�7� �k�g�.� �M�i�l�k� 

�y�i�e�l�d� �r�a�n�g�e� �w�a�s� �2�4�.�9� �t�o� �2�7�.�0� �k�g� �i�n� �p�e�r�i�o�d� �3�.� �T�h�e� 

�i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �u�s�e�d� �i�n� �t�h�e�s�e� �p�r�e�d�i�c�t�i�o�n�s� �a�r�e� �t�h�e� �s�a�m�e� 

�a�s� �f�o�u�n�d� �i�n� �T�a�b�l�e� �1�2�.� �T�h�e�s�e� �d�a�t�a� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �l�e�v�e�l� �o�f� 

�R�A�P� �a�n�d� �R�A�C� �h�a�v�e� �a� �l�e�s�s�e�r� �i�n�f�l�u�e�n�c�e� �o�n� �m�i�l�k� �y�i�e�l�d� �i�n� 

�p�r�i�m�i�p�a�r�o�u�s� �a�n�i�m�a�l�s� �p�a�s�t� �p�e�a�k� �p�r�o�d�u�c�t�i�o�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�p�e�r�i�o�d� �b�e�f�o�r�e� �a�n�d� �d�u�r�i�n�g� �p�e�a�k�.� 

�3�.�5� �%� �F�a�t�-�C�o�r�r�e�c�t�e�d� �M�i�l�k� 

�A�s� �w�a�s� �p�r�e�d�i�c�t�e�d� �f�o�r� �m�i�l�k� �y�i�e�l�d�,� �t�h�e� �S�P� �f�o�r� �3�.�5� �%� �F�C�M� 

�w�a�s� �f�o�r� �a� �m�i�n�i�m�u�m� �X�,� �(�R�A�P�)� �a�n�d� �m�a�x�i�m�u�m� �X�,� �(�R�A�C�)� �(�T�a�b�l�e� �1�0�)�.� 

�T�h�e� �e�s�t�i�m�a�t�e�d� �m�e�a�n� �a�t� �t�h�e� �S�P� �w�a�s� �2�5�.�7� �k�g� �w�h�e�r�e� �a� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �6�8�.�3�%� �R�A�P� �a�n�d� �7�1�.�8� �%� �R�A�C� �w�e�r�e� �f�e�d�.� �T�h�e� �a�s�s�o�c�i�a�t�e�d� 

�e�i�g�e�n�v�e�c�t�o�r�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �v�a�l�l�e�y� �w�a�s� �m�o�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�t�h�e� �R�A�C� �v�a�r�i�a�b�l�e� �a�n�d� �t�h�e� �h�i�l�l� �w�i�t�h� �R�A�P�,� �i�m�p�l�y�i�n�g� �c�h�a�n�g�e�s� �i�n� 

�R�A�P� �r�e�s�u�l�t� �i�n� �g�r�e�a�t�e�r� �c�h�a�n�g�e�s� �i�n� �F�C�M� �t�h�a�n� �R�A�C�.� �T�h�e� 

�c�o�e�f�f�i�c�i�e�n�t� �o�f� �d�e�t�e�r�m�i�n�a�t�i�o�n� �(�R�*� �=� �.�4�4�)� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� 

�o�f� �t�h�e� �m�o�d�e�l� �f�o�r� �m�i�l�k� �y�i�e�l�d�.� 
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�A� �m�a�x�i�m�u�m� �r�e�s�p�o�n�s�e� �o�f� �F�C�M� �c�o�u�l�d� �n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� 

�t�h�e�s�e� �s�u�r�f�a�c�e�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�a�d�d�l�e�-�l�i�k�e� �s�h�a�p�e� �(�F�i�g�u�r�e� �3�)�.� 

�T�h�e� �e�s�t�i�m�a�t�e�d� �m�a�x�i�m�u�m� �r�e�s�p�o�n�s�e�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �r�i�d�g�e� �a�n�a�l�y�s�i�s� 

�a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e�s� �1�2� �a�n�d� �1�3�.� �T�h�e� �r�e�s�p�o�n�s�e�s� �w�e�r�e� �s�i�m�i�l�a�r� 

�t�o� �t�h�e� �p�r�e�d�i�c�t�e�d� �m�i�l�k� �y�i�e�l�d� �r�e�s�p�o�n�s�e�s�,� �y�e�t� �t�h�e� �o�v�e�r�a�l�l� �r�a�n�g�e� 

�w�a�s� �s�m�a�l�l�e�r�.� �N�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �F�C�M� �p�r�o�d�u�c�t�i�o�n� �b�y� �p�e�r�i�o�d� 

�w�e�r�e� �d�e�t�e�c�t�e�d�.� 

�R�e�s�p�o�n�s�e� �S�u�r�f�a�c�e�:� �M�i�l�k� �F�a�t� 

�T�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e�s� �o�f� �m�i�l�k� �f�a�t� �p�e�r�c�e�n�t�a�g�e� �a�n�d� �m�i�l�k� 

�f�a�t� �y�i�e�l�d� �w�e�r�e� �s�a�d�d�l�e�-�s�h�a�p�e�d� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �p�o�s�i�t�i�v�e� �a�n�d� �n�e�g�a�t�i�v�e� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �t�h�e� 

�e�i�g�e�n�v�a�l�u�e�s� �(�T�a�b�l�e� �1�0�)�.� �T�h�e� �s�u�r�f�a�c�e�s� �a�r�e� �g�r�a�p�h�e�d� �i�n� �F�i�g�u�r�e�s� 

�4� �a�n�d� �5�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �W�i�t�h� �R�A�C� �a�t� �a� �m�a�x�i�m�u�m� �7�0�.�5� �%�,� �a� 

�d�e�c�r�e�a�s�e� �i�n� �R�A�P� �f�r�o�m� �6�7�.�0� �%� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�m�i�l�k� �f�a�t� �p�e�r�c�e�n�t�a�g�e� �f�r�o�m� �t�h�e� �p�r�e�d�i�c�t�e�d� �3�.�6� �%� �a�t� �t�h�e� �S�P� 

�(�F�i�g�u�r�e� �4�)�.� �S�i�n�c�e� �t�h�e� �c�a�n�o�n�i�c�a�l� �v�a�r�i�a�b�l�e�s� �a�r�e� �l�i�n�e�a�r� 

�f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �v�a�r�i�a�b�l�e�s�,� �t�h�e� �a�n�a�l�y�s�i�s� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �R�A�P� �w�o�u�l�d� �h�a�v�e� �a� �m�u�c�h� �g�r�e�a�t�e�r� �i�n�f�l�u�e�n�c�e� �o�n� �m�i�l�k� �f�a�t� 

�p�e�r�c�e�n�t�a�g�e� �t�h�a�n� �R�A�C� �w�i�t�h�i�n� �t�h�e� �r�a�n�g�e� �o�f� �t�h�e�s�e� �d�i�e�t�s�.� 

�A�n�a�l�y�s�i�s� �o�f� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �e�i�g�e�n�v�e�c�t�o�r�s� �a�l�s�o� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �t�h�e� �h�i�l�l� �o�f� �t�h�e� �s�a�d�d�l�e� �i�s� �m�o�r�e� �c�l�o�s�e�l�y� �a�l�i�g�n�e�d� �w�i�t�h� 

�R�A�P�,� �t�h�u�s�,� �g�r�e�a�t�e�r� �c�h�a�n�g�e�s� �i�n� �r�e�s�p�o�n�s�e� �w�o�u�l�d� �o�c�c�u�r� �w�i�t�h� 

�c�h�a�n�g�e�s� �i�n� �R�A�P�.� �A�l�s�o�,� �t�h�e� �c�a�n�o�n�i�c�a�l� �v�a�r�i�a�b�l�e�,� �R�A�C�,� �i�s� �v�e�r�y� 

�s�m�a�l�l� �a�n�d� �i�m�p�l�i�e�s� �a� �r�e�l�a�t�i�v�e�l�y� �f�l�a�t� �r�e�s�p�o�n�s�e� �t�o� �c�h�a�n�g�e�s� �i�n� 

�R�A�C� �w�i�t�h�i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�g�i�o�n�.� 

�1�0�5



�F�C�M� �k�g� 

�2�0�8� �i�a� �E�S�E� �L�P�L� 

�2�8� �O�L� 

�w�e�l� �T�T�Y� �(�)�)� 
�7�.�7�  ��~�~� �a�e� �a�l�l� �|� 

� � � � � � � � � � � � � � � � � � � � � � � � � � 
�4� �6�6� 

�R�A�P�,�%� �0� �7�2� �&�7� 

�F�i�g�u�r�e� �3�.� �S�u�r�f�a�c�e� �o�f� �3�.�5�%� �f�a�t� �c�o�r�r�e�c�t�e�d� �m�i�l�k� �y�i�e�l�d� 
�r�e�s�p�o�n�s�e� �t�o� �d�i�e�t�s� �v�a�r�y�i�n�g� �i�n� �R�A�P� �a�n�d� �R�A�C� �i�n� �5�4� �p�r�i�m�i�p�a�r�o�u�s� 
�c�o�w�s� �(�R�-�S�q�u�a�r�e�=�.�4�4�;� �C�.�V�.�=�1�3�.�4�8�;� �L�a�c�k� �o�f� �f�i�t�,� �P�<�.�4�8�)�.� 
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�F�a�t�,� �%� 

�4�.�4� �|� 

�4�.�1�,� 

� � �3�.�8� 

� � � � �3�.�5� � � � � � � � � � � � � � � � � � � 
� � 

�F�i�g�u�r�e� �4�.�  ��S�u�r�f�a�c�e� �o�f� �m�i�l�k� �f�a�t� �p�e�r�c�e�n�t�a�g�e� �r�e�s�p�o�n�s�e� �t�o� 
�d�i�e�t�s� �v�a�r�y�i�n�g� �i�n� �R�A�P� �a�n�d� �R�A�C� �i�n� �5�4� �p�r�i�m�i�p�a�r�o�u�s� �c�o�w�s� �(�R�-� 
�S�q�u�a�r�e�=�.�0�6�;� �C�.�V�.�=�1�1�.�4�6�;� �L�a�c�k� �o�f� �f�i�t�,�P�<�.�0�3�)�.� 
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