ModelingNitrogen and Energy Metabolism in the Bovine

Meng Meng Li

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in
partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Dairy Science

Mark D. Hanigan
Leluo Guan
Robin R. White

Rebecca R. Cockrum

Decembef7, 2018
Blacksburg, VA

Keywords:cattle, microbesnutrient digestionrumen metabolism



Modeling Nitrogen and EnergyMetabolism in the Bovine

Meng Meng Li

Academic Abstract

The objectives of this research were toelluate the accuracy thfe Molly cow model
predictions of ruminal metabolism and nutrient digestion when simulating dairy and beef cattle
diets 2) advance representations of N recycling between blood arglit@d urinary N
excretion in the modeB) improve the representation of pH and to refit parameters related to
ruminal metabolism and nutrient digestion in the mpdlghvestigate howumind pH affects
themicrobial communityexpression of carbohydragetiveenzymetranscripts CAZymes,
fiber degradationpand short chain fatty acid (SCFA) concentratioins achieve the first
objective,atotal of 229 studies (n = 938 treatments) including dairy and beef cattle data,
published from 1972 through 2016, were colledted the literature and used assesshe
model accuracy and precisibased onaot mean squared errors (RMSE) and concarelan
correlation coefficients (CCCPnly slight mean and slope bias were exhibiteddaninal
outflow of NDF, starch, lipid, total N, and neammonia N, and for fecal output of protein, NDF,
lipid, and starchHowever ruminal pH was poorly simulated andndributed to problems in
ruminal nutrient degradation and VFA production predictidmmsachieve the second objective,
representations including ruminal ammonia outflowigstinal urea entry, microbial protein
synthesis in the hindgut, and fecal ureaxigretion were added in the moddlotal urea entry,
gut urea entry, and urinary urea elimination rates collected from 15peblurea kinetics
studies were used terive relatedparametersSignificant improvements in predictions of
variables describing ruminal N metabolism, blood urea metabolism and urinary N secretion were

exhibited after the modification$o achieve the third objective,dataset assembled from the



literature containing @4 peer reviewed studies with 1223 treatment means was used to derive
parameter estimates for ruminal metabolism and nutrient digeséifias refitting the
parameterghe model is even more robust in representing ruminal nutrient degradation
compared tahe initial model Adding ammonia concentration as a driver to the pH equation
increased the precision of predicted ruminal pH, and thereby, the precision of predicted VFA
concentrations due to an improved representation of pH regulation of VFA prodatésio
achieve the fourth objectiveix cannulated Holsteiheifers with an initial BW of 362 + 22 kg
(mean + SD) were subjected to 2 treatments in a-@essdesignThe treatments were 10 days
of intraruminal infusions dboth 1) distilled wateControl), and 2) a dilute blend of

hydrochloric and phosphoric acids to achiayH reductiorof 0.5 units (LpH). Statistical
analyses indicatetld bacteriagenera and 4 protozoal gengrare affected by low ruminal pH
We observed significant correlations between 54 microbibdcteriabnd11 protozoal geneya
and 25 enzyme®f which8 key enzymes patrticipated in reactions leading to SCFA production
suggesting that theiminal microbial community alters fiber catsis and fermentation in
response to altered pH through a shiftambohydrateactiveenzymetranscripts CAZymesg
expression. Overalfifter the modifications anteparameterizations, 19.7 to 37.5% of RMSE
with essentially no slope bias and minor meas lvere exhibited for of ruminahd fecal

outflow of ADF, NDF, fatand proteinsuggesting the model isoperly to represemutrient
degradatiorand digestion in the bovine. Considering ruminal microbesC#ulymesin

predicting ruminal volatile fattgcid concentrations could explain more variance of observations.



General Audience Abstract

The purpose of this research was to impnaminal nutrient metabolism and nutrient
digestionrepresentations the Molly cow model. First, thenodel accuracy and precisiarere
assessed usingdataset includin@29 studies (n = 938 treatmentgnducted witldairy and
beef cattle The model evaluation results indicated mechanisms encoded in the model nadati
to ruminal and total tract nutrient digestion are properly represdtteeever, uminal pH was
very poorly represented in the model with a RMSE of 4.6% amheordance correlation
coefficient CCQ) of 0.0. Although VFA concentrations had negligiblean (2.5% of MSE) and
slope (6.8% of MSE) bias, ti@CCwas 0.28 implying that further modifications with respect to
VFA production and absorption are required to improve model precisoidentified by the
residual analyses, the representations odécycling between blood and tlgeit were improved
by considering ruminal ammonia outflowmtestinal urea entry, microbial protein synthesis in the
hindgut, and fecal urea N excretionthe modelObservatios of total urea entry, gut urea entry,
and urinaryurea elimination rates were collected from 15 mh#d urea kinetics studies were
used taderive relatedparametersAfter the modifications, prediction errors for ruminal outflows
of total N, microbial N, and neammonia nofmicrobial N were 39.5, 27.8nd 35.9% of the
respectiveobservednean values. Prediction errors of each were approximatelyuhii%tess
than the corresponding values before model modifications and fitting due primarily to decreased
slope bias. The revised model predicted rumamainonia and blood urea concentrations with
substantially decreased oa#trerror and reductions in slope amean biasAfter that,ammonia
concentration as a driveras addedo the pH equatiorand adataset assembled from the
literature containing 284 peer reviewed studies with 1223 treatment means was used to derive
parameter estimates for ruminal metabolism and nutrient digeditefiging the parameters

significantly improved the accuracy ancpision of the model predictions for ruminal nutrient



outflow (ADF, NDF, total N, microbial N, neammonia N, and neammonia, normicrobial

N), ammonia concentrations, and fecal nutrient outflow (protein, ADF, and ND&gfore, the
improved model canébused tsimulate nutrient degradation and digestion in the bovine.
Although minor mean and slope bias were observed for ruminal pH and VFA concentrations, the
small values for concordance correlations indicated much of the observed variation in these
variables remains unexplainetio further explain variance iruminal metabolism and
understandhow ruminal pHaffects the microbial communityexpression of carbohydragetive
enzymetranscripts CAZyme9, fiber degradationand short chain fatty acid (SCFA
concentrationsax cannulated Holsteiheifers with an initial BW of 362 + 22 kg (mean = SD)
were subjected to 2 treatments in a croasr designWe observed 1Bacterialgenera and 4
protozoal generavere affected by low ruminal pknd significant arrelations between 54
microbes 43 bacteriabnd11 protozoal geneyand 25 enzyme®f which8 key enzymes
participated in reactions leading to SCFA production. In sumnratiey,the modifications and
reparameterizations, the modegigen more robust to represenitrient degradatioand

digestion in bovine compared to the initial model. More varianabsérvation®f ruminal
volatile fatty acid concentrations could be explained by considering rumiagbes and

CAZymesexpressions in further study.
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Chapter 1: General Introduction

Still-growing global population figures and peapita meat and milk consumption imply
increased pressure on the global food supply sy8téinsenius et al., 2090In contrast to
monogastric animals, ruminants have a relatively low efficiency of nutrient utilization.
Approximate 15 to 26% of enegygfficiency and 18 to 30% nitrogen efficiency were reported
for dairy cowg(Arndt et al., 201}) and around 3 to 8% nitrogen efficiency and 4 to 12% energy
efficiency were reported for beef cat{\ilkinson, 201). Hence, it is essentitd advance
animal production through a continuously improved understanding of nutrient digestion and
metabolism(Baldwin, 19995.

A mathematical model is a description of a system using mathematical concepts and
equations. As described Bjork (1973, there are@ne advantages of mathematical models
compared with verbal modelghich are word equations to represent the real situatsued as
the mathematical models are more readily falsifiable; they force theoretical precision and
promote data analysis; and thegsumptions can be more easily studied. Therefore,
mathematical modslhave multiple practical applications whitdn be used to 1) predict the
response of a system to changes of input; 2) aid in the evaluation of hyp@hpsiside
guantitative description and understanding of mechanisms within a sy$tetentify gaps in
current knowledgéDijkstra, 1993.

Mathematical modelsuch as th&lRC (200} and Cornell Net Carbohydrate and Protein
System(Fox et al., 1992Russell et al., 199&5niffen et al., 19920'Connor et al., 1993have
been widly used in animal nutrition for estimating animal requirement and nutrients derived
from feedgDumas et al., 20Q8Significant improvements have been achieved in terms of

improving production performance, reducing feed cost, and decreasing nutrient excretion



(Tedeschi et al., 2005 However, lhe level of aggregation of such empirical models does not
capture critical components of some metabolic reactions, and thus do not completely reflect the
potential range of nutritional efficiency. Given the static nature of these madelalso
difficult to simulate management strategies that are time depdhtismgan et al., 2006Molly
is a dynamic and mechanistic cow mofRaldwin et al., 1987al987h 19879. It isa
moderately complicated systewpresenting current knowledge of nutrient digestion and
metabolism(Li et al., 2018 Therefore it allows assessment of energy and nitrogen efficiency
by comparing various biological measuremdhtanigan et al., 2006

The main objective of the current study was to model nitrogen and emetgiolism in
the bovine based on the Molly cow model with the toergn of improving feed efficiency
through assessing different nutritional strategies before implementing changes on a farm. In
chapter 2, we evaluateélde accuracy of the Molly cow modeiaglictions of ruminal metabolism
and nutrient digestioand identified deficiencies in the model using simple linear regression of
residualsResidual analyses identified ruminal ammonia concentrations as a factor contributing
to ruminal pH prediction errs. Therefore the representatiord ruminal urea N recyclingeed
to be improved to increase the accuracy of ruminal ammonia concentratiohapter 3,
representations of N recycling between blood andjthand urinary N excretiowere modified
which yielded unbiased predictions of ammonia concentratioghapter 4ammonia
concentration as a driveras addedo the pH equatigrand a largelataset was used to derive
parameter estimates for ruminal metédu and nutrient digestionélthoughthe accuracy and
precision of predicteduminal pH and VFA concentratiomgere increased after the modification
and refitting the parametensiuch of the observed variation remains unexplaifedurther

explain varance inruminal metabolism, the pH shift effects on thigrobial community



expression of carbohydraéetiveenzymetranscripts CAZyme3, fiber degradationand short
chain fatty acid (SCFA) concentratiowgre investigated in chapter 5. The resultscaiegd
considering ruminal microbes aAZymesin predicting ruminal volatile fatty acid

concentrations could explain more variance of observations.

Reference
Arndt, C., J. Powell, M. Aguerre, P. Crump, and M. Wattiaux. 2015. Feegrsion efficiency

in dairy cows: Repeatability, variation in digestion and metabolism of energy and nitrogen, and
ruminal methanogens. J Dairy Sci 98(6):3%5%50.

Baldwin, R. 1995. Modeling ruminant digestion and metabolism. Springer ScieBusigess
Media.

Baldwin, R. L., J. France, D. E. Beever, M. Gill, and J. H. Thornley. 1987a. Metabolism of the
lactating cow: Ill. Properties of mechanistic models suitable for evaluation of energetic
relationships and factors involved in the partitiomofrients. Journal of Dairy Research
54(01):133145.

Baldwin, R. L., J. France, and M. Gill. 1987b. Metabolism of the lactating cow: I. Animal
elements of a mechanistic model. Journal of Dairy Research 54(D577

Baldwin, R. L., J. H. Thornley, and E. Beever. 1987c. Metabolism of the lactating cow: II.
Digestive elements of a mechanistic model. Journal of Dairy Research 54(6131.07

Bjork, R. A. 1973. Why mathematical models? American Psychologist 28(5):426.

Dijkstra, J. 1993. Mathematical modallj and integration of rumen fermentation processes.
Dijkstra.

Dumas, A., J. Dijkstra, and J. France. 2008. Mathematical modelling in animal nutrition: a

centenary review. The Journal of Agricultural Science 146(2)iu423



Fox, D., C. Sniffen, J. O'connal, Russell, and P. Van Soest. 1992. A net carbohydrate and
protein system for evaluating cattle diets: Ill. Cattle requirements and diet adequacy. Journal of
animal science 70(11):3573596.

Hanigan, M., H. Bateman, J. Fadel, and J. McNamara. 2006. Mietatmmels of ruminant
metabolism: recent improvements and current status. J Dairy Sci 886452

Li, M. M., R. R. White, and M. D. Hanigan. 2018. An evaluation of Molly cow model

predictions of ruminal metabolism and nutrient digestion for dairy anddietsf J Dairy Sci
101(11):97479767.

NRC. 2001. Nutrient requirements of dairy cattle. 7th ed. National Academy Press, Washington,
D.C. National Research Council.

O'Connor, J., C. Sniffen, D. Fox, and W. Chalupa. 1993. A net carbohydrate and pro&in syst
for evaluating cattle diets: V. Predicting amino acid adequacy. Journal of animal science
71(5):12981311.

Russell, J. B., J. O'connor, D. Fox, P. Van Soest, and C. Sniffen. 1992. A net carbohydrate and
protein system for evaluating cattle diets: InfRmal fermentation. Journal of animal science
70(11):35513561.

Sniffen, C., J. O'connor, P. Van Soest, D. Fox, and J. Russell. 1992. A net carbohydrate and
protein system for evaluating cattle diets: Il. Carbohydrate and protein availability. Journal of
animal science 70(11):3562577.

Tedeschi, L. O., D. G. Fox, R. D. Sainz, L. G. Barioni, S. R. d. Medeiros, and C. Boin. 2005.
Mathematical models in ruminant nutrition. Scientia Agricola 62(19Y¥6

Wilkinson, J. 2011. Relefining efficiency of feed useybivestock. Animal 5(7):101-4.022.



Wirsenius, S., C. Azar, and G. Berndes. 2010. How much land is needed for global food
production under scenarios of dietary changes and livestock productivity increases in 2030?

Agricultural Systems 103(9):62338.



Chapter 2: Quantitative literature review: An evaluation of Molly cow model predictions of
ruminal metabolism and nutrient digestion for dairy and beef diets

Abstract
Model evaluation, as a critical process of model advancement, is necesdanyifp adequacy

and consistencygf modelpredictions The objectives of this study wereth)evaluate the
accuracy oMolly cow model predictions of rumal metabolism and nutrient digestiarmen
simulatingdairy and beetattlediets and?2) to identifydeficiencies irrepresentations ahe
biology that could be used directfurther modeimprovemers. A total of 229studies (n = 938
treatments) includingdairy and beef cattldatg pubishedfrom 1972through2016, were
collectedfrom theliterature Root mean squadeerrors (RMSE) and concordance corriten
coefficiens (CCC) were calculateth asess model accuracy and precisiBaminal pH was

very poorlyrepresented in the modslth a RMSE of 4.6% and @CC of0.0. Although VFA
coneentrations hadegligible mearf{2.5% of MSE) andslope(6.8% of MSE) bias,the CCC was
0.28implying thatfurther modifications with respect to VFA productiand absorptioare
required to improvenodelprecision The RMSE was greater th&09% for ruminal ammonia and
blood ureaN concentratioawith high proportions of error as slope $iadicatingthat
mechanisms drivinguminal urea N recyclingirenot properly simulated in the mod€@nly

dight mean and slope bias were exhibitedrtoninal outflow of NDF, starch, lipid, total N, &h
nornrammonia N, andor fecal outpubf protein,NDF, lipid, and starchindicating the
mechanisms encoded in thddelrelativeto ruminal andotal tractnutrient digestiorare
properly representedAll variables related to ruminal metabolism and nutrient digestioa wer
morepreciselypredicted for dairy cattlthan forbeefcattle Thisdifference inprecisionwas
mostly related to t hdowfoagkdelsibctudedimthelbeefstudiegg t o s i

Overall ruminal pH was poorly simulatezxhd contributed tproblems inruminal nutrient



degradation an®fFA productionpredictions Residual analyses suggegtuminal ammonia
concentratioaneed to beonsideredn theruminal pH equatiorandtherefore the inaccuracies
in predictingruminal ureaN recyclingmust also be addressé@thesemodifications to model

structure will likely improve model performance across a wider array of dietary inputsitiied

type

Key words: digestion, modegvaluation, ruminal metabolism

I ntroduction

A basic goal ofuminantnutritionists is toadvance amal production through a
continuously improvedinderstanding of nutrient digestion and metaboliBaldwin, 1995.
Baldwin and his colleague®nstructed a dynamic and maadistic mode(named Molly by
comhbning key biologicalelenents of digestion and metaboligBaldwin et al., 1987a987h
19879. It is a moderately complicated system of equations describing @behemicalentities
througha series ofligestiveand metaboti processesSeveral evaluationsf digestive and
metabolic elements of Molly have been undertaken, which have guided structural changes and
reparameterizatioaf the modelHanigan, 2005Johnson and Baldwin, 20p&\dditional
modifications with respect to digestive parameter estinfatasigan et al., 2013ndruminal
digesta outflow(Gregorini et al., 201Bhave been undertaken and integrated in the Molly cow
modé which have yiededincreasedccuracy of model predictiongssentially all of tis work
has been conducted using data derived from dairy edtitth havencluded very few
observations with high foragérage percentage > 70 %hd essentially no observations with
verylow foragefeeding levelgforage percentage < 30 %3$ commonlydd tobeef cattleA key
aim of amechanistic model such as Mol/ however to capture mechanisms that allow

simulations acrosthe fullrangeimd i ensl cattl e categories



't was hypobModshijyled phaperdeyndirgpséeésent and
rumi nal meh iagpddoiws nmidoiredhgee o b joetchteuv e e nt Iwtor k wer
evaluate the accuracy of the Molly cow model predictions of ruminal metabolism and nutrient
digeston when simulating higandlow foragediets; and 2jf deficienciesare identified in the
mode] to identifyrepresentations @heunderlyingbiologythat could be used tirect further

modelimprovemers.

M aterials and Methods

Model Description

Thecurrent work was conductesinga modified version ofMolly containing updated
digestion and metabolism paramet@gianigan et al., 20)&andanimprovedrepresentation of
ruminaldigestaoutflow (Gregorini et al., 2015 Model simulations were conducted using
ACSLX (3.1.4.2, Aegis Technologies Group Inc., Huntsville, AL). The model was set to
simulatel4 d to ensure it had reached steady stagonly predictions from the last day of the
run were compared with observealues.

Modelinput values were either derived from literature observations or were assumed as
describedreviousy (Hanigan et al., 202Z5himire et al., 201} Briefly, the model was set to
use observedietaryingredient intakes, ingredient nutriesdmposition DMI, andBW as inputs,
and it was assumed dietary intake was constaatighout the dayBecause32, 21, 54, 2, and
78% ofstudiesdid not report each of ADF, NDF, starch, CP, and fat either as dietary
concentrations or intaketabular values fromMRC (200) were used toeplace thenissing
values. Sarch solubility and degradation were predicted fltmmminga et al. (199®r Miller -
Webster and Hoover (198&nd ADF degraability was predictedrom the equation of
Huhtanen et al. (20)0Reference bypass values footein werecalculated from the B and C

fractions of CP using the NRC reported Kd and a fixed ruminal residence time for eaah feed



described byHanigan et al. (2023 This allowed summatioof the nonlinear elemengnong

feedsto determine a dietary value which was then used to back calculate to a rate of degradation
by rearrangement of theitral equation. This reference rate constant was used in the model with
previously derived slope and intercept adjustmaentepresenthe baseateof degradation.

Additional adjustments of the rate of degradation odcming each ruiased omrevailing

ruminal conditiongpredicted by the model, e.g. the size of the microbial protein gdw same
approach was used fetarch and ADRIsing estimated undegradability as a reference input.

To minimize misspecification, predicted dietary nutrients were compareegorted
valuesandany bias within study was usedadjustingredient nutrients for that study to align
observed angredicted datas described bianigan et al. (20)3and as follows.Bias for each
nutrient f) within each studys) was derived by summation dfe difference between the
repored Obg dietary nutrient intake and that predic{@led) from summation of tabular
ingredient(i) valuesfor each dietd), and used tadjustingredientnutrientconcentratioato

match reportedutrientvaluesamongtreatmentsjj:

Bias, =5Ni (Obs,, - Pred, )
d=1

Biaswas converted to a proportional adjustmedi{) using the nutrient sum for aliets in the

study

Adj wassubsequentlysed to adjust the nutrient content of each ingrediReNy @mongdiets

within each study:

Rey,,= Obs,, {1 +Adj,)

9



This approachutilizes the diet formulaand adjusted nutrient composition of ingredidats
determinenutrient differenceamong diets within a study, aedsures that the mean nutrient
content of those diets equ#he observedneanvalues where such values have been reported
This avoidgheintroduction of mean input bias to the analyaed balances formulation
informationandreported nutrient data to better predict nutrients for each Aaditionally,
because it is applied at thegredient level, secondary nutrients are comparably adjusted with the
primary nutrient, e.g. calculated RUP will change proportional to the change in CP for each
ingredient. This approach also avoids the dichotomy of effectively adjusting the nutritamtcon
of a single ingredient to motkan 1 valueavithin a study, which would be the case if nutrients
for each diet were assumed to be reported without error and used to exactly match nutrient inputs
to the reported value for each diet.

Rumen fluid osmolaty is calculated by dividing the sum of thelesof soluble
substrates (solublearbohydrate, ammonia, VFA, lactate, amino acids, and solubléysh
rumen liquid volumeOsmolarityof soluble ash wasalculated by dividing soluble ash weight
by the molecular weight of sodium bicarbonate and multiplying by an osmolarity factor of 1.7
(Argyle and Baldwin, 1988 Soluble ashintake is the product dMI and the fractional content
of soluble ash, wherthe solubleash fraction is calculated by subtracting a fixed insoluble ash
fraction of 12% from total dietary asfArgyle and Baldwin, 1988

In Molly, particle sizedistributionis one of the determinants of rates of particulate
degradation andutflow from the rumen(Gregorini et al., 2015Briefly, large particleare
subjectto size reduction through ruminati@md masticatiormediumparticles are subject to
passage atslowrate and to degradation througiminationand mastication and by microbial

activity; small particles are subject to degradatigrmicrobial activityand passagat a hgh
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rate Theparticle distribution in the diet is used to determine inputs to each particle pool and the
size of those pools in the rumen are predicted by integration of inputs and outputs as for other
pools in the rumenHowever,very fewexperimental studiegporeddietaryparticle size
distributiors. We thereforederived three empirical equatiottsestimate accumulated
percentageof particlesabove eachf the 3sieves in a Penn State Particle separaised on
dietaryforage percentaggForP, % of dietDM). A dataset of particle distributioasd dietary
forage contenivas collected frontheliterature(Turgeon et al., 198¥ononoff and Heinrichs,
2003 Kononoff et al., 2003Rustomo et al., 20Q®Aaulfair et al., 2011Maulfair and Heinrichs,
2013 Ramirez et al., 20)6and used to derive the following predictiequations

DOl QOUBINMCo Ol OMBIMo L0l Umg Y TobE

0 QQQoaOBInyY Ofi ODpg8 Y "O£i Op& Y TWobl

YaOaaOmgimo Ol 0T Ofi @Y T™EH Y
wherelLargeP (% of DM retained)s the cumulativepercentage of particteetainedabovethe
19.05 mm sieveMediunP (% of DM retained)s thecumulative percentage of partisletained
abovethe7.87 mm sieveandSmalP (% of DM retainedyepresentshe cumulativepercentage

of particles retainechbovethe1.78 mm sieve.

Data Collection
Data used for modevaluation were collected froftb3 publicationswith 574 treatmerst

conducted with dairy cattle and 76 publicationth 364 treatmentsonducted with beef cattle.
The dairy datancluded observations frobmth lactating andaonlactating animals, ar@bnsisted
of the 62 experiments used by the 2001 Dairy NRC Comn{i#B«€, 200) which were used
for a prior evaluation and reparameterizatigrHanigan et al. (20)3lusanadditional 91
studies published from 2000 to 206complete list of thelairy studies is includeth White et

al. (2017) and a copy of the data can be down&ziidom the National Animal Nutrition
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Program websitéawaiting upload)The beef data set containelservations frongrowing and
finishing cattle A listing of beef studies is presented in Supplement |

Studiesselected for inclusion in the data set contaid®&tl, diet formula information,
andmeasurements of nutrient digestibilityrominal metabolismAll reported data were
treatment meansBody weight isa required model inpuReported initial BW was used to
initialize the model fodairy cows and the average of the initial and final BVils used fobeef
cattle The average BW fadairy cattle in the data setass 595kg with a SD of64 kg (n = 522).
Body weight was not reported bR treatmentsn thedairy data set In these casemyitial BW
was set to 600 kg he average BW fdoeef cattlan the data set watb7 kg with a SD of 1@ kg
(n=322).Body weight was not reported f82 treatmentsn the beefdata setln those case
BW was estimated fromeportedEBW, shrunk BW or carcass weight basedraequationsof
Lofgreen et al. (1962

Variables used to evaluate mogetdictions included ruminal outflow of DM, ADF,
NDF, starch, lipid, total Nmicrobial N, norammonia N and norammonianonmicrobial N
(NANMN); and fecakxcretionof DM, protein, ADF, NDF, lipid and starchRuminal pH,
ammonia concentrationgFA concentrations, and blood urbbconcentrationsverealsoused
to evaluate rumnal fermentation parameter& statistical summary of the observations is
presented iTable2-1. Observed data were assessed for variance and norr@align the
relatively discrete diet types, the input and observed data were not ryodisaibuted for nany
measurementsExceptionsverestarch intake, ruminal digestibility of OM and ADF, total tract
digestibility of ADF and NDFandblood urea concentrationshis does notmply that the
population of all diets cannot be normally distributed, only that the sampling of diets within the

population was not homogenous, and likely cannot be homogenous given the nature of diet
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design. This does nohpact model performancandmost measres of model performance will
be unaffected as the model will account for differences in distgdting in normally distributed
residual errorsindividual data points with absolute values greater than 3 standard deviations
from the mean wereonisidered outliers ane@round 1% of the observations wezenoved from

the dataset.

High forage andow foragediets were identified based on the forage percentagasat
to categorizehedata. If tke forage percentage wagualto or greater tharr0%, thediet was
categorizeds ahigh forage dietif the forage percentage was equal or thas 300, thediet
was categorizeds aow foragediet. The remainder were categorized as moderate fordgig
these criteria, the data set contained 108h forage diets33%Ilow foragediets and 57%
moderate forage dietBoth dairy and beef data were included in the low, moderate, and high

forage dietsA summary of nutrient composition fire 3categoiesis described ifTable2-2.

Model Evaluation
Meansquaré error MSE) which isthe sum of the squared residual errors divided by the

number of observation®oardman, 1979wasusedto calculate theoot MSE (RMSE) and to
partition theMSE into slope and mean bi&ibby and Toutenburg, 19Y.ZConcordance
correlation coefficiers(CCC) were also calculated from the residuals. This value reprebents
correlation between observed and predis@dables(Lawrence and Lin, 19§9

Multivariate regressionof residuas for predictions ofuminal nutrient odtow and
ruminal metabolitesn animal, dietary and ruminal fermentation parametsnseconducted to
identify model elements for improvemeiithe presence of significantrelationship suggests the
modelmightnot properly represent the effectisfateof that nutrientTheseresidual analyses
were conducted by regressirggiduals orobservedBW, DMI, dietary nutrientcomposition
(ADF, rumenundegradd ADF, NDF, forage NDF, starch, soluble starch, emandegaded
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starch, CP, soluble CP, RUP, NPN, urea, lipid, lignin, ash, roughagé)ctedruminal pH,and
predictedammonia concentratisnWhen examining residuakrors of predictionfor ruminal pH
or ammonia, that variable wast includedas an independent varialetheregression model.
Study effect wasmcludedas a random variabbndregressias were conducteasing a
backward elimination approactith a significarcelevel of 0.1. Multicollinearity wasassessed
by calculation ofsarianceinflation factos (VIF) with variables havingVIF greaterthan 10
removed from the regression mo¢€laney and Surles, 2002n these analysesgppitive
coefficients indicaté the model underpredicted responses to the independent variable while
negative coefficients impd overprediction of responseAs illustrated inFigure2-1, therewas
anegativecorrelationbetween ruminal pH and residuals of ruminal ADF outflResiduals of
ruminal ADF outflow decreassith increasegredictedruminal pHbeing slightly
underpedicted at low pH and becoming overpredicted at high pH

Simple linear regression analyses of residuals for fecal nuéxenetiongd DM, protein,
ADF, NDF, starch and lipidyere conducted by regressiragiduals ompredictedruminal
outflow of anutrient Significant regressiorcoefficientsindicated digestion coefficientsvere
improperlyspecified Positivecoefficiens indicate fecal nutrient outpgtwere underpredicted
with increased ruminal nutrient outflowrhile negative coeffients impled fecal nutrient
outpus were owerpredictedData handling and residual analysesreconducted using

software yer.3.3.0).

Results and Discussion

Bias Adjustment forNutrient Compositions

A summary of bias adjustents for dietarynutriens is shown inTable2-3. Without bias
adjustmerg, RMSE (% of mean) fodietaryCP, NDF and ADFoncentrationsvas 1..2, 13.8

and 185%, respectively.Bias correction reduced th& MSEfor CP, NDF, and ADFo 8.9,
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10.8,and14.1%, respectivelyThe decreasedMSEwere primariy due to decreased meand

slope bias.

Nutrient Outflow from the Rumen
The initial evaluation ofRMSE for nutrient digestion and rumal metabolism was

conducté across diet type@ able2-4). Root mean squagesrrorsof ruminal outflow of DM,

ADF, NDF, lipid and total N were 17.9, 25.8, 26.3, 14.1 and 19.4%, respectively, and CCC were
0.8, 0.8, 0.7, 0.%nd 0.8ndicating that the model simulated ruminal outflow of these nutrients
with reasonable accuracy and precisi@negorini et a{2015 developed an improved

representation of ruminal digesta outflow in the mod&hough themodificationsdid not
substantially improve the accuracy of digestive functiartbeir analyses, the model did

reproduce more realistic trends in runpamticle outflow fermentation patterns, digestion and
methane yield€revious studies assumed all dietd tleesame paitle size distributionwith

no consideration of particle size on ruminal outflow and residence timée current work, we
usedan empiricakquation ¢ predict particle distributiobased on dietarfprage percentagek

would have been better to use observed data, but in the absence of such infocanaesh,

MediumP and Small®erepredicted with a RMSE df9.2 9.5and11.8%, anda CCC of 0.98
0.98and 0.74Figure2-2), suggestingrat forage content captures much of the variation in

particle size distributiorBecauseparticle sizein practice varies with degree of mixingr

length of timethat the ration spends in a mixer wagthose equationmay not be an appropriate
representation of all diets and thus nhaye contributed to performanissues fothe disparate

beef diets However, in most cases, the direction of change in the particle size of the diets should
have been correct as forage will always have longer mean particle size than concentrates

provided the forage is not ground or highly preess
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Ruminal ADF and NDF Outflow.Both ruminal ADFand NDF outflow were
underpredicted witlan averagenean bias 019% and0.1% slope biagTable2-4), indicating
that degradation rates of cellulose and hemicellulese over specifiedResidual errors for
ruminal ADF outflow were positively correlated with dietagncentrations of rumen
undegraddstarch,ash andNPN (excluding ureg)and negatively correlated with BW, dietary
concentrations of forage NDF, urea, ruminal pH, and ruminal ammonia concent(atbfes
2-7). There was a positive correlation between residual erroféDéroutflow and dietary
concentrations of ADF, forage NDF, rumen undegdadarch and lipid; and a negative
correlationwith BW, dietary concentrations of NDF, CP, ruminal pH angiinalammonia
concentrationsThe correlations with ADF, NDF, starch, forage, and pH are likely all related to
the common mechanism of ruminal pthdeedyesidual errors foboth ADF and NDFoutflow
were negatively correlated witiredictedruminal pH indicating thabs pH increasesresiduals
for outflow become less.e. thechange in outflow with respect to the change in ptédasgreat.
This indicates the inhibition of fiber degradation by low pH encoded in the nsobel
responsiveeausingarge changes ifiber degradatiomcross the range pH (Figure2-1). The
model uses constanbf 0.1875kg/kg reduction indegradation pe®.1 unitdrop inruminal pH
below6.2 (Baldwin, 1995. Based on the residuals, it would appearehs no break point at
6.2, and thanhibition slope should be lesg=rom pH 5.5 to 6.0, thehange irresidual error for
predicteddigestibility is approximately 10% unitDividing by 5 increments of 0.1 pH change
yields a slope bias of 0.2 which is almost the same as the inhibition constant suggesting that
inhibition is near 0 within this pH rangéssuming predictions of pH are related to reality,

which is open for questionyftherwork is required to address this mechanism in the model.
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Thenegative correlations oésidual errorgor predictionsof ruminal ADF and NDF
outflow with dietary CP and ruminal ammoniadicate changes in degradation rates were overly
responsive to those driving variabl€onsidering that predicted ammonia concentrations have a
substantial RMSET@ble2-4) which might have created an artificial relationship, residuals o
ruminal ADF and NDF outflow were also regressed on observed concentrations, and found to
also be negatively correlated with obsereedcentrationsR < 0.05). This indicated that the
initial regression was not entirely driven by model bi#ewever, the model does not contain a
direct link betweeffiber degradation rates amétrogen inputs or factors. hbse ratesre only a
function of fiber pool sie, pH, and microbial masBherebre the over responsiveness must be
driven through inappropriate changes in microbial actiitg to one of those factongthin the
model. The lack of a correlation between microbial flow and ruminal ammonia suggests th
problem lies with pH.

Predictions of ricrobial growthin the model arériven primarily by energy supply with
the yield per unit of ATP affected by ruminal ammonia concentrations and amino acid and
peptide concentrations in a saturation dependent manner with a half maximal response at 0.2 mM
for ammonia and 0.1 mM for amirazids and peptidg8aldwin, 1995 Hanigan et al., 2009a
Hanigan et al., 20)3Thus under almost all normal feeding conditions, the modeled ammonia
response is saturatdéltrue, thefiber problem seems more likely to be the related to
inappropriatemicrobialresponsiveness to CP and soluble CP, although the data are not entirely
consistent.The microbial responses will be discussed further below.

Ruminal StarchOutflow. Ruminal starch outflow was predicted walRMSE 0f60.5%
(19.8% mean bias and8% slope biasandCCC of0.4. High errorsin observed ruminal starch

outflow with a mean of 2.21 Kd and a standard deviation of 1.K&'d (Table2-1) contribute to
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the substantiaRMSE. A portion of this error is likelglue to varied sample collection and
measurement methadBhere was a negatiwrrelationbetween residual errors for starch
outflow and BW, dietary concentrations of rumen undegul@DF, lignin and ruminal pH, and

a positivecorrelationwith DMI, dietary concentrations of NDF, forage NDF, soluble starch, and
dietaryCP (Table2-7). These correlations implied that ruminal starch degradability varied
depending orfiorage source, starch fermentability, and €®el.Variatiors in grain typeand the
processing methadkely contributed tanuch of the variance istarch degradabilifysincethese
sources ofrariationcould not be completelsepresented in the model inpudue to limited
reporting of ingredient characteristid$e positive correlation between residuals of ruminal
starch outflow and®MI, dietary concentrations of ND&ndforage NDF indicates that increasing
dietaryconcentrationef NDF and forage NDIesulted in too large of changessiiarch
degradation rate Foragesmpact feeding behavior and rumparticle dynamicgenerally
resulting in reduced particle passage ratesvever,the proportion of amylolytic microbeslso
decreasewith decreasediber conten{Thoetkiattikul et al., 2003 contributingto decreased
starch degradatiocapacity. TheMolly model simulatepools ofamylolytic and cellulolytic
microbesfrom a common microbial pool based on the relative proportions of amylose and
cellulose in the diet. The overall rate of microlgedwthis driven by the rate of soluble sugar
formationfrom each of the substie pools (Baldwin1995 which is affected by the particulate
surface areéGregorini et al., 2015 Passage of each pool of microbes is determined by the
proportion of eaclmicrobial pool attached to particles, and linaid and particulate passage
rates (Gregorini et al., 2015 Because the amylolytic microbage not directly affected by fiber
supply, any correlation in residuals would reflect the correlations among dietary NDF and dietary

starchand the potential effect of dietary fiber on starch passage Astessibstrate degradation is
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partially driven by the microbes, there is an inherent feed forward loop within the system, but
growth is ultimately limited by the overall supply of substrafberesidual errors suggest that

the shift in predictedamylolytic pool sizan response to changing NDF intakeoo large

resulting in overly large changén starch degradatiagates This could possibly be related to
underresponsiveness in ruminadssage to ruminal load (discussed below). More dietary forage
generally results in greater ruminal load. If this causes increased rates of passage and reduced
residence time, changes not currently represented in the model, this could explain themterac
among dietary fiber and starch degradation.

The negative correlation betwerssiduals ofuminal starch outflow and dietary lignin
indicatesstuminal starch outflow isverpredicted and starch degradatiateis underpredicted
when high lignindiets are simulated.ignin is crosslinked to polysaccharides and protein in
plant cells and is largely undegradable in the rufiv@m Soest et al., 199 avhichis resistant
to digestive enzymes leading to underestimated starch degraddédDur result is consistent
with finding reported byVhite et al. (201), suggeshg thattheinhibitory effectof lignin on
nutrientdegradatiomeed to beconsidered in the model

Ruminal Total N, NAN and NANMN Outflow. Ruminal outflowof total N and non
ammonia Nhada RMSE of 19%with an average of 2.5% mean and slope bias and a CCC of
0.8, suggesting that both total N and rasnmonia Noutflow from the rumen were accurately
and relatively preciselgredicted by the model. Howewewsn-ammonia, nofmicrobial N
outflow wasundepredicted with a RMSE of 48% (24.4% mean bias and 0.2% slope b&ay)

a CCC ¢ 0.4. The moderate mean bias indicatiestruminal protein degradatiowas
overestimatedvhich could be addressed by a reductiothe scalar used to reference in situ

determined RUP to the model rate constanprotein degradatioiNon-ammonia, non
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microbial N residuals were negatively correlated with dietary concentrationsefr

undegradd ADF, forage NDF, urea, and lipid; and ruminal pH and ammonia concentrations

(Table2-7), andpositively correlated with dietary NPN concentrations (excluding ufde).

negative correlatiobetween residual errors of ruminal NANMN outflow and dietary

concentrations of rumen uegracgd ADF indicates that with increased ruminally degrad

ADF, ruminal NANMN outflowwas increasinglypverpredicted Kohn and Allen (199b

reported that lant proteinsaretrapped in a fiber matrixmplying that increased fibexrontent

might contribute tadecreased protein degradalilitThe model considers ruminal protein

degradation aa mass action function of the insoluble protein pool size and the microbial pool

size with the rate constant $stthe in situ predicted RUP as described abods fiber degrades

more slowly, on average, than protein, assurttiagjall of the protein degrades at a constant rate

may contribute to the ov@rediction when more of the protein is tied up in fib€he

differential ratesshould becaptured byhein-situ data, yet the relationship exists. laiso

possible the relationship is drivey the effects on increasing ruminal fiber load on ruminal

passage rates. If protein turnover is reduced as more fipenigled in the diet, the extent of

degradation in the rumen would increase. Such an effect is represented in the model, however,

the change in turnover associated with increasing fiber may not be fully captured.
Thenegativerelationshipbetween dietar NDF andresiduals for predictions efiminal

NANMN outflow seensto contradict thenegativerelationship with ruminal pHas pH is

generally increasing as fiber increases. Tthee may be different mechanisms. The latter

suggests that protein degradation may be inhibited as ruminal pH deElaess andtern

(1993 observed a reduction in protein degradation when pH decreased from 6.38ach. @t

al. (2005 demonstrated that ruminal pH can influence protein degradation by changing either
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predominant microbial species or enzyme activities, and ruminal proteolytic activity decreased as
pH decreased. Therefore, it can be hypothesized that a reduction inyioteadlvity as a
consequence of low pH would lead to proportionally greater ruminal NANMN outflow. As the
model does not contain such a mechanism, the observed error patterns suggest that such an effect
should be added to the model

Residuals of rumiddNANMN outflow were negatively correlated with dietary lipid,
suggesting thadsdietary lipidincreasedfeed proteirdegradatiorwas underpredicte®aldwin
(1995 included a representation of the inhibitory effect of fat on fiber and protein degradation in
the model Those effec were found to be overstatadd modifiedo reflect lesseinfluenceby
Hanigan et al. (2013)The negative correlatiomerein usingnore datasuggest the prior work
was not correct or necessary. It is possible, that the changes in representing particte passag
undertaken bysregorini et al. (2015) may have altered the apparent responses to fat, or the
addition oftestdatahereinincluded a wider range of dietary fat content which has more clearly
demonstrated the mechanisin. either case, a more thoroughaexnation of the problem is
warranted.

Residual errors foruminal NANMN outflowwerealsonegativelycorrelated with
dietary urea concentratioremydpositivelycorrelated with dietary NPN concentratsoRlant
nucleic acidsare contained within the NPN fraction as defined by the madeth account for
30-70% of NPN(Holt and Sosulski, 19§-ndhave a low solubility. This material hksv
susceptibility to microbial proteasasd, thus, lowdegradabilitCecava et al., 1991Yetit is
assumed to be quantitatively converted to soluble AA and ammonia in the model wgiith m
explain theunder predicted responsesNANMN outflow as dietary NPN input increaséiss

more difficult to envision a mechanism that would explainutgaresults. The resultsndicated
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that urea somehow stimulates protein degradation in the rumen. Gatpnoteases derive
from the microbes, it is possible that it has a stimwegdffiect on microbial growth rates above
the N concentrations normally considered to be sufficiems may be more likely to occur on a
number of the high grajrieedlotdiets (Huntington and Archibeque, 200Griswold et al.,

2003. However, there is no evidence for bias in predictions ofahial flow with respect to
dietary urea, and thus little support for such a hypothesis.

Microbial N Outflow. Microbial N outflow was predicted with an RMSE of 30.5%,
which partitioned as 18.4% mean bias and 0.01% slope Giasipared tdotal N and non
ammonia N outflovwhich had RMSEof less than 19%t seemanicrobial growth is not well
represented. Residuarrors of microbial N outflow were positively correlated with DMI,
dietary concentrations of CP, lignin, roughage and ruminal pH, and negatively correlated with
BW, dietary concentrations of ADF, soluble CP, RUP and &ahl€¢2-7). The positive
correlationbetweermicrobial N outflowresidualsanddietarylignin indicates microbiaN
outflow is underpredicted when high ligrdirets are fed, which is consistent with the inhibitory
effect of ligninon nutrient degradation as discusaedve The negative correlation with soluble
CP suggests that increasing dietary soluble N (ammowianl peptide) results in too large of
changes in predicted ruminal microbial N outfld®ussell et al. (199Zound that nonstructural
carbohydratelegrading bacteria are the primary users of AA and peptides, and structural
carbohydratedegrading bacteria prefer to use ammonia. As ndiedega microbial growth
predictions in the model are driven by ruminally available ATP, amino acid and peptide
concentrations, and ammonia concentrat{@sdwin, 1995. The current results suggest that
the stimulatory effect of soluble N too largdeading toerroneougredictionsof microbial

growth. However, the negative correlation with RUP does not support such a poinitusless
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capturing some componergsurea recycling to the rumen. If the over responsiveness of
microbial growth to soluble N is valid, it suggests theraesponsiveness of fiber degradation
noted abovenay be at leagiartially due to challenges in the representation of N effects on
microbial growth However predictions of ammonia and pH predictions musbbectedand
the model retested to verifyahrelationship. The positive relationship of residuals with DMI,
roughage, and ruminal pH may all be reflective of too small of passage rate changes as intake
and forage load increases, and passage plus high substrate supply associated with low pH
condifons. Because the regressions only examined linear effects, any quadratic relationships
would be reflected through a combination of multiple linear elemArngsiadratic response in
the residuals for microbial N outflovelative todietary concentrationsf CP, soluble proteiand
RUP was examineblased on the fittelihear regression moddBothdietary CP and soluble
proteinhad a quadratic relationship with microbial N outflow resid{@ls 0.08 and 0.0
which might explairwhy all threevariableswerein the model witrseemingly opposinglopes

Body Weight Effect orRuminal Nutrient Outflow. The negative correlations of residual
errors for predictions of ruminal ADF, NDF, starch, NAN, and microbial N outflow from the
rumen with BWindicate that flows are ovemdicted at high BW and the reverse at low BW.
The particle passage mod@regorini et al., 2015s driven solely by the pportion of insoluble
matterin liquid and the liquid outflow rate with no regulation. Liquid voluma fsinction of
ruminal osmolaity as determined from the solute load in the rumen. This representation has no
maximal value, but given that solute load is a functioDM which isa biological input, there
is in essence ampper limit to thevolume However, this upper limit is sely a function ofDMI
and dietary characteristicsctating the soluble mattetObviously the rumen cannot hold an

unlimited volume of material. e negative relationship of residual errors for all of these entities
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with BW seems to suggest that rumetuwee may be increasing disproportionately at high BW
leading to increased residence time and extent of digestothe rate constant for passage
increases as ruminal volume gets large relative to a given animalAszée larger animals

were all daiy animals, it seems quite likely they would have larger rumen volumes on average
than the beef animals given the selection pressure for milk yield anddpilithey may have
higher passage rate constants to mitigate the large increases.irR@illlatiorof particleand

fluid passage was not considereddrggorini et al. (2016due to the verjyimited quantity of

data available for characterization of the particle passage equatmhthis pattern of errors was
not previously observed, perhaps due to the restriction of evaluations to data derived solely from
dairy animals This problem could be adessed through the addition of the concept of a
maximal rumen volume driven by BW and perhaps breegsd®je rate coulte modified to

include the relative rumen fill as affecterof the rate of passage

Ruminal Metabolism
Ruminal pH. Ruminal pH was predicted with a RMSE48% with 0.4% mean and

4.1% slope biagFigure2-3) which was consistent with the previous report after
reparameterizatioaf amodified pH prediction equatiofHanigan et al., 203 Z5regorini et al.,

2015. However, the CCC wa$).004 (Figure2-3), indicaing that the model explainsone of the
variance m observeaduminal pH The predicted ruminal pHanged fronb.99t0 6.32, whie the
observed ranged froB50to 6.81, which isfour times greatethanpredicted Residual analyses
indicated that errors were negatively correlated with dietary concentrations of soluble starch and
ash and ruminal ammonia concentrations, and positively correlatedietiginy ADF and NPN
(Table2-8), implying thatthe empiricalrepresentationf pH in the rumen isiot fully
representativeAccording tothe HendersorHasselbath equation,uminal pH should baffected

by acidbaserelevant factorancludingH™ production ratesyFA, lactic acid,bicarbonateand
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ammoniaconcentrationspartial pressure of C)and the buffering capacity of feadd
microbial matte(Dijkstra et al., 2012 The modelpredictsruminalpH using onlytotal ruminal
VFA and lactateoncentrationasdescribedy Argyle and Baldwin (1988 Those equations
were subsequently qgarameterizedy fitting to adairy datasetby Hanigan et al. (20)3which
improved the RMSEHowever, he negative correlatiometween pH residuals addetary
soluble starclimpliesthatthe effect of VFA production may merpredictedvhen highsoluble
starchdiets arded.

The positive correlation between pH residuals and di&Biy suggests ruminal pH was
underpredicted with high forage digiisdicatingthatpH was affected bfiber bufferingcapacity
which is not reflected in the mod@&icarbonates the most important ruminal buffer, whicln
enterthe rumen through saliva secretionothe bicarbonate dependent absorption of VFA
(Dijkstra et al., 201R Long forageparticles inthediet can affect digesta stratification and
promote ruminating and salivary secretiaich helpsneutralizethe accumulated acids in the
rumen(Yang et al., 2001 Considerindiber buffering effect mayimprove representations of
ruminalacid-basebalance leading taccurate predictisof ruminal gH.

Ammonia has a high pKa (9.28nd thusis primarily presenin the rumeras NH*
(Dijkstra et al., 2012 Abdoun et al. (2007) indicated that at pH of 6.5 or lower; NH
predominately absorbed as Ny a putative K channglvhich can neutralize acidity through
thedisposal of NH*. Argyle and Baldwin (1988) adapted theminal pH equationfrom Briggs
et al. (1957 where theoriginal equation usetbtal ruminalVFA, lactate and ammonia
concentrationss driving variablesTheresidualgegression analysasiggested thammonia
concentratioaneed to beeinstatedas a variable teeflect H removal during absorptigand

such a changeould yield a better representation of rumipé predictiors. However,
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predictions of ruminal ammonia and VFA should be unbidfssaath a scheme is to be
introduced

Ruminal VFA ConcentrationsRoot mean squadeerrorsfor total VFA, acetate,
propionate and butyrat®ncentrationsvere19.6, 19.7, 35.2, 28%, respetively, with an
average of 2% of MSE asmean bias and 88asslope biasAlthough low proportions of error
asmean and slope bias waybservedCCC rangdfrom 0.18 to 0.36 indicatg there wa a
large amount of unexplained variatioAll of the VFA concentrations were underpredictaen
though ruminatlegradatiorof ADF, NDF and starch weraverestimatedThe discrepancy in
mean biases in VFA amdminal nutrient degradation predictiosisgges that either ratesf
producton or absorptiomreimproperlyrepresenteth the modelAlthougha portion of the
residual variation is likely du sampling variability{Lane & al., 1968, regression analyses
indicated thatesidual errors foeach of the/FA concentrationsvere negatively correlated with
ruminal pH(Table2-8). Themodelpredictsindividual VFA from fermentablsoluble
carbohydratehemicellulose and cellulose, dietamiao acids and lactic acid from silage
originally described byurphy et al. (198 Productionratesof each are influencdaly ruminal
pH where the yield of propionate is increasaad the yields of acetate and butyrate are reduced
with low pH (Argyle and Baldwin, 1988 Thus, the lack of precision in predicting gieems to
be contributing to reduced precision in predicting VFA concentratdijisstra et al. (1998
demonstrated thadw ruminal pH supplied more protof the conversion of the dissociated
VFA to theacid formto facilitate diffuson across the rumen epitheliuteading tancreased
fractional absorption rate€urrently, his mechanism is not encoded in the model and its
absencés consistent with the observed residual ergiven the negative correlation between

ruminal pH ad residual VFA concentiahs
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All VFA residual errorsverealsonegativelycorrelatedwith dietarysoluble CR
indicating VFA productiorerrors werelso driven byproteinfermentatiorandpossibly
microbial activiy in response to RDP and ammariarker et al. (1995ndicated that the
exchange of protons between ammonia and Wdht potentially stimulateheir bsorption
rates, implying thatlirectly adding the effect of ammonia on XRbsorption rates or indirectly
in the ruminal pH equatiomight reducemodel errors foVFA concentrations.

Residual errorgor all of the VFA were alspositivdy correlaedwith BW and dietary
ash concentratiansuggesting that at highetary ash concentrations ruminal VFA
concentrations were underpredict€amllectively thesendicatk thatthe effects ofumenliquid
volume and rumewater dynamison VFA kineticsmight beinappropriately predictedietary
ashcan be elevated due $oil contamination of forageMayland and Sneva (198®undthat
the sodium concentratiasf soil was1630 ug/g, while that of forages wa83 ug/g, thusdietary
sodium and soluble ash content can be influencesbibgontaminationMeyer et al. (2004
indicateddietarysodiumintakeis positively correlated with water intakerhich is consistent
with our resultsas the increasledietary ash concentrations migtitrailate water intake leading
to greater liquid outflow andnderpredicted VFAconcentrationsWater consumptiowassetat
4.7 L/Ikg DMI. Althoughthe osmaoticeffects ofashon rumenwater dynamicsire incorporated in
the modelregression results indicated tltiais relationship is nowell representedvhich might
reflect lack of knowledge regardingshsolubility andthe relationship between osmatgrand
fluid movementThe latter was based on the effectsaxfism bicarbonateassuming there were
two ions per mole odsh, and osmolality from ash wadatdated asnoles of ash multipéd by
an osmolarity ofL..7, which mightlead toprediction erroras the composition of ash in rumen

fluid varies due to entry of other ions includipgtassium, calcium, magnesiuamnd chloride
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Becauséhe soluble asimolecular weight was assumed to be thegaafium bicarbonate,
calculated molarity also can be biasehally, as only the soluble fractionf ashaffects
osmolality andvater balancevariation in ash solubility would hawentributed tovariation in
predictionsof fluid osmolalitygiven our assumed fixadsolubility proportion(Argyle and
Baldwin, 1988. Sorting out these potential effects will require a concerted effort to collect such
information across a range of diets.

Ruminal Ammonia ConcentrationsRuminal ammonia concentrations exhibited
RMSE of 49.9%with 0.1% of mean bias and 4836/0f MSE segregating with negativeslope
bias(Figure2-4 andTable2-4). The substantial slope biaapliesthat mechanisms relate¢o
ruminal N metabolism anenproperly represente@®esidual errors for ruminal ammonia were
negatively related with DMKlietary concentrations of ritanundegragéd NDF, forage NDF,
rumenundegraddstarch, CP, NPN, and ruminal pH, and positively related with dietary
concetrations of rumen undegrad ADF, RUP and asfiTable2-8). The positive correlations
with dietary RUP and negative correlations with Dividdietary concentrations of CP indieat
thatincreased dietary N intakevasassociated with ovgredided ruminalammonia
concentratiog or alternativelyincreasedlietary RUP was associated wittnderpredicted
ammonia concentration§heseerrorsmight suggesthat protein degradation ratsaturatewith
protein availability Alternatively, the correlationsnightimply that protein sources affect
incorporation rates of ammonia N into microbiallNseems logical that microba&suld obtain
a greater proportion of N from ammonia when high RUP diets were fed due to decreased
availability of proteolytic end productshowever,that is contrary to the observed correlation and

thus does not appear to explain ghmedictionerrors
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Thenegative correlations between residual errors for ruminal amroon@@ntrations
and rumen undegrad NDF andrumen undegragti starch imply thatruminal ammonia residual
errorsarepositively correlated withuminally fermentalle CHO, andammonia concentrations
areunderpredictedwvhen attleare fed higly fermentable CHO dietsnd over predicted with
high forage dietsCameron et al. (199;1Reynolds and Kristensen (2008dicated that the
amount and degradability of dietary CHO can affentnoniaabsorptiongiven that
incorporation of ammonia N into microbialgtein is energydependentCameron et al. (1991
demonstrated that infusions of readily fermentable CHO decreased ammonia concentrations
because of increased Ntakeby ruminal microbesMicrobial growth predictions appear to
contribute to thgroblem by being over respaws to fermentable CH®upplyas evidenced by
negativecorrelatiors betweerresidualdor predictions ofuminal microbial N outflonand
starch intakeThus high starch diets would lead to excessive sequestration of ruminal ammonia
which contributes to the problem. However, this does not appear to be the sole contributor.

Blood ureaN ConcentrationsPredictionsof blood ureaN concentrationkad a RMSE
of 51.8% with 28.8% mean bias and 33.B&gativeslope biasKigure2-5 andTable2-4).
Residuas ofblood ureaN concentrationsvere negatively correlated witbMI, dietary NDF
concentrationsand ruminal ammonia concentrations, and positively correlated with dietary
soluble protein concentratiofifable2-8). The negative correlation betweessiduablood urea
N concentrationand DMI indicates thatlood ureaN concentrationareoverpredicted with
high DMI, possibly related thigh BW (Clauss et al., 20Q7Urinary urea excretion isalculated
in the model as the productlabod ureaconcentrationgmole/L) anda fixedexcretionconstant
of 2134L/d (Baldwin, 1995, implying that the excretion ratmnstanbf a small animais the

same as a large animal at egolalod urea concentratien This appears to be an oversight in
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model construction as kidney clearance will be a function of concentration and body mass
reflecting the greater blood flow and kidney mass in a taagenal Most functions in the
model that must scale with BW are defined using the pool size, which will scale with BW, rather
than with a concentration, hence our assumption that this was an oversight by whomever added
the representatioMlodifying the exising urinary urea secretion equationuseblood urea pool
size which scales witBW would increase the accuracy wfodel predictionsfoblood ureaN
andmighthelp address the rumen ammonia problem given the correlation ameadwioe
variables

The negative correlation betweklood ureaN residuals and ruminal ammonia
concentrationsuggest thatincreasedammoniaconcentrationgre correlated witlver
predictions oblood ureaN. Reynolds and Kristensen (2008monstrate substantial N cycling
between thdlood ureaand gut lumen ammonjzools High rates of cycling confer greater
response flexibilityithin the system. For examplé the rate otycling betweer2 pools is
100%/d, a 50% change ithefirst poolandno change ithesize of the 2 pool will result in a
40% change in the net differeniosetween théluxes. However, if all else is helaostant and the
cyclingrate is increased to 200%/d, the net cycling difference caused by the change in size of the
first pool will increase to 80%@ hus accumulation of N in either the ruminal ammonia or the
blood urea pools with insufficiemésponses in the other pool is an indication that the rate of
cycling is too lowWith too low of cycling ratesnicreasedntake ofsoluble N would lead to
greater than expected changes in rumamamonia as theet difference in theates of transfer
betveen the ruminal anblood pools would not be great enougghbuffer the increase in ruminal
ammonialn this case, blood urea concentrations would be under predintegasedates of

cycling between ruminal ammonia and blaogéawould dampen ruminal ammonia
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concentration changes and enhalo®d ureachanges in response to ruminal N loBdsed on
concentration changes only, one would be able to derive minimal cycling rates, but not maximal
as further increases above the minimuould result in identical concentrations. An exact

solution would require fitting tammonia absorptioand urea transfer data derived from isotope
experiments such as those using the dolatielled urea gwoach(Reynolds and Kristensen,

2008 Wickersham et al., 20082008k 2009 Bailey et al., 2012aBatista et al., 2016

Fecal Output
Fecal DM, ADF, NDF, andLipid Excretion. Residual errors gbredictedfecal DM and

ADF excretion wer®4.9% and 21.5% witbn average 37% mean bias &% slope bias.
Predicted écal outpubf NDF and lipidhad RMSE o22.8 and 31.8%ith on averagd4%
mean biagnd1% slope biagTable2-4). FecalDM and ADFexcretionwerepositively
correlated with their predicted ruminal outfl¢ivable2-9). Thus as ruminal outflow increased,
fecalDM and ADFoutputwereunderpredicted, suggestiag ADF digestion coefficienof
0.118is an overestimatéHanigan et al., 20)3Residual errors ofefcal NDF and lipid outflow
werenot significantly correlated wittheir ruminaloutflow, indicatingprediction errors fofecal
NDF and lipid outflow are not driven lncoded digestion coefficientsurther analyses
indicated esidual errors fofecal output oDM, ADF, and NDFwere all negatively correlated
with BW, with overpredicbnsat high BW, andinderpreditonsat low BW.In the current
work, BW ranged from 240 to 807 kg, whichwider tharthe range ofi80 to 731 kg irthe data
used byHanigan et al. (20)3Digestive efficiency can be modelled as the resudinahterplay
of gut capacity,dead intake andligesta passad€lauss et al., 20070f these, capacitig at least
partially dictatecoy BW. Becausentestinaldigestbility is representedolely asmass agon
functiors of ruminal outflowin the model correlationsdetweerBW and fecal nutrient residual
errorslikely reflect thelack of arepresentation ahaximal capacityEllis et al., 201%, and
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indicatethatadding BW as meffector of intestinal digestibility woulosihprove mode
performance with respect kawer gutnutrient digestion.

Fecal Starch ExcretionPredicted fecal starch excretion had a RMSE of 73.4% (2.8%
mean bias and 1% slope bias) and a CCC of €ug§esting relatively poor prediction quality
(Table2-4). However, starch digestion occurs predominantly in the rumers avacrly
complete in theotal tract. Thus predicting fecal starch excretion is subject to considerable
relative erroras the mass is relatively smatlesidualkerrorsof fecal starch excretiolendedto be
negativéy correlated with predicted ruminal starch outfldw=0.09)(Table2-9), suggesting
fecalstarchexcretionis overpredicted withncreased ruminal starch outflonBecause there is
no slope bias in the predictions, this suggests the cause of a portiorienfairstarch error are
errors in predicting ruminal starch outfloBecausette model uses a fixed digestiocoefficient
of 0.81to simulate lower gut digestiqianigan et al., 20)3optimizing thedigestion
coefficientwill not address therediction errorsAdditional progress in predicting intestinal
digestibility may require alternative representations such as the coorplicated mechanistic
modelof Mills et al. (2017.

Fecal Protein ExcretionResidual errors for fecal prote@xcretion exhibited a RMSE of
18% (0.1% mean bias and 19% slope bias) and a CCC ofTaB&2-4). Ruminal N outflow
had a slight mean bias and slope v&$ch contributd to fecal errorResiduafecal output
errors verepositively correlated with predicted ruminal protein outfipvable2-9), indicating
thatfecal proteinoutput is undepredicted whemuminal protein outflow is high. Thimplies
thatintestinalproteindigestionis less efficient at high protein flow than predicted with the

current static digestion coefficiefithe model does not considandogenous protesecretion
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into thelower gut but this should result ithe opposite problem as the appeirdigestion

coefficient should increase with greater protein flow.

Evaluations byCattle Categol and Diet Type
Cattle Categoy. Dairy and beef dataereevaluatedseparatelyo assesdifferences

between animal type with respect to predictive capacity ahibeel Residual analyses
indicatedthat all variables related to ruminal metabwliand nutrient digestiowere predicted
with leseer RMSEfor dairy cattlethanfor beef cattlg Table2-5). Themodel was originally
designed toepresent biologicalemants of thedairy cow(Baldwin et al., 198781987k

19879. It has been modified and advanaeesingprimarily dairy dda, thus it isto be expected
that the modeberformed bettewhen simulating moderate forage diets typical of those fed to
dairy cattle Root mean squagesrrorsfor predictions ofuminal nutrient outflow (total N,
microbial N and NAN)fecal nutrient excretion (protein, NDF and lipid), ruminal pH, and
ammonia, acetate, propionate, butyrate lllodd ureaN concentrationsveremuchgreater for
beef data than fatairy data(Table2-5), primarily due tanean biasesuggesting thgtrediction
accuracycouldbe improvedhrough optimization oimodelparametes. Substantial slope biases
for ruminal outflowof ADF, NDF, starch, total N, and microbialWwere observed when beef
data weresimulated Regression analyses residualsgndicated that BW was negatively
correldged witherrors of prediction foruminal outflowof ADF, NDF, starch, and microbial N,
while DMI was positivey correlated with residuals fouminal outflav of DM, starch and
microbial N(Table2-7). Thesesuggesthat the combinations of BW and DMlight have
contributed to accuracy and precisgmoblemsfor these variable$Vhen DMIwas expressed
per kg of BW, the mearwas0.03 kgkg of BW for dairy cattleand 0.02 k¢kg of BW for beef
cattle One would thus expegteater digestive efficiendpr the beef cattl¢hanfor dairy attle
due to digestibility depression as DMI increafekauss et al., 2007The currentmodel
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representgreater rummal outflow as DMI increases, but it does not represshicedruminal
residence timevhich would alter the extent of digestiofihe regressions suggest thas
relative DMIshould be used to regulate ruminal passage rates so that greater DMI reB#We to
causes a reduction in ruminal digestibility

Diet Type.The nutrient composition ofdefcattledietsvary more than dairy cattiets
due primarily to different feeding scenari@lis et al., 200Y. Descriptive &atisics show that
the mean forage percentage for daiigtswas 51.8% with a standard deviation of 13.4%,
whereas itvas 29.3% with a standadkviation of 32.1% for beef catttbets.High forage and
low foragediets are more commonly ustd bed animals andlimited evaluations of the model
have been conducted with sutiets When simulatinguutrient digestion and ruminal
metabolism fohigh andlow foragediets(Table2-6), the averagRMSE wasapproximatelys%
unitsgreater than for theombined datar when compared to the dairy data which was
composed almost completely of moderate forage (fletisle2-4). Based on the results of
RMSE andCCC, hemocel tended to more accurately predict mah metabolism andutrient
flows for high forage déts thanlow foragediets, exceptfor ruminal ouflow of ADF, NDF and
microbial N(Table2-6). However there vasgreater slope bias foammonia andblood ureaN
concentratiog andruminal ouflow of ADF, NDF, starch andhicrobial Nwhen simulating high
foragediets In the modelempirical equabns were used to represehérelationship between
forage percentage and particle siaadthe modekimulates three particle size poolsith
homogenous nutrient conteotsimulate ruminatigesta outflowThis latter simplification
mightintroduce some error &lselargeparticle pod likely includes more fiberand less starch
thanthesmall particlepool. As the pools have different rates of passage, the residence time of

starchmightbe overpredicted and that of fiber underpredicted which could lead to the observed
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errors of predictionin the current study, the model underpredicted ruminal starch owfidw
overpredicted ADF and NDF outflowhen it was evaluated using high forage didike

opposite vasobserved when the model was assessedlaittioragediets. These biases equate

to an overprediction of ruminal starch digestion and an underprediction ruminal fiber digestion
on high forage diets which is consistent with the potehi&din representation aksidence

time. However, these problemsutd also refiect the challengewith predicting pH and ruminal
ammonia concentrations and the impact on microbial actédgitional basic metabolic data
characterizinghe underlying biologyis needed to discriminate amotigese hypothesesd

correct thepredictionproblens.

Conclusions

In summarythe Molly model performed relatively well on diets with moderate levels of
forage except for predictions of ruminal pH, ruminal ammonizeninatiors which exhibited
significant slope bigandruminal outflowof starch andNANM N which had poor precision
However, it performegoorer on diets withx@remeconcentrations of foragalthough the
number of diets represented in those categories was mnitedl, and thus subject to less
certainty Model weaknesgequiring improvementappeared to beelated tgoredictions of
ruminal pHandN cycling across the rumal wall, and digestibility depressions associated with
high intakes relative to BWResidual analyses identifiedminal ammonia concentratioasa
factor contributing tauminal pH predictiorerrors. Incorporation of the concept of a maximal
digestive capacitin therumenand intestine also mesitonsideration to improve predictions
ruminal outflow, ruminal fermentationand fecabutput Adoption of these changes should yield
amodelthatprovidesunbiased predictions of nutrient digestion across the full range of cattle

diets used in North America
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Figure2-1. Residuals for ruminal ADF outflow (kg/d) or degradation (%) versus ruminal pH.

Residuals are calculated as observed minus predicted values.
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Table2-1. Observed atrientintakes, ruminal digestibility, ruminal ouflow andmetabolism, and

total tract digestibility.

Iltems N Mean SD Min Max
Body weight,kg 886 548 117 240 807
Intake,kg/d
DM 938 15.3 6.2 3.0 30.4
OM 632 15.9 5.3 2.8 29.5
ADF 353 3.5 1.4 0.3 6.7
NDF 538 5.9 2.2 1.0 124
Starch 346 5.2 2.0 0.2 11.0
Ruminal digestibility, %
oM 473 57.2 10.7 19.6 84.2
Nitrogen 320 56.6 13.7 9.2 91.0
ADF 273 40.3 12.8 6.2 77.5
NDF 459 44.4 130 4.8 84.4
Starch 292 66.0 18.5 4.5 94.2
Lipid 39 9.0 9.9 -17 26.2
Ruminal outflow,kg/d
DM 152 13.7 4.1 2.2 24.2
OM 430 10.2 4.1 1.7 20.6
ADF 225 2.2 09 0.2 4.2
NDF 342 3.4 1.3 0.7 6.5
Starch 225 2.2 15 0.03 5.8
Lipid 30 1.0 04 05 2.0
Total N 510 05 0.2 0.07 1.0
Microbial N 625 03 0.1 0.05 0.7
Non-ammonia N 566 05 0.2 0.07 11
Non-ammonia, nofmicrobial N 560 0.2 01 0.01 0.6
Rumen fermentation
pH 611 6.1 03 55 6.8
Ammonia,mg/d| 538 12.4 5.1 0.1 30.3
Blood ureaN, mg/dI 114 12.3 4.2 1.7 23.4
Total VFA, mM 584 108.8 21.9 37.1 161
Acetate, % of VFA 629 60.9 6.6 36.4 77.3
Proionate, % of VFA 629 23.2 6.0 125 44.0
Butyrate, % of VFA 629 11.7 2.0 5.7 19.9
Total tractdigestibility, %
DM 396 68.9 6.5 48.2 85.7
oM 606 70.9 6.8 43.8 87.4
Nitrogen 560 67.88 5.2 51.5 82.0
ADF 326 452 11.6 11.9 77.2
NDF 546 51.0 115 13.2 84
Starch 312 92.6 6.7 68.4 99.7
Lipid 92 721 13.8 20.9 93.6
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Table2-2. Nutrient composition ofow, moderatgeand high forage dist.

Low Forage Moderate Forage High Forage

ltems Mean SD Mean SD Mean SD
CP, % 151 32 168 24 15.7 45
Fat % 4.7 1.8 3.9 17 2.7 0.7
Starch % 47.5 113 306 7.7 197 9.9
NDF, % 21.2 8.6 334 64 509 135
ADF, % 10.6 5.2 201 4.6 32.7 10.3
Lignin, % 24 12 3.5 1.0 4.9 1.6

1 Both dairy and beef data were includedhe low, moderate, and high forage diets
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Table2-3. Consequence dfietary nutrienbias adjustmentsn predicteddietary nutrient composition

CP, % NDF, % ADF, %

ltems Initial Final Initial Final Initial Final
Observed Mean 171 171 32.9 32.9 195 195
Predicted Mean 172 17.2 320 323 20.3 201
RMSEL, % mean 11.2 8.9 13.8 10.8 18.5 14.1
Mean Bias, % MSE 0.3 0.6 4.0 3.3 5.6 4.6
Slope Bias, % MSE 32.8 21.3 13.0 5.8 12.3 3.8
Residual Error, % MSE 66.9 78.2 83.1 90.9 82.1 91.6

! Root mean squadesrror
2 Mean squareerror
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Table2-4. Modelevaluatiors usinga combination otlairy and beef data

Items

n

Observed mean Predicted mean RMSE!, % mean Mean Bias, % MSE Slope Bias, % MSE CCC

Ruminal outflow,kg/d
DM
ADF
NDF
Starch
Lipid
Total N
Microbial N
Non-ammonia N
NANMN?3

Ruminalfermentation parameters

pH

Ammonia, mmol/L

VFA, mmol/L

Acetate, mmol/L

Propionate, mmol/L

Butyrate, mmol/L

Blood ureaN, mg/dl
Fecal outiow, kg/d

DM

oM

Protein

ADF

NDF

Lipid

Starch

152
225
342
225

30
510
625
566
560

611
538
584
598
592
592
114

391
527
500
243
445

78
261

137
22
34
2.2
1.0
05
03
05
0.2

6.1
7.3
108.8
663
248
12.8
12.3

52
4.6
0.9
19
2.8
0.2
0.3

123
1.9
3.0
1.6
1.0
05
0.3
05
02

6.1
7.4
103.0
65.4
246
126
8.9

43
3.8
0.9
17
2.6
0.3
0.3

17.9
25.8
26.3
60.5
141
19.4
30.5
19.2
40.3

4.6
49.9
19.6
19.7
35.2
28.6
51.8

24.9
26.4
18.6
215
22.8
31.8
73.4

34.3
25.0
11.9
19.8
0.3
3.8
184
0.004
244

0.4
0.1
7.3
0.4
0.1
0.5
28.8

49.3
43.3
0.1
249
7.2
19.8
2.8

13.8
0.02
0.2
1.8
0.3
25
0.01
3.9
0.2

4.1
43.7
5.0
29
8.6
10.8
335

13.7
9.5
19.0
15
0.3
15
1.0

0.77
0.75
0.73
0.41
0.92
0.83
0.66
0.78
0.44

-0.004
0.42
0.36
0.35
0.18
0.23
0.24

0.84
0.79
0.89
0.88
0.85
0.86
0.35

! Root mean squadesrror

2 Mean squaredrror

3 Non-ammonia, nofmicrobial N

* denoteanodelbias is significantly different from (P(< 0.05).
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Table2-5. Modelevaluatiors by cattle caggory'.

ltemns n RMSE2, % mean Mean Bias, % MSE Slope Bias, % MSE CCcC
Dairy Beef Dairy Beef Dairy Beef Dairy Beef Dairy Beef
Ruminal outflow,kg/d
ADF 204 21 24.9 44.6 29.5 5.0 1.1 22.1 0.65 0.56
NDF 299 43 25.6 27.8 13.7 0.5 1.7 20.2 0.6 0.66
Starch 180 45 56.7 82.8 29.4 11.7 0.1 54.0 0.29 0.002
Total N 440 70 18.1 39.1 7.9 20.1 0.3 32.1 0.74 0.29
Microbial N 557 68 29.1 57.0 18.4 19.3 0.5 34.0 0.56 0.13
NAN 540 26 18.6 58.9 0.2 59.1 1.9 11.2 0.75 0.09
NANMN* 536 24 39.9 40.7 25.7 0.4 0.8 1.0 0.38 0.57
Ruminalfermentation parameters
pH 452 159 4.1 6.0 6.5 9.6 0.003 0.4 0.04 0.03
Ammonia, mmol/L 430 108 449 67.4 10.1 55.9 26.6 11.2 0.46 0.27
VFA, mmol/L 430 154 16.9 27.0 3.7 18.5 3.2 1.5 0.23 0.25
Acetate, mmol/L 432 166 184 23.8 0.3 0.9 2.5 8.4 0.16 0.26
Propionate, mmol/L 432 160 28 48.7 7.8 225 2.6 0.9 0.21 0.21
Butyrate, mmol/L 432 160 24.2 39.5 1.2 16.0 5.7 1.9 0.17 0.17
Blood ureaN, mg/dl 74 40 44 65.3 5.6 90.5 37.8 2.8 0.25 0.16
Fecaloutflow, kg
DM 255 136 22.7 304 65.4 19.3 2.2 15.3 0.58 0.61
oM 389 138 24.8 29.9 56.9 5.9 0.8 11.0 0.59 0.71
Protein 372 128 15.7 39.3 3.5 39.6 10.6 0.04 0.81 0.61
ADF 186 57 19.6 35.5 30.9 6.3 0.2 3.6 0.75 0.72
NDF 333 112 19.7 44.7 6.2 11.0 1.0 3.7 0.72 0.57
Lipid 53 25 23.5 84.9 12.9 36.6 1.6 10.1 0.84 0.32
Starch 156 105 64.8 95.9 7.3 0.5 4.9 10.7 0.17 0.18

! Ruminal DM outflowwas not reported because of limited observations.

2 Root mean squadeerror
3 Mean squaredrror

4 Non-ammonianonmicrobial N

* denoteghe modebiasis significantly different from OR < 0.05).
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Table2-6. Model evaluatios by diet typé.

ltems n RMSE2, % mean Mean Bias, % MSE Slope Bias, % MSE CCC
High Low High Low High Low High Low High Low
Ruminal outflow,kg/d
DM 8 13 16.6 16.6 1.9 3.6 37.5 38.5 0.92 0.84
ADF 12 18 34.5 25.8 3.4 475 58.4 12.7 0.42 0.91
NDF 23 29 37.4 21.8 8.3 55 40.9 12.0 0.73 0.93
Starch 2 37 10.0 74.1 32.9 6.8 67.1 18.7 0.99 0.38
Total N 34 52 26.4 28.0 16.3 0.8 12.8 33.5 0.80 0.88
Microbial N 45 60 43.4 42.3 0.004 36.3 17.5 0.7 0.52 0.74
Non-ammonia N 32 36 20.8 30.3 0.005 9.1 4.4 22.1 0.72 0.85
NANMN4 35 31 32 36.2 21.3 14.2 0.02 14.7 0.7 0.83
Ruminal fermentation parameter
pH 58 92 4.9 6.7 59.4 54.5 4.6 3.3 0.14 -0.01
Ammonia, mmol/L 54 65 52.2 66.8 4.3 68.3 40.17 54 0.75 0.20
VFA, mmol/L 62 85 22.0 28.1 2.4 41.9 0.8 4.7 0.60 0.10
Acetate, mmol/L 62 101 24.2 271 1.8 24 0.01 17.1 0.45 0.01
Propionate, mmol/L 62 89 34.0 49.2 43.2 39.9 4.7 1.7 0.57 0.03
Butyrate, mmol/L 62 89 35.0 38.8 8.0 14.6 1.6 14.3 0.55 -0.04
Blood ureaN, mg/dl 24 19 67.8 61.5 8.9 88.8 79.5 0.1 0.34 0.11
Fecal outputkg
DM 42 88 25.7 33.3 2.1 12.0° 6.5 48.1 0.90 0.85
OM 36 100 29.8 311 23.0° 3.3 0.6 37.1 0.78 0.88
Protein 30 98 19.3 36.2 2.1 25.1 0.2 18.7 0.94 0.8
ADF 15 38 27.4 32.4 61.9 23.9 22.9 63.2 0.74 0.93
NDF 39 73 41.0 33.6 0.004 9.4 16.6 0.03 0.66 0.89

High forage diet: forage percentage > 7Q%y forage dietforage percentage < 30%ecal lipid and starch output were not reported
because of limited observations.

2 Root mean squageerror

3 Mean squared error

4 Non-ammonia, nommicrobial N

* denoteghe modebias is significantly different from @P(< 0.05).
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Table2-7. Multivariate egression analyses of residual errors for prediatednal outflow.

Predicted ruminal outflow

Independent variables DM ADF NDF Starch Nitrogen  MicrobialN NAN?2 NANMN3
(kg/d) (kg/d) (kg/d) (kg/d) (9/d) (9/d) (9/d) (9/d)
Intercept -4.23 6.71 7.95 0.41 366.66 -137.4 411.7 334.7
Animal parameters
BW, kg 0.005 (1.4 -0.001(1.1) -0.001(1.2) -0.002 (1.6) -0.21 (1.7)  -0.25(1.3)
DMI, kg 0.16 (1.9) 0.09 (2.2) 3.78 (2.0) 7.68 (1.6)
Dietary parameters
ADF -0.11 (1.8) 0.03 (4.6) -2.0 (2.7)
Rumen undegraded ADF -0.11 (5.0) -2.40 (1.2)
NDF -0.03(5.1) 0.11 (3.1) -6.46 (2.9)
Forage NDF -0.005(1.2) 0.01(1.1) 0.01(1.7) 0.96 (1.5) -1.40 (4.1) -0.46 (1.3)
Starch
Soluble starch 0.05(2.1) 6.64(1.5)
Rumen undegraded starch -0.21 (1.6) 0.04 (1.2) 0.06 (2.1)
CP -0.07 (2.2)  0.08 (2.0) 4.77 (3.3)
Soluble CP -0.29 (1.4) -9.68 (3.0)
RUP 0.35 (1.2) -7.05 (1.9) -4.74(1.3)
NPN 0.04 (1.2) 8.45(1.6) 11.2 (1.4)
Urea -0.32 (1.1) -24.3 (1.1)
Lipid 0.27 (1.1) 0.14 (1.1) -9.15(1.1) -3.97 (1.0)
Lignin -0.42 (2.5) 10.54(1.4) 9.38(1.7) 10.77(2.2)
Ash 0.04 (1.1) -6.69 (1.4) -13.03(1.3)
Roughage 0.03(1.7) 1.18 (2.5) 2.20 (5.0)
Ruminal fermentation parameters
Ruminal pH -1.0 (1.1) -1.1(1.2) -0.69 (1.4) -60.39(1.2) 30.0(1.6) -36.2(1.4) -38.6(1.3)
Ruminal ammonia, mmol/L -0.06 (1.2) -0.04 (1.8) -3.26 (1.2) -6.11(1.3) -5.63(1.2)
R? 0.49 0.44 0.33 0.41 0.13 0.13 0.31 0.13
RMSE} 15 0.38 0.69 0.96 83.85 68.82 79.68 64.85
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

1Study effect was included as a random variable.

2Non-ammonia, nosmicrobial N
Independent variables listed were significahk(0.1). Variance inflation factors (VIF) are shown in parentheses.

“Root mean squateerror
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Table2-8. Multivariate regression analyses of residual errors for predicted ruamdalloodmetabolites

Predicted ruminal metabolites

Independent variables Ammonia VFA Acetate Propionate Butyrate Blood ureaN

pH (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mg/dl)
Intercept -0.02 20.32 200.47 63.5 99.12 34.45 19.62
Animal parameters

BW, kg 0.03 (1.5% 0.03 (1.1) 0.01 (1.4) 0.01 (1.3)

DMI, kg -0.23 (1.5) -0.43 (2.1) -0.40 (1.8) -0.20(1.8) -0.51 (2.7
Dietary parameters

ADF 0.22 (5.2)

Rumen undegrasti ADF 0.02 (1.8) 0.15 (3.5)

NDF -0.08 (3.7) -0.46 (2.1) -0.23 (2.3) -0.31 (4.8) -0.07 (2.2) -022(14)

Forage NDF -0.01 (1.8) 0.07 (1.9) -0.03 (1.9)

Starch -0.14 (3.0) -0.10 (2.9)

Soluble starch -0.01 (2.1)

Rumen undegraati starch -0.11 (2.0) -0.71 (2.1)

CP -0.33 (2.5) 1.61 (2.9) 0.98 (3.4) 0.43 (3.0)

Soluble CP -3.22 (2.4) -1.77 (3.3) -1.45 (3.0) -0.45 (1.8) 0.60 (4.8)

RUP 0.17 (1.5) -2.00 (1.7) -1.99 (1.8) -0.63 (1.9) -0.25 (1.3)

NPN 0.04 (1.3) -0.52 (2.7)

Urea -4.17 (1.2)

Lipid 0.34 (1.1)

Lignin 2.22 (1.7) 0.62 (1.8) -0.41 (1.7)

Ash -0.01 (1.4) 0.20 (1.4) 1.39 (1.4) 0.59 (1.4) 0.48 (1.4) 0.20 (1.4)

Roughage
Ruminal fermentation parameters

Ruminal pH -1.61 (1.3) -32.79 (1.5) -11.70 (1.4) -14.48 (1.4) -4.3 (1.4)

Ruminal ammoniammol/L -0.02(1.1) 0.72 (1.5) 0.90 (1.5) 0.12 (1.4) -0.49(6.8)
R? 0.28 0.54 0.35 0.22 0.53 0.29 0.60
RMSE 0.23 2.44 15.9 11.48 5.96 3.08 3.56
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

! Study effect was included as a random variable.
2Independent variables listed were significahk(0.1). Variance inflation factors (VIF) are shown in parentheses.

®Root mean squared error
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Table2-9. Simple linearegression analyses of residual errors for predictead &tputs

Regression variable

Predicted fecal outputs (kg/d)

DM Protein ADF NDF Starch Lipid
Intercept -0.38 (< 0.00D -0.23 (< 0.001) 0.09(0.11) 0.26 (<0.001) 0.09 (0.008) -0.05 (0.004)
Predicted ruminal DM outflow, kg/d 0.13 (< 0.001)
Predicted ruminal proteioutflow, kg/d 0.08(< 0.001)
Predicted ruminal ADF outflow, kg/d 0.06 (0.03)
Predicted ruminal NDButflow, kg/d -0.03 (0.21)
Predicted ruminal starch outflow, kg/d -0.03 (0.09)
Predicted ruminal lipid outflow, kg/d 0.02 (0.22)
R? 0.31 0.19 0.02 0.003 0.01 0.02
RMSE 0.76 0.15 0.35 0.62 0.23 0.007
P value < 0.0001 < 0.0001 0.03 0.21 0.09 0.23

!p value isshown in parentheses.
2Root mean squageerror
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Chapter 3: A revised representation of ureaand ammonianitrogen recycling and use inthe
Molly cow model

Abstract

Accurately predicting nitrogen (N) digestion, absorption and metabolism will allow formulation

of diets that more closely match true animal ndeal® a broad range of feetlsereby allowing
maximization of N utilization N efficiency, and profit The objetives of this study were to
advance representations of N recycling between blood arglutlaad urinary N excretion in the

Molly cow model. The current work includeshancements$) representing ammonia passage to

the small intestine; 2) deriving parameters defining urea synthesis and ruminal urea entry rates; 3)
adding representations of intestinal urea entry, microbial protein synthesis in the hindgut, and fecal
urea N excretionand 4) altering existing urinary N excretion equationsdale withBW, and

adding purine derivatives as a component of urinary N excretion. After the modifications,
prediction errors for ruminal outflows of total N, microbial N, and-aammonia nofmicrobial N

were 39.5, 27.8 and 35.9% of the respeativeervednean values. Prediction errors of each were
approximately 10%initsless than the corresponding values before model modifications and fitting
due primarily to decreased slope bias. The reuvisedel predicted ruminal ammonia and blood

urea concentrations with substantially decreasedathveror and reductions in slope amdkan

bias. Prediction errors for gut urea N entry were 36.3% with 4.9% mean bias and 1.2% slope bias
which was also a sukential improvementAdding purine derivatives to urinary N predictions
significantly improved the accuracy of predictions of total urinary N output. However, urinary urea

N secretiorremainspoorly predicted with 55.6% prediction erralge mostly tooverestimated

urea N entry rates. Adding representations of undigested microbial nucleic acids, microbial protein
synthesized in the hindgut and urea N excretion in the feces decreased prediction errors for fecal

N excretion from 48.9 to 30.2%he revised moel predicts thatrea N entry into blood accounts
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for approximately 64% of dietary N intake of which 55% is recycled to gut lumen. Between 48
and 67% of the urea recycled to the gut flows into the ruargely depending on dietsvhich
accouns for 23 t063% of total ruminal ammonia production, &wito 71% of this ammonia N is
captured in microbial proteifModel simulation results suggested tfe#dinga moderately low

CP, high RUP dietouldincreaseauminalN efficiencyby 20%

Key words: efficiency; model; nitrogen;

I ntroduction

The ability to recycle urea N to the rumen represents an evolutionary advantage of
ruminants allowing them to efficiently utilize N, especially during pesimfdietary protein
deficiency. Baldwin and coworkers included concepts and essential features of N metabolism in
a mathematical model of the dairy cow named M(@gldwin et al., 1987a1987h 19879,
allowing researchers to evaluate different management strategies and feeding practices before
implementation.Hanigan et al. (20)3eported biased predictions of ruminal ammonia
concentrations and microbial N outflow, and Li et(2018) observed high proportions of
ruminal ammonia and blood urea prediction errors due to slope bias. The latter work identified
improper representations of urinary urea N secretion and urea N cycling between blood and the
rumen as the primary driveof the ammonia and blood urea prediction errors.

To address existing model problems, measurements of gut urea entry and urinary urea
secretion rates are necessary to uniquely define N recycling between the rumen and blood and to
define urea balanceobley et al. (200pdescribed a double labelled urea approach to measure
urea kinetts in ruminants, and developed a mass movement model to estimate flux rates. The

application of this approach has resulted in the generation of a significant number of flux
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observations in cattle in thast 20years, which can be used to examine modeirapions and
address potential errors in the model.

The objectives of this study were to update the representations of N cycling across the
gut, fecal N excretion, and urinary N secretion in the model to more closely reflect the
underlying biology, and tevaluate model prediction accuracy with respect to N and urea
kinetics. The work included 1) representing ammonia passage to the small intestine; 2) deriving
parameters defining urea synthesis and ruminal urea entsy3aslding representations of
intestinal urea entry rate, microbial protein synthesis in the hindgut, and fecal urea excretion; 4)
altering the existing urinami excretion equations to scale wihV, and adding purine
derivatives as a component of urinary N excretion. We hypothesizetthéise updates would
result in significant improvements predictions ofuminalN cycling, microbial outflow from

the rumenand urinary N excretion.

M aterials and Methods

Data Collection

Observatios of total urea entry, gut urea entry, and urinagauelimination rates were
collected from 15 published papdfschibeque et al., 2002002 Ruiz et al., 2002Marini and
Van Amburgh, 2003Wickersham et al., 2008%Vickersham et al., 2008gVickersham et al.,
2009 Brake et al., 201(Brake et al., 201 1Bailey et al., 2012e; Titgemeyer et al., 2012
Davies et al., 20L13Holder et al., 2013Batista et b, 2016 representing 69 treatment means
The only selection criteria walatthe work was conducted in cattle. Three of the studies were
conducted using dairy cattle, and 12 studies were conducted using beeThattdbserved data

are summarized imable3-1.
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Model Description

The mechanistic and dynamic functions of the Molly model pertaining to ruminal urea N
recycling and urinary urea elimination have been describé&hlmwin (1995. A schematic of
the key elements is presentedrigure3-1. As an overview, dietary insoluble protein
degradation in the rumen is defined as the balance between rates of degradation and passage.
Microbes in the rumen utilize a portion of the solytetein and AA and ammonia to support
microbial growth andthey alsocatabolize an additional portion of the protein and AA resulting
in release of ammonia. Urea entering the rumen is quantitatively converted to ammonia. Mass
action functions are empled to simulate insoluble protein degradation, microbial metabolism
of soluble N, ruminal ammonia absorption, intestinal protein digestion, AA absorption, hepatic
urea synthesis, and urinary urea excretion. Microbial growth and urea recycled to the rumen
through ruminal epithelium, and utilization for anabolic purposes are represented using
MichaelisMenten equationgonversions among urea, ammonia, and AA are estimated
stoichiometrially with adherence to mass balance principles. Concentrations of the key
metabolites are predicted at any point in time as state variables in a system of ordinary
differential equations, which are numerically integrated over time. State variables include
ammonia, soluble protein and AA, insoluble protein and microbes in theniuas well as urea
and AA in the blood. These mathematical equations are enaodead solved usingCSL (ver.
3.1.4.2, Aegis Technologies Group Inc., Huntsville, AL).

Model inputs were prepared as previously describedt al., 2018awith some
modifications Briefly, dietary nutrient composition (DM, proteildDF, NDF, lignin, crude fat,
starch, and ash) was generated for each treatment by summation of feed values according to the
dietary formulas. If the nutrient composition of the constituent ingredients was reported, those
values were used, otherwise talrutalues from an integrated feed library were used in place of
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the missing values. The feed library was generated from the (RGO )feed library,alibrary

derived from commercial laboratodata(collected by the National Animal Nutrition
Programwww.animalnutrition.orgj(Tran et al., 201 and the CNCPS feed library. Order of

use to construct the integrated library gave preference to the commercial library, followed by the
NRC 2001library, and the CNCPS library. Mean nutrient bias was calculated for each nutrient
(OM, protein, ADF, NDF, crude fat, and starch) across diets within each study as the difference
between calculated dietary nutrient inputs and those reported in the pabhehaen available
(Hanigan et al. (2003 The relativebias for the studyas used to adjust the nutrient content of

each ingredient weighted for the contribution of that ingredient to the dietary nutrient sum for the
study. This retained the ingredient level information while reducing digtergpecifications

and avoiding the introduction of nutrient bias. Rumen protein and starch degradation were

calculated following White et a{2017a 2017hH. Rumen ADF degradation was generated using
the same data set and statistical approadtitate et al. (2017p

founor(%0,DM)=47.5-163 St  6:02 S8 0.91DMI 1)

where kaaprrepresented rumen ADF degradation, % of [BWyas dietary starch
concentrations, % of DM; DMI was expressed as kg/d. The concordance correlation coefficient

(CCC) for this equation was 0.91, and the root mean squared error (RMSE) was 11% of mean.

Model Modifications

Model modifications were made to the version of Molly describe@tagorini et al.
(2015 following conservation of mass priné#s. For purposes of this descriptistate
variables, generally nutrients, metabolites, or the volume of a pool such as rume(kgquid
or mole) were denoted a9a,ywhereA denoted thautrient or metabolite in compartmerit

Cay represented the concentrationfah compartmeny (kg/L or mok/L; primarily in ruminal
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fluid or blood);the flux ofnutrients within the system was denotedrasvz(kg/d or mole/d)
whereA denoted a substte,B a productX the location of the conversion, amdthe case of
transfer from one compartment to another with or without interconve@i@presented the
receiving compartmentagyzrepresented a stoichiometric constant for conversion of subAtrate
to productB; Kasyzrepresented a rate constant (variable ufotsgonversion ofA to B, and
XaB,vz, denoteda sensitivityexponenfor conversion ofA to B (variable units)Ja repregnted a
rate constant of inhibitor ASpecification of a&ingle entity A) or poollocation {¥) wasused
when no conversion or location change occurred

Initial model evaluatiosindicated that residuafsr ruminal microbial N outflow were
positively correlated with ruminal ammonia concentrations, suggesting that microbial N flow
from the rumen was underpredicted as ruminal ammonia concentrations increased. Therefore, an
exponential factor{eam) was addedat the microbial growth equation to alladjustment of

sensitivity toruminal ammonia concentratioifgequired(Fmic,rum kg/d).

a K
F iG,Rum — F um -F u 012 — T
MiG,R ( ATPE R ATPM R )1 ? 1+ KAami,Rum/C Aa Rum

(2)
1

X m
+ (KAmMi,Rum/C Am Rur) =

CLipid,Fd

C...3K

Fat, Fd Fat, Fd

w

vﬁl_%g Qo

-I-ﬁ@
L) Qo
-QD: Ot

whereFatperumrepresented ATP production generated from nutrient fermentation in the rumen
(mole/d); Fatemrumrepresented ATP used for microbial maintenanceeéfupl Kyarprumwas an
efficiencyvariabledefining the yield of microbial DM per mole of ATP (kg/mol&ami,rumand

Kamvi, rumWwere rate constants for the effect of ruminal concentrations of amino acids and
ammonia on microbial growth (L/mgt andCaa,rumandCam,rumrepresented ruminal
concentations of amino acids and ammonia (afb); CLipid,raWas the dietary concentration of

endogenous lipid (%ntrinsic plant lipids excluding storage oils and fat-a: rarepresented the
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dietary concentration of added fat (%hdKrat,rawas the rateanstant for the effect of added fat
on microbial growth (%/%).

Ammonia passage to the small intestiRg+{rumint Mole/d) was simulated as a mass
action function of the ruminal ammonia pool si@a4 rum Mmole) and rumen liquid outflow rate
(Kvig,Ruming d):

I:Am, Rumlnt: Q Am Rum 3K Lig Ruml (3)
The differential equations describing the chang®4mrrumWwith respect to time, ruminal total N
outflow (kg/d), and ruminal NANMN outflow (kg/d) were altered to include consideration of
FAm Rumint
Ammonia flow from the rumen was assumed to be complatedprbed and converted to

urea in the liveas was previously assumed for ammonia absorbed from the:rumen

I:AmUr, Rum: (F Am RumBId -F Am Rum)n P Am (4)

whereFamur,rumWas ammonia conversion to urea (sfd); Fam rumsidepresented ruminal
ammonia absorption (matl); andfamur was the stoichiometric coefficient for conversion of
ammonia to urea (0.5 noNHaz/mole urea).

Urea recycling to the rumen is representethassum otransferacross theuminal
epithelium Eur,sidruntTransy Mole/d) and salivey delivery(Fur,sidrun(sa, mole/d) (Baldwin, 1995.
Those 2 fluxes were summed to provide an overall ruminal urea entr¥sagesum mole/d)

which could be compared to the measluwesa entry rates:

E

Ur ,BldRum —

F +

Ur, BldRung Trans Ur BldRufn S: (5)
Lapierre and Lobley (200emonstrated that gut urea entry was composed of ruminal
urea entry and intestinal urea entry. To estimate intestinal otgarate from a single measured

gut entry rateKur,sidcu, mole/d) requires an assumption of the fractional transfer into the rumen
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and the intestine. The true split is driven by tissue mass, the transport activity per unit of mass,
and blood flow. Thdatter is proportional to tissue activity and fermentation rate in the lumen
(Storm et al., 202;1Storm et al., 2012 and thus it was assumed thaminal and postruminal

entry was proportional tbM disappearance in each compartm@siiis rum Kg/kg).

FDMDis,Rum: FDM, FdRum -F DM Rumlr (6)

FDMDis,Int = FDM,RumInt -F DM, IntFec (7)

f — I:DMDis,Rum 8

DMDis,Rum — F ( )
DMDis, Int

F _ I:Ur,BIdRun'( Tran3 9

Ur Bldint — f ( )
DMDis, Rum

I:Ur,BIdGut = I:Ur,BIdRum -IFUr, Bldint (10)

where rumen DMlisappearanc@-pmpisrum Kg/d) wascalculated by subtracting ruminal DM

outflow (Fom,rumins kg/d) from DMI Fom rarum kg/d); postrumendisappearancBM (Fowmpis, i,

kg/d) was equal to ruminal DM outflow minus fecal DM outfld¥,intrec, kg/d); Fur,sidint is the

intestinal urea entry ta (mok/d). This may overestimate pesiminal entry as much of the DM

disappearance is not from fermentative action. Additional data is required to refine this estimate.
Urea recycled to the lower gut is assumed to be converted to ammontbeacaitured

by microbes as microbial N in the hind gBtivi,int, mole/d), excreted in the fece&r intrec,

mole/d) or reabsorbed=(ram,int, Mole/d). Lapiere and Lobley (200lindicatedthe contribution

of urea N to support microbial protein synthesis is minor in the lower gut compared to that in the

rumen.lt seems likely capture by microbes would be proportional to fermentation rate, and given

that DM disappearance was used to defireeitiry, it was further assumed that 25% of that

entering the intestine was capturednitrobial Nthus approximating proportionality with
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fermentative activityThis fractional capture also partially offsets any overestimation of gut

entry when proportioed by DM disappearance.

I:UrMi JInt = 025 3FUr BldInt (11)
I:Ur,lntFec = KUr,lntFec -lK SlpUr, IntFec |3 Ur BldIn (12)
FUrAm, = FUr,BIdInt - F?rMi Int 'FUr IntFec (13)

AmUr

whereKsipur,intrec@NdKur,intrec Were parameters used to estimate fecal urea excretion.
The representation of urea synthe&is{r i, mole/d) was modified to include the

contribution from ammonia absorbed from the hind gut:

F f

AmUr, Liv = F -H: FF F+

UrAm Int iml (14)

AaUr,Vis AaUr, Gest AmUr Rum
whereFaaur,visrepresentedeamination ohmino acids in theiscera. Visceras assumed to be
the primary sitef amino acid degradatiomith the remainder occurring the gravid uterus
(Faaur,cest mole/d) as described ianigan et al. (2009b

Urinary urea excretiorHyr,eidurin, mole/d) was originally desdred as a mass action
function of blood urea concentratiofB&aldwin, 1995. However, as Li et al (2018pinted out
blood urea concentrationl® not scale witlhody mass, and thus fluxas biased with respect to

body size. This is a deviation relative to all other equations of this type in the model, and thus

was a mistake which was corrected by alteringetingation to be driven by the blood urea pool

size Qur,sid, Moles) which does scale with BW:

For giauin = Qs Kor siaurin (15

whereKur sidurin represented the mass action constant for urea excretion by the kidney.
Digested microbial noprotein N was assumed to be composed entirely of purines and

pyrimidinesandentirely excreted in the urine after derivatization in the livignis is a deviation
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from the earlier model which did not represent absorption of numbéils from microbeslhus,
total urinary N Fn,urin, kg/d) consisted of urinary ured (Furn,gidurin, kg/d) pluspurine

derivativeN (Fnnmiurin, Kg/d).

I:Nn, MiUrin = I:Mi,RumInt 3f MiNNnNn K Pj MiFec 0%6 (16)
F _ FUr,BIdUrin 3K 1
UrN,BldUrin — f MwitN ( 7)
AmUr
I:N,Urin = I:UrN,BIdUrin -lFNn,MiUrin (18)

whereFwmi,rumintwas the ruminal microbial protein outflow (kg/dyinnnn represented the fraction
of total microbial N that was neprotein N;Kpiwvirec represented the intestinal digestion
coefficient for microbial protein which was 0.74uwin was the N molecular mas$0.014
kg/mole.

Fecal N excretionRn,ntrec, kg/d) was updatetb reflect absorption of neprotein

microbial N and urea recycled in to the hind:gut

I:r i In Fr ntFec
I:N,IntFec:(FPi, MiFec -'FNn MiFec I-T-F’,i IntFec _;LM _l;;'LL) K M:\?vtr (19)

Amur AmUr
whereFpi mirec Was undigested microbial protein N (mole/8ynmirec Was undigested nen
protein microbial N (mole/d)ri ntrec represented undigested insolufdedprotein N (mole/d);
Furmiint referred to microbial N captured from recycled urea fhahindgut (mole/d)Fur,intrec

was N excreted in feces (moletptwas derived from blood uregmur was a stoichiometric

parametef0.5mol/mol) for conversion of substrate ammonia to product urea.

Infusion Variables

A number of studies were conductbat usednfusions of casein, glucose or VFA
(Wickersham et al., 2008%ickersham et al., 2008Bailey et al., 2012&b; Titgemeyer et al.,

2012 Batista et al., 2006To representheir treatment effects, consideration of infused nutrients
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was added to the model as follows. Ruminally infused VFA were added as additional fluxes to

each of the VFA differential equation$(ac,run/dt, dQpr,runfdt, dQsu,runfdt, mole/d):

d(gAc, Rum _

ot ~ " Ac, FdRum 'H:cSAc Rum F AaAc Rum F+ LaAc RumF +Ianc Rur,m: .~ AtBRU FAc, rimn  (20)

dQPr,FZum _

dt ~ 1 CsPr,Rum -lF A@r, Rum Fi— L&r, Rum F+IrIPr, Rum F P-r, RumBIdF IP,_ Rur (21)

dQBu,Rum/ dt: I:Bu, FdRum -IF CsBu Rum FF AaBu Rum F+ InfBu RumF - Bu RumBI!i: ,-LBner (22)

whereFac rrumandFeu,Frumrepresented fluxes of dietaagetate and butyrate from silage
(mole/d); Fcsac,rum FesprrumandFeseu,runfeferred taacetate, propionate, and butyrate derived
from carbohydratéermentation in the rumen (medtl); Faaac,rum Faapr,rumandFaagu,rumvere
conversions of amino acid taeh ofthe VFA (mole/d); FLaac,rumandFLaprrumrepresented
conversions of lactate to acetate and propionateg{d)pFintac,rum Finter,ruma@ndFintBu,Rum
representeduminal VFA infusion rate (mole/d) of each Fac,rumsig Fpr,rumsid@ndFey,rumsid
represented absorptions of eachh&VFA (mole/d); andFac,ruming Fpr,rumintaNdFey,Rumint
referred to VFA passage frotinerumen (moé/d).

Ruminally infused glucose was added as a flux to the soluble carbohydrate differential

equation (ma¥/d):

dQ.
s, Rum __
d - I:ScTC$ Rum +F StCs Rum I-T- HaCs Rum F+ HcCs RunF + CeCs Ruﬁ -I'-RufG I:CsF\/,_Rur
t (23
- I:CsMi, Rum _F Cs Rumint

whereFscrcs,run@NdFsics runfepresented dietary intake of total solutdebohydrate expressed
in 6-carbonequivalens and soluble starch (m®tl); FHacs,rRum FHecs,rumandFcecs,runteferred to
ruminal degradations of starch, hemicellulos and cellulose to soluble carbohydrafe)mol

Finfel,rumwas ruminal glucose infusion (n@hdl); Fcsrv,rum Fesmi rumandFes rumintepresented
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soluble carbohydrate degradation, utilization for microbial growth, and passage from the rumen
(mole/d).
Abomasally infused glucose was assumed todmepletely absorbed and thus added to

the absorbed glucose fluKd,inia, Mmole/d):

I:GI,IntBId = I:HaGI,Int -IFCS, Rumint I:'-MiGJ Int I:-inLGI Int F m:"s'| JInt (24)

whereFuaciint Was detary starch digestion (mestl); Fwici,int represented microbial starch
digestion in the lower gut (mgll); FwiLciint referred to a flux which equals 2 units of glycerol
from digested microbial lipid (meld); Fintelint was postruminal glucose infusin.

Ruminally infused casein was incorporated as a component of the diet with the
assumption it was 100% soluble. Rogninally infused casein was also consideasd dietary
ingredient with 0 solubility and a O rate of ruminal degradation so thatialbassed from the
rumen.

Model changes were verified for mathematical consistency using a reference observation
from the dataset. Predictions afminal ammonia, microbes and blood urea pool size (mole)
with respect to simulation timeere assessed before and after model modifications to determine
if the changes inappropriately altered overall model balance. The reference inputs were a 598 kg
Holstein cow consuming 26.3 kg DM/d of a diet containing CP, fat, starch, NDF, and ADF of

16.6 5.5, 33.7, 29.8, and 18.9% of DM.

Simulation settings, prameterestimation, and model evaluatios

The model was solved using @ drder, variable step Runggutta integration algorithm
with a maximum step size of 0.005 d. Model stability and tinsdady state were assessed by
simulating for 14 d using the reference inputs, followed by alteration of the rate constant for

ruminal ammonia absorptioi{m rums) from 10.44d to 20 on day 14, continuation of the run
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for another 14 d, and then returg the rate constant to 10.44, and continuation of the simulation
for an additional 14 dHigure3-2A). This process was repeated after model modification and
parameter estimation using a starting and ending value of %.@i Bam rumsid Figure3-2B).

Pool sizes of uminal ammonia, microbes and blood uweze recorded by day and plotted with
respect to time to verify model stability and code accuracy, and to assess model behavior and
time to steady state.

Model parameterdisted inTable3-3 were estimated simultaneously by fitting to the
observed datasing the Direction Set optimization algoriti{Rress, 200)7provided in ACSL to
maximize the logikelihood function (LLF).Predicted values were sampled at steady state on d
14 (Figure3-2) for comparison to observed values.

Model accuracy and precision were assessed basbeé &b F,root mean squared errors
(RMSE); the proportions of MSE associated with mean bias, slope bias, and dis(iildign
and Toutenburg, 19%7and concordance correlation coefficients (CQ@&wrence and Lin,

1989. Residual errors were also visually appraised to identify any additional patterns that may
have been resident in the data.

Following model modifications and parameter estimatsamulations were catucted to
assess N efficiency using two different feeding scenarios. The simatatadlwas initialized
as a Holsteircow weighing600 kgat day 70 of lactation and consuming 20 kg of DM per day.
For feeding strategy 1, there werkdietary CPconcentréionsranging from 10 to 20% of DM.

The diets all contained fat, starcwoluble starchNDF, ADF, and asttoncentrations of 6, 39,
30, 2Q and 6 %of DM, respectivelyand thus the CP was substituted for residual OM which is
primarily pectins and orgamacids. Dietary\RUP concentration was set to 6% of DM for all diets

with variation in RDP being the sole contributovaryingdietaryCP. This resulted in dietary
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RDP concentrations from 4 to 14% of DNfor feeding strategy 2, dietary CP was held toris
at 16% of DM and 9 different concentrations of RUP ranging from 10% to 90% of CP were
used In this case, RUP was substituted for RDP given a constant CP cdiemémaining
nutrient concentrations were the same as for feeding stratdgydel pralictions oftotal
ruminalN outflow (Fn,ruming kg/d), microbial Noutflow (Fuin,rumini kg/d), NANMN outflow
(Fnanmn,ruming Kg/d), ammonia N converted to ruminal microbial Ragmi,rum Kg/d), ammonia
generated in the rumen from recycled uieaam rum mole/d), total ammonia production
(Fam,rura Mmole/d), blood urea entry rat@=amur,Liv, mole/d), gut urea entry raté-ur sidcu, mole/d),
and urinary ureaxcretion(Fur sidurin, mole/d) were collectedThe proportion of microbial N
synthesized from ammonia N was calculate& asi,rumdivided byFwin,rumine The proportion

of total ammonia generated from recycled urea were calculategssrumdivided byFam,rum

Regression Analyses
Regressions werconducted using a mixed linear model with study as a random effect

using the Imer function of the Ime4 packdgersion 1.117; Bates et al.,®.4) in R (version

3.3.0; R development Core Team, 2pttbquantify relationships between observed dietary N

intake and observed ruminal N outflow, observed blood urea entry or prediotetht ammonia
production rate, and relationships between observed blood urea entry and observed gut urea entry
or urinary urea excretiofR?m andR% were used to represent coefficients of determinaRéa.

is themarginal R, which representthe proportion of variance that can be explained by the fixed
effect, and R is theconditional R, which indicateshe proportion of variance that can be

explained by the fixed effect plus the random effect.
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Results and Discussion

Steady State and Mod®¥lerifications

Profiles of uminal ammonia, microbes and blood urea pool size (mole) with respect to
simulation timebefore and after the perturbations of the ruminal ammonia absorption constant
are shown irFigure3-2. After 10 days of model simulation, changes in pool sizes of these three
variables were negligible, suggesting that all the variables associated with these N pools had
reached steady stat®hen challenging the model by changing the rate constant for ruminal
ammonia absorptiorkam,rumsid d1) on day 14 and day 28, the model returned to apparent steady
state in 7 days, supporting selection of a simulation time of 14 dagpresent steady state
values. The model was found to be stable and returned to initial pool sizes after perturbation
when the parameter values were returned to the initial values on day 28, suggesting the code was
acting as expected.

Increasingam,rumaicon day 14 significantly decreased ruminal ammonia pool size in the
modified model Figure3-2). As a consequence, microbial pool size was decreasddlood
urea pool size was increasédgure3-2B), which contrasts with the very small changes in
microbial and blood urea pool sizes for thi#ial model Figure3-2A). Thus the altered model
and parameters resulted in greater microbial growth sensitivity to ruminal ammonia
concentrations hich was consistent with our previous observations of model behavior (Li et al,

2018).

Ruminal Ammonia Metabolism

Ruminal ammonia, as a major epbduct of ruminal fermentation, is a vital indicator of
ruminal N metabolism. Ammonia is produced from miab degradation of dietary amino
acids, dietary nofprotein nitrogen, and blood urea entering the rumen, and is utilized by

microbes to synthesize protealysorbed fronthe rumen or passes from the rumen in the liquid
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fraction Figure3-1). After modelimprovemerd and refitting to literature data, the RMSE for
ruminal ammonia concentrations decreased from 75.9 to 48.3% with a substantial decrease in
mean bias from 55.1 to 0.5% and in slope bias from 5.8 to 0.4%. These results support our
hypothesis regarding therim of representing these transactions, however precision was still
relativelypoor.

Nolan (197% demonstrated that the ammonia pool can completely turnover in less than 2
h. Thus time of sampling relative to a meal is an important determinant ofaiuannmonia
concentrations. Imost cases, the animals werd feequently to minimize this problerbut
even with 2 h feeding intervals, there could be variation in ammonia concentrations if the diet is
highly degradableAmmonia concentrations could bfected by sampling locations and
methodsWohlt et al. (197%reported that concentrations of ruminal ammonia were greatest in
the dorsal region of the rumen, and ammonia concentrations were lower in samples obtained by
stomach tube compared to samples taken via rumen cannula.

Substantial amounts of ammonia are generated from microbial degradation of dietary
protein in the rumerOn average,uminal NANMN outflow accounted for 46% of incremental
dietary N intakgFigure3-3C), and thus 54% of dietary protein was degraded in the rumen.
Intercept and slope scaldisup.rumandKsiprurrunm) Were introduced bidanigan et al. (20030
scale in situ measures of ingredient CP degradation rates so the model predictions more closely
alignedwith observed extent of degradatidn.theory, if the in situ measures and the model
were perfect representations of reality, the intercept waaildl &nd the slope would be 1. Given
the needed adjustments of in situ assessments, one must conclude that either protein degradation
rates determined in situ are biased or the model structure is biased. The observaiau taat

andKsprurrum Movedtowards 0 and 1 as compared to the earlier estimates and model structure
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implies that model structure is at least part of the problem, although ingredient protein
degradation rates were also upddtafhite et al., 2017a The revised estimate of the in situ
adjustment parametesightly decreased RMSE of ruminal NANMN from 38.6 to 35.9% with a
slope biaglecrease from 29.8 to 12.8%. The slope bias was positive which suggests the model
tended to underestimate ruminal NANMN outflow when high undegraded protesnaiegfed
(Figure3-4A). However, this slope bias was obviously affected by 2 high leverage points as
displayed inFigure3-4A. Because of the lack of neighboring observations, it seems unlikely that
this is contributing to the ammonia prediction error.

A portion of ammonia comes from microbial hydrolysis of recycled urea either directly
transferred from blood across ruminaiteplium or via saliva. In the model, urea flowing into
the rumen via saliva is calculated from blood urea concentrations multiplied by saliva volume,
and urea passing across rumen epithelium is simulated using a Midflastisn equation driven
by blood wea concentrations and inhibited by ruminal ammonia concentrgBaidwvin, 1995.
Refitting the maximal rate dflood urea conversion to ruminal ammonia(ramrun) and the
inhibition constant for the effect of ammonia on blood urea conversion to ruminal amihaia (
resulted in an increase ihe maximal ratéVmuram run) from 56.7 to 6% 1.6 mmol/d(Table
3-3), and a slight decreagethe ruminal ammonia inhibition constgdtm) from 0.003 to 0.0026
+ 8.46x10°L/mole. The revised parameters resulted in decreased RMS3#ddictiors of gut
urea N entryirom 81.2 t036.3% primarily due to decreased mean bias from 58.4 to 480%
largerVmuram rumindicatesgreatermaximal rates ofransfer of blood urea into the ruméi.
ruminal ammonia concentrations of 5, 10, and 15 mM, 44, 31, and 24% of the maximal urea
transfer rate would be achieved wilty at 0.0026, supporting the inhibitory effect of ruminal

ammonia on urea transfer.
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Ammonia is an essential substrate for microbial protein synthesis. Microbial N outflow
represents approximately 51% of incremental total dietary N intagare3-3B). Model
simulation results indicated approximately 64 to 71% of microbial N was derived from ammonia
depending on the dieFigure3-10C andFigure3-11C), which were consistemith estimates of
the contribution of totahmmonia N to bacterial N ranging from 64% to 8(Pigrim etal.,
197Q Nolan and Leng, 1972Fittingthe maximal rate of growth of microbes from amino acids
(KyaTrrun) resulted in a value of 0.85 0.001kg/mole as compared to the prior value of Q.03
The affinity constant for microbial growth stimulation by ammoiia{i,run) Was estimated at
7 £ 0.16mM compared to the prior value of QRanigan et al., 20)3andthe newly introduced
ammonia sensitivity expone(Xeam was estimated at 8.850.58mole/mole. Kamvi,rumindicates
the concentration of ruminal ammonia when microbial growth is half of the rahrate.

Although the work ofSatter and Slyter (1974emonstrated that microbial growth was
maximized at an ammonia concentration of 1.5 idynal and Broderick (200fdicated that
ammonia concentrations above 8.4 mM might be needed to maximize microbial protein
synthesis. Hanigan et al. (2013) previouglwed for a half maximal concentration of 0.2 mM,
but the ammonia concentrations predicted by the modelweeydiased leading to the current
work. The derived value faXeamwas much greater than expected indicating significant
sensitivity ofmicrobial growth to ammonia concentratipaad it was well defined by the data
resulting in improved predictions oficrobial growth. At ammonia concentrations of 8 and 10
mM, 50% and 89% of maximal growttould be achieved witKamvi rumat 7 mM using tk
revised equation. Fitting the data herein decreased prediction errors of ruminal microbial N
outflow from a RMSE of 56.6% to 27.8%, due to a reduced mean bias from 25.1 to 10.4% and a

reduced slope bias from 55 to 10.6Valjle3-2). However, the initial prediction error of ruminal
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N outflow was much greater than observedayigan et al. (20)3possibly due to the limited
observations herein which had a narrow rangeiminal N outflow observation®5.3 to 110.6
g/d). Additional parametrization work should be undertaken usingerldata set.

The mass action rate const@ikin rumei) USed to represent ammonia absorption
(Baldwin, 1995 solved for a value 05.94 d' as compared to the prior 10.44 which reduced
the mean prediction bias. As displayedrigure3-5, predicted ruminal ammonia N absorption
rates averaged 23% of incremental dietary N intake with a range from 10 to 40% which is
consistent with the studies bépierre et al. (200%andFirkins and Reynolds (200Where net
PDV ammonia N absorption represented between 30 and 42% of dietary N intake. The reduction
in the rate constant was partially due to consideration of amroatiiaw from the rumen in the
liquid fraction. In the absence of such consideration, all amnhesneng the rumen was by
absorptionAmmonia N passage averaged 0.3 eftbivhich is 20% of the total ammonia N flux
and 6% of total N outflowThis was consistent with observed proportions of 4 to 10% of total N
flow from the rumer(Chan et al., 1997Zhu et al, 1997. This change in representation had no
effect on total ammonia absorption as it was assumed that ruminal ammonia outflow was
completely absorbegmith, 1969.

The RMSE for total ruminal N outflow was neckd from 55 to 39.5% after model
changes and parameterization, and CCC increased from 0.56 td &$¢3X2). Mean and slope
biasrepresented 22.4 and 22.3% of MSE, respectively. Severalevghage points were
observed by examination of the residdal®ts, which contributed to the moderate mean bias

and slope biagHigure3-4).

Blood Urea Metabolism
The RMSE of blood urea concentrations was substantially decreased from 100 to 49 %,

and CCC increased from 0.12 to 0.75, suggesting that both accuracy and precision of predicted
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blood urea concentrations were enhanced. Mean bias and slope bias were decreased from 46 to
0.1%, and 12 to 2.1%, primarily due to improved representations of ruminal ammonia
metabolism and blood urea metabolism.

Predictions of blood urea N entry exhdzta RMSE of 26.3% (2.8% mean bias and 3.2%
slope bias) and a CCC of 0.84, indicating that the model represented the mechanisms of hepatic
ureagenesis accurately. Blood urea N entry accounted for approximately 64% of incremental
dietary N intake Figure3-6), suggesting that hepatic ureagenesis is a major-pragdsn terms
of whole body N exchangé.also suggests that anabolic use of dietary N is.3BPthe current
work, we added representations of intestinal urea entry, which altered urea distribution and
ammonia absorption from the digestive tract. Previous studies indicated that some blood urea is
recycled to the lower gut, and captured in micbprotein(Nolan and Leng, 197Bailey et al.,
20123. Considering there is less fermentable energy for microbial growth in the hind gut than in
the rumen and pegnizing that proportioning the split between ruminal and intestinal urea entry
may be biasedye assumed 25% of recycled utedhe intestinavasutilized for microbial
protein synthesis, part was excreted in feceammoniaand the remainder wasalsorbed from
the hind gut. These modifications contribute to N cycling without necessitating entry of urea into
the rumen as previously represented.

Amino acid catabolism is another source of hepatic ureageAggigoximately 15 to
35% of absorbed amirexids are utilized as an energy source by the gut tissuaglaily basis
(Lobley and Lapierre, 20Q02\pelo et al., 2014 Daily use of essential amino acids by the liver
can be as high &5 to 50% othatabsorbedvhen high protein diets are fed or anima
production is low(Lapierre et al 2005. The remaining amino acids are primarily used for milk

protein synthesis. Of those cleared by the splanchnic tissues, the majority are catabolized and
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converted to ammonia and carbon skele{ptanigan et al., 20Q4.apierre et al., 2005To
prevent hyperaminoacidaemia, ammonia is converted to urea in the liver. Although the
mechanismsfaamino acid catabolism are simulated in the m@Baldwin, 199% Hanigan et al.,
2009h, there are limited data to evaluate the accuracy of amino acid N contributions to urea
synthesisTo estimate that contribution, vitially assumed allfathe observed retained N was
used for lean body tissue growth, and we compared that to lean body tissue deposition predicted
by the model. Those predictions exhibited a RMSE of 172.4% with a mean bias of 85.6% and a
slope bias of 1.7% in the initial mdd&he predicted retained N wakb5 g/d, suggesting that
animals lost body weight during the experimental periods, which was the inverse of the observed
retention of 25 g/dWe addressed this problesimultaneously with urea recyclifuy fitting the
maximd rate of the AA conversion to body proteMn(aoth,vis mole/d) to the data. This resulted
in an increase in the parameter from 22338 &/d, resulting in a decreas@dedictionerror of
retained Nto an RMSE of 59%, mean bias of 19.4%, and slope bias of 50.2%, which was an
improvement; buthe slope bias suggests that the representation of overall N balance
systematically deviates from observed values. It is possible this error is deeattimulabn
of errors inmeasurd N balance. Unexplained N losses, such as gaseous forms of N or nitrate
formation, might result in excessively high N bala€iekins and Reynolds, 2005

Reynolds and KristensenQ@8) concludedhat increasing dietary N intake was
associated with increasétbod urea entryFigure3-6), but the effect of N intake on gut urea
entry wassmall. However, that isot consistent witlthe dataAs shown inFigure3-7, gut urea
entry linearly increased with dietary N intagggure3-7A) and N intake riative to metabolic
BW (Figure3-7B). Approximately 55% of synthesized urea was recycled to the gut lumen

(Figure3-8A). Urea N recycled to the rumen account for 23 to 63% of total ruminal ammonia
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production depending on dietary CP content and RUP proportague¢3-10C andFigure
3-11C), thus representing a significant contribution to overall ruifihbalance.

Urinary urea excretion also increased linearly with increased dietary N (Figkiee
3-9A) and N intake relative to metabolic B{iWigure3-9B). Approximately, 39% of synthe=d
urea was eliminated in urin€igure3-8B). Reynolds and Kristensen (200&bsened that
fractional gut urea entry and urinary urea N secretion varied with dietary protein concentrations
in a reciprocal manner. Similar results were found in the current Waylire 3-7C andFigure
3-9C), although the relationship is not strortpwever, the relations between the fraction of gut
urea entry or urinary urea secretion with dietary protein concentration are easily misleading,
because high dietary protein concentration does not necessarily equate to high protein intake.
When the fractional rates were regressedietary N intakewith respect to metabolic BW\jut
entry quadratically decreased, @vbasurinary excretion quadratically increasédgure3-7D

andFigure3-9D).

Urinary N Excretion
Urinary N is mainly derived from urea at 55 to 62% of total urinafNnda and

Lindberg, 1994 with lesser contributions from purine derivatives and ammonia. Altering the
representation of urea excretion to be a function of the pool size rather thentcaten and

refitting to the data resulted in a fractional excretion rate of 24nd substantial reductions in
RMSE from 133 to 56% and increased CCC from 0.45 to 0.79 suggesting a considerable
improvement associated with the change in representation. However, the precision of predicted
urinary urea was still poor. Several studiesgaated that renal processsuch as the glomerular
filtration rate and urea recycling from the glomerular filtrate were affected R&BInowitz et

al., 1973 Eriksson and Valtonen, 198and NaClGodwin and Williams, 1984 Residual

analyses indicated urinary urea residuals were positively correlated with CP Pitak@5),
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suggesting that urary urea secretions were underestimated when high protein diets were fed.
Spek et al. (20)3emonstrated the urinary urea secretion tended to be negatively related to the
renal urea reabsorption ratio for high protein diets, whereas no significant effect was observed
for low protein diets. This was partially consistent with our result, suggektih theaddiion of
inhibitory effects of protein on urea reabsorption might improve the representations of urinary
urea secretion. There was no correlation between urinary urea residuals with ash intake, which
was consistent with previous studies, tes effects of dietary NaCl on urinary urea secretion
were not significan(Spek et al., 2032013. However, the amount of explained variation in
urinary urea secretion increased 8% when NaCl was included in the (8peklet al., 2013
Sorting out these potential effects will require a concerted effort to collect such information to
build a more complicated model to reflect the effects of CP and NaCl on rental mechanisms of
urea dsorption and secretion

Adding representations ttie excretion opurine derivativesn urineimproved both
accuracy and precision of urinary N predictions from a CCC of 0.76 to 0.84 and slightly
decreased RMSE from 38 to 35%. The improvement was largely due to removal of slope bias

which decreased from 11.2% to 1.2%.

Fecal N Excretion

Comparedvith the initial model, several nitrogenous components were considered in the
feces, including undigested microbial nucleic acids, microbial protein synthesized in the hind
gut, and ammonia generated from fecal urea hydrol@sissidering there is no ool in the
gut,fecalN generated from urea hydrolysigs simulated as a linear function of intestinal urea
entry rate. Arintercept scalam{ur,intrec) and a slope scalak§ipur,intred Were derived to predict
fecal excretiorof N derived from urelased on the observed values. Endogenous urea N

lose in fecesKur,intrec) Was 0.11, anthe fractional transfer of urea N entering the gut to feces
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(Ksipur,intred Was 0.0001. The negligible slope estimate suggests that there tvedsaar

relationdip between intestinal urea entry and fdddtom catabolizedirea, which implies fecal
urea N excretion was constant amailigfs as N intake varie@ecause the model does not
consider endogenous protein losses and we fitted these parameters agafesabotba

excretion and total fecal N outpidyr,intrec cOuld be used to represent total endogenous N loss in
feces which includes urea, sloughed cells and enzyme secretions into the gut. As a result
consideration of these additional N compounds iededlowed the intestinal digestion

coefficient Krrotein,intreg t0 more closely reflect true protein digestion aB@g compared to the
prior 0.68.This digestion coefficient was consistent with studies from monogastric animals. The
true ileal digestibity of N was 76.9 to 78.2% in growing raf®onkoh and Moughan, 199475

to 83% in growing pig¢Furuya and Kaji, 198Hess et al., 20Q0and 75 to 86% in broiler
chickeng(Huang et al., 20Q55abriel et al., 2008 TheRMSE for fecal N excretion was slightly
increased from 28 to 35%, but slope bias was substantially decreased from 28.1 to 0.4%,
suggesting that the changes did improve the representation of total fecal N output although

additional progress is likely pobéé.

Model Simulatiors
When RUP N intake is held constant at 192 g/d wWRDd&° N intakeis increasedrom

128 to 448 g/dmicrobial N outflowincreased from 129 to 349 gaid, consequently, total N
outflow increasedrom 358 to 573 g/dFigure3-10A). Thisled to an increase in blood urea N
entryfrom 150 to 371 g/énd increased urinary urea N secretioom 59 b 255 g/d(Figure
3-10B). Although gut urea Nentry ratewasslightly increaseds dietary RDP N intake increased
from 128 to 320 g/dandslightly decreased whendigher thar820 g/d Figure3-10B),
proportions of total ammonia that were generated from recycled urea in the rumasekécre
continuously from 50.3 to 23%-igure3-10C), primarily due to increased ammonia production
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rate and the inhibitory effect of ammonia on ureasf@nfrom blood to rumen. With increased
RDP intake, more amino acids and peptides are theoretically available for microbial protein
synthesis in the rumen, which contributed to decreased proportions of microbial protein N that
captured from ruminal ammanN from 69 to 64%HKigure3-10C). Under this feeding strategy,
both proportion of ammonia degraded from recycled,@ed proportion of microbial N
captured by ammonia N were decreased, resulting in a decrease of ruminal N efficiency from
112 to 89% [rigure3-10D).

WhenN intake wasconstan{512 g/d) increased RUP proportisfrom 10 to 90%
resulted in increased ruminal NANMN outfldwom 135 to 377 g/énd decresed ruminal
microbial N outflow from 348 to 184 g/d. However, the increased NANMN flow was greater
than the reduction in microbial N floveading to lineamcreases in total rumin&l outflow from
485 to 562 g/dFigure3-11A). As a result, blood urdd entry was slightly increased from 279 to
291 g/d Figure3-11B). When the proportion of RUP increased from 10 to 9Q%inal
ammoniawasinsufficientto supporimicrobial protein synthesiss RDP declined despite
increasedlux of urea N into the rumeto maintain ruminal ammonia balanesddecreased
urinary urea N secretiofrigure3-11B). In this scenarioproportions of ammonia production
incorporated from recycled urea increased from 23 to 63 %, as inhibition effect of ammonia on
ruminal urea entry waalleviated, angbroportions ofumen microkal N capture from ammonia
N increased from 65 to 71%igure3-11C). These changes contributed to increaseumal N

efficiency from 94 to 111%Higure3-11D).

Conclusions

Significant improvements predictions of variabledescribingruminal N metabolism,
blood urea metabolism and urinary N secretion were achieved including removal of slope bias
for predictions of ruminal microbial N outflow, blood urea concentrations and fecal N excretion,
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and reductions in mean bias for predictiohsuminal ammonia concentrations and urinary N
excretion. Predicted blood urea entry and gut urea N entry exhibited negligible mean bias and
slope bias,mplying the representatiaraptured the main mechanisms of ruminal urea N
recycling.

In ruminantshepatic ureagenesis is a major crosad of whole body N exchange. Urea
N entry into blood accounts for approximately 64% of dietary N intake of which 55% is recycled
to thegut lumen. Depending ahediet, urea recycled to the gatcount for 23 to 63%f total
ruminal ammonia productioand betwee®4 and71% of thisammoniaN is captured in
microbial protein. Thus this is a significant component of the ruminal N system.

Our model simulation results suggested that although feedimageratéy low CPdiets
with high RUP proportiosmight decrease microbial protein synthesis in the rumen, this feeding
strategy allowgreater proportions of feed protein to escape the rumen, gcaatereof
recycled urea Ny rumen microbesand reduce urinary ureaexcretion. The combination of
these resulted in increastxdal metabolizable protein supplyhus from a N standpoint, and
depending on dietary N costs, maximizing microbial N flows may not be the best strategy for
optimizing animal performance and cenigiis not the best solution for minimizing

environmental impact.
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Figure3-10. Effects of varying dietary CP concentrations on model behgiien a constant
RUP proportion (6% of DM)DMI was constant among dietsy runint represents ruminal total N
outflow; Fmin,rumintrepresents ruminal microbial N outfloWganvn,rumindS ruminal non

ammonia, nofmicrobial N outflow;Famur Livrepresents blood urea entry réfe; siacutiS gut

urea entry rate-ur sidurin represents urinary urea secretiBamwi,rumS a flux of ammonia N
converted to microbial proteiffuram,rumS flux of ammonia generated from recycled urea in the
rumen;Fam,rundS total ammonia production ratEy rdarumiS total dietary N intake.
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Figure3-11. Effects of varying dietary RUP proportions on model behayiien a constant CP
concentration (16% of DMDMI was constant among diety,runint represents ruminal total N
outflow; Fuin,rumintrepresents ruminal microbial N outfloWiganvn,rumindS ruminal non

ammonia, nofmicrobial N outflow;Famur Livrepresents blood urea entry réfe; sidcutiS gut

urea entry rateur sidurin represents urinary urea secref@mmi,runiS a flux of ammonia N
converted to microbial proteifturam,runiS flux of ammonia generated from recycled urea in the
rumen;Fam rundS total ammonia production rateFj,rdrumiS total dietary N intake.
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Table3-1. A summary of observed nutrient intake, ruminal metabolism, ruminal N outflow, and
urea transfers from the meta data.

Items N Mean SD Min Max
Body weight kg 69 297.1 145.1 139.0 723.0
Intake, kg/d
DM 69 6.1 3.4 29 20.0
oM 49 5.2 2.2 2.7 10.0
ADF 9 1.6 0.6 0.9 2.2
NDF 4 4.4 0.1 4.3 4.6
Starch 13 3.9 0.8 2.9 5.6
Nitrogen 31 135.3 88.7 52.2 451.2
Rumen fermentation
pH 35 6.3 0.4 5.6 6.9
Ammonia, mM 44 4.6 4.4 0.1 15.9
Total VFA, mM 39 88.5 21.9 52.2 139.0
Acetate, % of VFA 39 67.3 8.8 41.2 77.1
Propionate, % of VFA 37 18.8 5.7 12.0 43.0
Butyrate, % of VFA 39 8.8 2.5 5.3 14.9
RuminalN outflow, g/d
Total N 32 95.5 42.7 40.8 181.0
Microbial N 32 61.2 24.0 25.3 110.6
Norrammonia nofmicrobial N 23 37.9 24.4 15.3 97.0
N metabolism
Blood urea N, mg/dl 62 7.7 5.9 0.7 27.0
Blood urea N entry, g/d 69 79.4 45.5 17.6 219.9
Gut urea N entry, g/d 69 54.3 31.7 17.4 169.0
Urea N returned to the ornithine cycle, g/d 57 26.3 19.9 2.8 84.0
Urea N utilized for anabolism, g/d 53 27.0 15.5 8.8 79.0
Urinary urea N, g/d 66 24.0 19.8 0.1 95.8
Urinary N, g/d 69 42.6 255 134 139.4
Fecal N, g/d, 69 37.3 24.6 14.7 142.0
Fecal urea N, g/d 53 2.9 2.0 0.3 6.9
Retained N, g/d 69 28.9 19.1 -8.3 87.6
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Table3-2. Residual erroanalyses for predictions of urea N recycling and ruminal N outflows in Molly

ltems N  Observe Predicted mean RMSE, % mean Mean bias, % Slope bias, % CCC
d mean MSE MSE
Initial Modified Initial Modified Initial Modified Initial Modified Initial Modified
Ruminal outflow, g/d
Total N 29 88.5 112.0 105.3 55.0 39.5 23.4 22.4 45.7 22.3 0.56 0.67
Microbial N 29 58.5 75.1 63.8 56.6 27.8 25.1 10.6 55.0 104 0.57 0.76
Non-ammonia, nosmicrobial 20 329 38.6 35.9 0.57 3.9 29.8 12.8 0.68 0.70
N 31.9 354
N metabolism
Ruminal ammonia, mmol/L 32 5.0 2.2 4.8 75.9 48.3 55.1 0.5 5.8 04 0.66 0.87
Blood urea N, mg/dI 44 8.4 2.6 8.3 1004 48.9 45.6 0.1 11.9 2.1 0.12 0.75
Blood urea N entry, g/d 46 71.0 77.09 74.1 46.9 26.3 2.2 2.8 6.6 3.2 0.59 0.84
Gut urea N etry, g/d 46 47 .4 22.0 43.6 81.2 36.3 58.4 4.9 0.5 1.2 0.17 0.62
Urinary urea N, g/d 46 23.6 55.1 30.5 132.6 55.6 83.0 27.5 2.3 9.2 0.45 0.79
Urinary N, g/d 46 42.3 55.1 38.2 41.1 29.3 43.0 10.9 1.2 9.2 0.76 0.85
Fecal N, g/d 46 36.0 41.1 33.8 48.9 30.2 20.6 4.2 60.7 11.3 0.42 0.61
Fecal Nfrom urea g/d 33 3.0 NA 3.1 NA 66.2 NA 0.3 NA 13.4 NA 0.48
Retained N, g/d 46 21.5 -14.8 16.0 172.4 58.6 85.6 194 1.7 50.2 0.15 0.73
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Table3-3 Model parametersstimatesvhen the model was fitted to the observed data

Model - Previous Final

parameter Description values estimate SE
KRruPRum Intercept scalato adjust in situdetermined ruminal protein degradation rates (fHole 2.17 1.81 0.08
Ksiruprum  Slope scalato adjust in sitidetermined ruminal protein degradation rates (Hole 0.03 0.16 0.003
Kamrumea  Rate constant for ammonia absorptidi)( 10.44 5.01 0.09
KyaTRRum Efficiency constant defining the yield of microbial DM per mole of ATP (g/mole) 0.03 0.055 0.001
Kamvi,Rum Rate constant for the effect of ammonia on microbial growtm@le) 2.0x10* 0.007 1.6x10*
XEAam Exponential factor tadjust the effect of ammonia on microbial growth (@mble) NA 8.85 0.58

Rate constant for thiahibititory effect of ammonia on blood urea conversion to ruminal

Jam ammonia (mole) 0.003 0.0026 8.46x10°
Vmumamrum  Maximal rate of the blood uremnversion to ruminal ammonia (netd) 0.0567 0.069 1.6x10°
Kspurintree ~ Slope scalar to predict fecal urea excretion (Mole NA 1x107 6.5x10°
Kur,intFec Intercept scalar to predict fecal urea excretion (fole NA 0.113 0.003
VMaaomvis ~ Maximal rate of the AA conversion to lean body tissue &l 223.2 539.2 16.6
Kur gidurin Rate constant for urea excretion by the kid¢mgle®) 21342 2.46 0.049
Krroteinintrec  INtestinal digestion coefficient for protein (g/g) 0.68 0.79 0.018

1 Krup, Ksiprus Kam rumeis aNdKyaterumere refitted to a dataset reportedHignigan et al. (20)3fter revising water kinetic& amvirumand
Keproteininirec Were fromHanigan et al. (2093Ky siaurin Was fromHanigan et al. (2009bJam, VMuramrumandVmaaoimvis Were from the original
model as described Baldwin (1993.

2The unit forKyr,giqurin in the inkial model was (Emole).
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Chapter 4: Simulation of nutritional strategies to improve energy and nitrogen efficiency in
the bovine: a modeling approach

Abstract

Balancing rations to optimize energy and protein supplies is critical for optimizing feed
efficiency. The objectives of this study were to further improve the representation of pH and to
refit parameters related to ruminal metabolism and nutrient digesttbe Molly cow model,
and to use the improved model to estimate nitrogen and energy fluxes with varying RUP (40 vs.
60%) and ruminally undegraded starch (RUStarch; 25 vs. 50%). A dataset assembled from the
literature containing 284 peer reviewed studwih 1223 treatment means was used to derive
parameter estimates for ruminal metabolism and nutrient digestions. Refitting the parameters
significantly improved the accuracy and precision of the model predictions for ruminal nutrient
outflow (ADF, NDF, tdal N, microbial N, norammonia N, and neammonia, nofmicrobial
N), ammonia concentrations, and fecal nutrient outflow (protein, ADF, and NDF). Adding
ammonia concentration as a driver to the pH equation increased the precision of predicted
ruminal pH, ad thereby, the precision of predicted VFA concentrations due to an improved
representation of pH regulation of VFA production rates. Although minor mean and slope bias
were observed for ruminal pH and VFA concentrations, the small values for concordance
correlations indicated much of the observed variation in these variables remains unexplained.
Overall, the biological functions of nutrient degradation and digestion appear to be well properly
represented in the model. The simulation results indicatedasiogeRUP proportions and
decreasing RUStarch proportions in a moderately low protein diet can be employed to improve
feed efficiency.

Key words: mathematic model, simulation, nitrogen, energy
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I ntroduction

On most dairy operations, feed is the singledatgost representing approximately 70%
of total operating cosi{sShort, 2004 As a result, improving the efficiency with which feed is
converted into salable milk a primary goal of many operations. Within a diet, protein and
energy are the most expensive nutri¢BtsPierre andslamocic, 200)) suggesting that careful
ration balancing to optimize energy and protein supplies is a critical step toward optimizing feed
efficiency.

Models such as thdRC (2002 and Cornell Net Carbohydrate and Protein Sygfeox
et al., 1992Russell et al., 199Z5niffen et al., 19920'Connor et al., 1993re examples of
nutrient requirement systems that are used famnrdtalancingBased on these models ea$t
cost formulation programs based on these models have been developsd @moroach has
been extensivelysed to optimize the combination of feed ingrediémimeet theequired
nutrient needat least costSt-Pierre and Thraen, 1999However, cornigering the mostly
lineaiity nature of these requirement response modelg] not match empirical relationships
between nutrient inputs and level of productivity are not well matffHeldtanen and Hristov,
2009 Vyas and Erdman, 2008lolimann et al., 2011 educ et al., 2017

The level of aggregation of such empirical models does not capture critical components
of some metabolic reactions, and thus they do not completely reflect the potential range of
nutritional efficiency. It is also difficult to simate management strategies that are time
dependent, given the static nature of these models. Molly is a dynamic and mechanistic model
that integrates biological knowledge at the pathway level. Therefore it allows assessment of
energy and nitrogen efficiepdy comparing various biological measuremdhisnigan et al.,
2006. A series of worlhas been conducted to evaluate and improve predictions of ruminal
metabolism, nutrient digestion, and animal metabolism by the model which have yielded
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significant improvements in accuracy and precigldanigan et al., 20Q@1anigan et al., 2009b
Hanigan et al., 201%regorini et al., 2015 A series of efforts has been conducteévaluate

and improvehe predictionsof the modebf ruminal metabolismandnutrient digestion, and

animal metabolism which have yielded significant improvemeniseaccuracy and precision
(Hanigan et al., 2009ianigan et al., 201 35regorini et al., 2015 Most recently, the
representation of nitrogen diymy between bloo@nd the gutvas improved which yielded

unbiased predictions of ammonia concentration when evaluated with a small data set (Li et al.,
under review).Li et al. (20183 hypothesized, based on residual errors, that consideration of the
effects of ammonia concentrations in the rumptalequation would improve the representation
and therebymprove predictions of VFA production. Ammonia was found to be an important
driver of pH in the original equation WBriggs et al. (195) As ammonia and pH are regulators

of microbial growth, which in turn regulates nutrient degradation and fermentation, any changes
in these representations necessitates reparameterization wotetttee predictions of ruminal
metabolism and nutrient digtion in the observed data.

The objectives of this study were to 1) further improve the representation of pH; 2) refit
parameters related to ruminal metabolism and nutrient digestion in the Molly cow model; 3) use
the improved model to estimate nitrogiemd energy fluxes with varying RUP and ruminally
undegraded starch. We hypothesized that the model could properly reflect the underlying
biological functions of ruminal metabolism and nutrient digestion after reparameterizations, and
the improved model cdpe used to compare nitrogen and energy efficiency by estimating

different nutritional strategies.
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M aterials and Methods

Data collection

The dataset used to derive parameters and evaluate the model prediaiaasembled
from studies used by et al. (2018aand Fleming et al. (under review). Téelection criteria for
inclusion of studies in the database were: the work was conducted in beef or dairy cattle; DMI
and the ingredient composition of the diets were reported; and either ruminal fermentation
variables (pH, ammonia, and VFA concentrat)amrsnutrient digestion variables (ADF, NDF,
starch, protein, or fat digestibility, ruminal outflow, or fecal outflow) were reported or could be
calculated. In total, 284 studies with 1223 treatment means were included in the dataset. A

descriptive summargf the dataset is presentedlable4-1.

Model description
The model used was thatBéldwin et al.(1987a 1987h 19879 with modifications

described byaldwin (1995, Hanigan et a{2006 2007 2009h 2013, Gregorini et al. (2015

and Li et al. (under review). It is important to note that the work of Li et al. included significant
changes to the representation of urea entry into the rumen, ammonia absorption fronethe rum
and ammonia effects on urea entry and microbial growth. Thus, the behavior of the model after
this update would be expected to deviate from the behavior before those changes were
implemented. Required model input variables included DMI, BW, cherocaposition of the

diet (CP, starch, NDF, ADF, and fat), ruminal solubility and degradability of protein and starch,
ruminal degradability of ADF, forage NDF, and diet particle size distribution. These variables

were prepared following the same procedweéescripted bl et al. (2018

Ammonia corentrations were added to the existing ruminal pH equation to improve

representations of acigase balance in the rumen.
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pH = (KVFApH, Rum 3CVFA rum :H-S C:?'La Rum K _AmpH Rum C %m R)lm K S,IppH
+K (29

pH,Rum
whereCvrarum CLa,rum @andCam,runtepresented total VFA, lactate, and ammonia concentrations;
KvrapH,rRumandKampH,rumwere VFA and ammonia coefficients for ruminal g&$jppH,rurand
Kph,rumwere the slop and intercept scalars to adjust predicted pH for better fitness.

The model was compiled in ACSLX (version 3.1.4.2, Aegis Technologies Group Inc.,
Huntsville, AL) and solved using &4rder, variable step Rungdéutta integration algorithm
with a maxinum step size of 0.005 d. The parameters listdabie4-3 were estimated
simultaneously using the Direction Set algorithm to maximize thdikegthood function(Press
et al., 200}. The model was set to simulate 14 d before compatsobserved values to ensure
that model had reached steady state. Model values from the last day were aligned with observed
values to determine residual errors. The accuracy and precision of model predictions before and

after reparameterizations were &

d, respectively, using root mean squared errors (RMSE),
mean bias, and slope bias as describeBiblyy and Toutenburg (19%:;7and concordance

correlation coefficients (CCC) as describedJayrence and Lin (1989

Efficiency Simulations

Four isonitrogenouandisocaloricdiets weredesigned to examine the effect of
nutritional changes on nitrogen and energy efficiency. The four diets were a combination of RUP
(40% vs. 60%) and ruminally undegraded starch (RUStarch; 25% vs. 50%). All diets contained
the same concentrations of 6% 2% starch, 16% protein, 30% NDF, 20% ADF, and 6% ash.
The animal was assumed to be a Holstein dairy cow weighing 600 kg and 70 d in milk. All
simulations were performed at an intake of 20 kg of DMI/d. Model values from d 14 of the
simulation were use@trepresent steady state values. Given that the model has been fit to a large
number of observations from the literature, it is assumed that the model represents an average
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cow from the research herd population. There was no replication for the experinménto no
statistical analyses were conducted for the simulation results. All the evaluations of nitrogen and

energy metabolism were assessed based on the numeric differences.

Results and Discussion
Residual error analyses for the model predictions before and after reparameterizations are

presented iTable4-2. With the exception of ruminal pH, minal ammonia concentration, total
VFA concentrations, and fecal protein output predictions for the initial model, both the initial
and modified models had only minor slope bias, suggesting the model was an appropriate
representation of ruminal metabolismd nutrient digestion of those predictions. Refitting the
model parameters listed Trable4-3 to the data after updating the ruminal pH prediction

equation significantly increased the accuracy and precision of model predictions for ruminal
nutrient outflow (ADF, NDF, total N, microbial N, neammonia N, and neammonia, non
microbial N), ammonia concentrations, and fecal nutrient outflow (protein, ADFFNDF),

primarily due to decreased mean bias. Improvements on ruminal outflow and fecal outflow of
DM, starch, and fat were negligible. Minor mean and slope bias remained for predicted ruminal
pH and VFA concentrations in the modified model. However stinall CCC values suggest the
predictions fail to capture a large proportion of the observed variation. In some cases, such for
ruminal pH and VFA concentrations, this may reflect variation in sample time with respect to a
meal and sample location, nesttof which were captured in the data. Therefore, it is unclear

how much of the total variation is truly random and not definable by such a model.

Nutrient outflow from the rumen
Roughly 40.0 % of ADF and 44.1% of NDF were degraded by rumen microliés. In

model, an estimate of undegraded ADF (% of ADF) is used as a model input. The intent of this

input is to allow use of in situ data to set the intrinsic degradation characteristics of each feed as
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is done for RUP. However, the available data for fagoedients is not as extensive as for

protein degradability, and thus in practice, this input is often set using observed ruminal
digestibility values. Thus the predictions of ruminal outflow are not completely independent of
the data. The rate constdat hemicellulose degradation was calculated as a proportion

(Knees1,rup Of the cellulose rate constgi@aldwin, 1999. Because in situ determined degradation
rates might be biased compared with measurements of duodenal or omasal fiber flows, intercept
(Kruaor.rup) @and slope scalar&dpruaor rup Were irtroduced to adjust in situ determined ruminal
cellulose degradation rate constants to better reflect the observéHaiaigan et al., 2013

Gregorini et al., 2016 After refitting Kruaor,rum Ksipruaor,rum aNdKkecst runtO the literature data,

root mean squared errors for ruminal outflow of ADF and NDF were decreased from 26.6to
20.1% and 33.8 to 24.4%, with mean bias decreased from 37.7 to 1.1% and 42.5 to 1.1%. These
reductions in error were mirrored by CCC increasesf0.75 to 0.82 for ruminal ADF outflow

and 0.61 to 0.72 for NDF outflow. Thus both accuracy and precision were improved by the
model changes and reparameterization.

Ruminal starch outflow exhibited a RMSE of 56.0% and a CCC of 0.55 in the modified
mode| suggesting starch degradation was still poorly estimated. However, 98% of the error
segregated as random implying that most of the error was random. The lack of mean and slope
bias suggests the predictions were unbiased. Similar results were alsed@pprevious
studies(Hanigan et al., 201 %regorini et al., 2019.i et al., 2018a Although variable by diet
type, approximately 66.5 + 18.8% of starch is degraddide rumen. Although there is an
official AOAC method for determining starch content, the inter laboratory variation in starch
analysis was very higiMills et al., 1999 Firkins et al., 200}l Because the proportion of starch

within the various patrticle sizes were differ€@alyean et al., 19§ llarge variations could be
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introduced when collecting digesta samples from duodenal or omasal cannula due to sampling
bias. Additionally, factor¢hat affect starch degradability, such as grain {ffains et al.,

2001), processing methodSvihus et al., 2005and animal genetic variatig@hannon et al.,

20049, were not represented in the model. Therefore, refitting the intekGepi() and slope
scalars Ksprust.rup, While improving accuracy, did not improve the precision of model

predictions for runmal starch degradation.

Approximately 59.2 + 18.2% of dietary protein was degraded in the rumen. Similar to
ruminally undegraded ADF and starch, RUP determined from in situ evaluations was a model
input which was used to calculate the model rate pararoeterotein degradation with
adjustment using intercef{fur run) and slope scalar&{prur,rup. Refitting the latter 2
parameters led to a decrease in mean bias from 17.3 to 8.8% and a reduction in slope bias from
6.8 to 5.9% for ruminal NANMN outflow. Overall error in ruminal NANMN outflow was
reduced from 39.5 to 37.5%. As for starch flows, it is difficult to asseggsrtdportion of this
error that is due to random animal, sampling, and analytical error, but the lack of mean and slope
bias in the predictions suggests the predictions are an unbiased representation of the mechanism.

Microbial protein accounts for moreah 50% of metabolizable protein. As originally
described byaldwin (1995, microbial growth is dkien by ruminally available substrate (AA,
peptides, and ammonia) and energy, and inhibited by supplemental dietary fat. Refitting the
constants for the effect of ammonia on microbial gro{knwirur), the yield of microbial DM per mole

of ATP (Kvaterun), and the inhibitory effect of fat on microbial growt{mirum Significantly decreased
mean bias (from 65.9 to 16.0%) and slope bias (from 6.1 to 1.2%) for ruminal microbial N outflow

predictions, resulting in a reduction of RMSE from 50.5 to 30.3%.
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Ruminal fermentation parameters

Mean observed daily ruminal pH values ranged from 5.44 to 6.96. After the modification
and refitting to the observations, ruminal pH was predicted with a RMSE of 4.78 with essentially
no mean bias and minor slope bias. The CCC increased®0to 0.11suggesting that some
improvement was realized. However, the small CCC value suggests considerable unexplained
variation remains. As for microbial predictions, the pH equation is highly empirical, and
assuming much of the residual error is explainablegi® mechanistic representation of pH may
be required to significantly improve precision. Although there was a negative correlation
between ruminal VFA concentrations and ruminal pH, the relationship appears to be weak
(Allen, 199%. Ruminal pH fluctuations are responsive to meals and chewing behavior,
suggesting that ruminal pH varied significantly within a day. Althouglofactuch as particle
sizes, chewing behavior, and time after a meal have been considered in the model, such
observations are rarely reported in the literature with pH measurements.

Volatile fatty acids are produced by the carbohydrate fermentation afalmicrobes,
and most of them were absorbed through rumen wall. Therefore, VFA concentrations are
influenced by VFA production and absorption rates. RMSE and its portioning were not
significantly improved by the model changes. Between 11 and 16% afrtine &re due to mean
bias. Because such errors are easily resolvable through adjustment of the rate constants for
absorption, its presence suggests there may be other factors that are driven by VFA
concentrations that prevented removal of that bias dy@mameter estimation. As described by
Argyle and Baldwin (1988 VFA production rates are regulated by ruminal pH. @arious
work found significant correlations between observed pH and residuals for VFA concentrations
suggesting that the effects of pH on VFA production were not properly reprefereedl.,

20183. In the current study, correlations between VFA residuals and ruminal pH were not
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significant, implying that the improvements in pH precision contributed to improved predictions
of VFA production as originally described Bygyle and Baldwin (1988 Additionally, the

newly derived rate constants for acetate, propionate, and butyrate absdtptions§ Ker rumeid
andKgurumeid could also result in improved accuracy of VFA concentrations through changing
absorption rates.

Ruminal ammonia concentrations are affected by protein degradation rate, recycled urea
from blood or saliva, and ammonia absorption rate. Parae&iarates for the rate constant for
ammonia absorptiorkgmrumeis d1) substantially increased from 5.01 to 9.32, suggesting the
ammonia absorption rate increased 86%. In the prior work, most diets contained moderate to
high forage content which has wsler protein degradation rate (Li et. al under review), therefore,
leading to a lower ammonia absorption rate. However, in the current study, more low forage
diets were included in the dataset, which might have contributed to greater ammonia production
rates. Consequently, the rate constant for ammonia absorption was incidalsed(197%
indicated that the ammonia pool can completely turnover in 2 h, which was consistent with our
current results. After refitting to the observed values, the RMSE éaligted ammonia
concentrations significantly decreased from 129 to 37.2% primarily due to decreased mean bias
(81.9 to 0.5%). The CCC increased from 0.1 to 0.45, suggesting both the accuracy and precision

were improved.

Nutrient digestion

The RMSE for feal outflow of protein, ADF, and NDF were substantially decreased
from 48.85 to 23.3%, 23.69 to 18.18%, and 36.03 to 22.90%, respectively. While the reductions
for fecal outflow of DM, fat, and starch were less than 5%. Although a small mean bias and
slopebias were observed for fecal starch outflow, the relatively high prediction errors suggest it
is difficult to predict fecal starch outflow since over 90% of starch has been digested in the
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digestive tract. Considering a mass action function is used teseyrthe relationship between
ruminal nutrient outflow and fecal nutrient outflow, the improved representations of ruminal
nutrient outflow and reparametrized nutrient digestion coefficients for protein, starch, ADF, and
fat (Kerotein,intFes  Kstarch,intres Kriber,intFea @NdKLipia,intreg) have contributed to the decreased prediction

errors of fecal nutrient outflow.

Model simulations
Protein fluxes.The results from simulations of high and low RUP and high and low

RUStarch are presentedTiable4-4. As anticipated, the diets with 40% RUP had greater protein
degradation and ammonia production rates than the diets with 60% RUP, whizhddddtions
in NANMN outflow, increases in ammonia and AA outflow, and increases in ammonia
absorption rate. Because of the positive effect of fermentable energy supply on microbial growth
and activity, the diets containing 25% RUStarch had increasesirpasgradation rates and
ammonia production rates compared to the diets with 50% RUStarch. There was an interaction
between RUP and RUStarch on microbial protein synthesis. Low RUP diets provided more
substrate for microbial protein synthesis, but becauseobial protein synthesis is an energy
dependent process, lower RUStarch diets produced more ATP which facilitated microbial
growth. Consequently, the greatest capture of AA and ammonia by rumen microbes occurred for
theh 40% RUP and 25% RUStarch did¢tieh had 28% more synthesized microbial protein than
the 60% RUP and 50% RUStarch diet.

Consistent with the ruminal N outflow, diets with lower RUStarch had more digested
microbial protein while diets with lower RUP had less digested protein. Althoughetisewith
50% RUStrach increased microbial N captured from recycled urea, the diets with 25% RUStarch
had greater AA absorption rates. Overall, the diets with 60% RUP had greater AA absorption
than diets with 40% RUP. Within RUP diets, lower RUStarcksdiad grater AA absorption
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rates. Compared to the diet with 40% RUP and 50% RUStarch, the diet with 60% RUP and 25%
RUStarch had 5% greater absorbed AA. The differences in AA absorption among the diets was
less than one may have hypothesized due toftbet® of microbial action on feed protein
degradation and the ability of microbes to recapture some N from ammonia.

Blood urea entry accounts for approximately 60% of N intake, which is consistent with
previous studiefLapierre and Lobley, 200Reynolds and Kristensen, 2Q@iley et al.,
20121. Diets with 40% RUP had increased blood urea entry, primarily due to increased
ammonia absorption. The diets with 25% RUStarch had slightly increaseadal urea entry,
while the diets with 50% RUStarch largely increased intestinal blood urea entry, suggesting that
gut urea entry is positively correlated with fermentable energy availability in the gut lumen. In
summary, diets with high RUP had gredikrod urea entry rate than low RUP diets, and high
RUStarch diets tended to increase gut urea entry. The opposite was observed for urinary urea
excretion. Because urea is the major nitrogenous component in urine, similar results were
observed for urinary Nxcretion.

Considering both ruminal N degradation and post rumen N digestion, diets with 60%
RUP had greater fecal N outflow. There was an interaction of RUP and RUStarch on milk N
secretion. The diet with 40% RUP and 25% RUStarch had greatest f@8& ®2 g N/d), while
the diet with 60% RUP and 25% RUStarch had the lowest milk N output (59.78 g N/d).
Compared to the latter diet, the former diet increased 23.94 g N/d representing 4.7% of N
efficiency.

Energy fluxes.The results from simulations of yéng RUP and RUStah dets on
energy metabolism are presented able4-5. Although the diets with 60% RUP tended to

increase fecal energy compared to the diets with 40% RUP, and lowrRl8iets exhibited
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greater urinary energy and @knergy than high RUStarchets, and thus metabolizable energy
was very similar among the four diets. Although total absorbed energy was similar, the energy
profile was different. The diets with 25% RUStarch had greater absorbed energy from AA and
glucose than the diets with 50% Btarch, and the high RUP diets had increased absorbed
energy from AA and glucose compared to the low RUP diets. Absorbed VFA energy accounted
for approximately61% of total absorbed energy. The low RUStarch diets had greater absorbed
energy from acetat@ropionate and butyrate than the high RUStarch diets. The absorbed VFA
profiles were very similar between the rumen and thepmséen as the model uses the ruminal
profile to set the poguuminal profile which is a potential limitation of the model. Thedel
simulation results indicated acetate absorbed from therpsn accounts for approximately

68% of acetate absorbed from the rumen, while propionate and butyrate accdu®b fofrthem
absorbed from the rumen. Overall, diets with 25% RUStarchhendi¢ts with 60% RUP had
greater milk energy output than their corresponding diets, indicating that milk energy is strongly
correlated with the postbsorptive energy metabolism. The diet with 60% RUP and 25%
RUStarch exhibited the highest milk energy ethivas 17.55 Mcal/d, while the diet with 40%

RUP and 50% RUStarch had the lowest milk energy which was 15.21 Mcal/d. The milk energy

difference between these two diets was 2.34 Mcal/d which equals to 2.6% of energy efficiency.

Conclusions

After reparametazations, 19.7 to 37.5% of RMSE with essentially no slope bias and
minor mean bias were exhibited for ruminal outflow of ADF, NDF, fat, total N, NANMNA, and
microbial N, suggesting the model is even more robust in representing ruminal nutrient
degradatiortompared to the initial model. Consequently, improved representations of ruminal
nutrient degradation have contributed to the increased accuracy and precision fecal excretion of
protein, ADF, NDF, and fat.
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Adding ammonia concentration as a driver topkkequation increased the precision of
predicted ruminal pH, anthereby, the precision of predicted VFA concentrations due to an
improved representation of pH regulation of VFA production rates. Although minor mean bias
for pH and moderately mean biagiasiope bias for VFA concentrations were observed in the
modified model, the small CCC values suggest considerable unexplained variation remains.

The results from simulations of diets with varying RUP and RUStarch displayed the
model is capable to estimatetailed metabolic reactions for nitrogen and energy metabolism. In
a moderately low protein diet, decreasing RUP and RUStarch proportions could improve N
efficiency, while increasing RUP and decreasing RUStarch proportions could increase energy
efficiency.
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Figure4-1. Nitrogen flux diagram derived from the model simulation. Solid boxes represent
pools, and open boxes represent compartments. Numbers indicate nitrogen fluxest iShge

N/d. A diet contained fat, starch, protein, NDF, ADF, and ash concentrations of 6, 30, 16, 30, 20,
and 6 % of DM was designed to feed a Holstein dairy cow weighing 600 kg at 70 day of
lactation. There was 40 % RUP and 25% of rumen undegradet stahe diet. 20 kg DMI was
consumed by the animal.
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Figure4-2. Energy metabolism diagram derived from the model simulation. Solid boxes
represent pools, and open boxes represanpartments. Numbers indicate energy fluxes. The

unit is Mcal/d. A diet contained fat, starch, protein, NDF, ADF, and ash concentrations of 6, 30,
16, 30, 20, and 6 % of DM was designed to feed a Holstein dairy cow weighing 600 kg at 70 day
of lactation.There was 40 % RUP and 25% of rumen undegraded starch in the diet. 20 kg DMI
was consumed by the animal.
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Table4-1. A descriptive summary of observed nutrient intake, ruminal digestibility, ruminal
outflow and fermentation, and total tract digestibility

Iltems n Mean SD Minimum Maximum
BW, kg 1013 573.64 95.14 248.00 807.00
Intake, kg/d
DM 1223 17.61 5.83 3.99 31.80
oM 681 16.30 5.02 3.77 29.50
ADF 396 3.72 1.28 0.30 6.90
NDF 549 6.10 2.07 1.01 11.29
Starch 347 5.23 1.99 0.07 11.00
Protein 1014 3.01 1.18 0.62 6.01
Ruminal digestibility, %
oM 476 57.76 10.51 29.10 84.20
Protein 380 59.18 14.49 5.73 103.32
ADF 305 39.95 12.18 6.20 77.10
NDF 454 44.08 12.26 11.40 83.00
Starch 297 66.54 18.83 9.70 96.70
Ruminal outflow, kg/d
DM 183 13.54 4.27 3.50 25.70
oM 444 10.54 3.92 1.83 21.00
ADF 237 2.25 0.81 0.23 4.76
NDF 344 3.60 1.32 0.74 7.35
Starch 226 2.25 1.64 0.09 7.12
Fat 39 0.96 0.37 0.40 2.00
Total N 524 0.48 0.16 0.11 1.00
Microbial N 667 0.26 0.10 0.05 0.60
Non-ammonia N 624 0.47 0.15 0.07 0.93
Non-ammonia, nofmicrobial N 614 0.20 0.09 0.003 0.46
Ruminal fermentation
pH 632 6.13 0.28 5.44 6.92
Ammonia, mM 558 7.37 2.90 0.71 16.76
Total VFA, mM 612 111.55 22.47 11.00 183.08
Acetate, mM 605 68.46 21.56 6.51 101.52
Propionate, mM 605 26.31 11.13 2.43 78.00
Butyrate, mM 605 13.42 4.87 151 33.73
Total tract digestibility, %
DM 402 0.69 0.06 0.50 0.86
oM 626 0.71 0.06 0.54 0.87
Protein 587 0.68 0.06 0.44 0.87
ADF 333 0.45 0.11 0.12 0.76
NDF 529 0.51 0.11 0.20 0.84
Starch 303 0.94 0.05 0.76 1.00
Fat 161 0.72 0.11 0.37 0.94
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Table4-2. Residual error analyses for Molly predictions before and after reparameterizations

Mean bias, %

Slope bias, %

tems N Observed Predicted mean RMSE, % mean MSE MSE CCC
mean Initial ~ Modified Initial  Modified Initial Modified Initial Modified Initial Modified
Ruminal outflow,
kg/d
DM 183 13.54 1287 1266 20.32 2047 594 1002 215 293 072 072
ADF 237 225 2.62 230 2659 2010 3771 110 371 013 075  0.82
NDF 344  3.60 4.39 370 3377 2442 4252 113 320 003 061 072
Starch 226 225 231 213 5470 5603 023 099 033 089 059 055
Fat 39 0.96 0.94 099 2010 2010 111 233 100 076 085  0.85
Total N 524 048 0.39 045 2728 1969 4857 865 216 010 065  0.80
Microbial N 667  0.26 0.16 023 5048 3028 6588 1599 610 119 026  0.59
Non-ammoniaN 624  0.47 0.39 046 2606 19.84 3925 088 243 021 062 076
NANMN 614  0.20 0.24 023 3945 3752 1725 883 678 585 052 053
Ruminal fermentation
pH 632 6.3 6.16 610 485 478 058  1.04 1596 1391 -0.09  0.11
Ammonia, mM 558  7.37 15.95 718  128.89 37.18 81.87 046 1045 1084 0.10  0.45
Total VFA,mM 612 11155 9269 9381 2753 2695 37.74 3484 1012 1028 009  0.16
Acetate, mM 605  68.46 60.05 6042 3391 3351 1314 1229 371 275 011 0.9
Propionate, nM 605  26.31 2224 2212  47.00 4715 1087 1144 824 824 000  0.07
Butyrate, mM 605  13.42 1040 1127 4340 4052 2689 1571 409 500 005  0.07
Fecal outflow, kg/d
DM 404 575 5.27 526 1904 1868 19.64 2098 626 934 086  0.87
Protein 538  0.97 0.59 1.06 4885 2323 6386 17.34 1951 533 034  0.82
ADF 278  2.05 237 211 2369 1818 4318 246 069 213 085  0.90
NDF 446 3.00 3.83 328 3603 2290 5891 1691 564 067 071 084
Fat 137 030 0.29 032 3347 3298 132 372 796 303 079 081
Starch 278 0.35 0.41 038 8791 858 375 08l 306 174 035 034

NANMN is Non-ammonia, nofmicrobial N.
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Table4-3. Model parameters estimates when the model was fitted to the observedmdatarized in Table 1

Model Previous Final
parameter Description values estimate SE
Ruminal
Krust,rRum Intercept scalar to adjust in situ determined ruminal starch degradation rate$§ (mole 0.153 0.152 0.006
Ksprustrum  Slope scalar tadjust in situ determined ruminal starch degradation rates finole 0.179 0.177 0.011
Kruaprrum  INtercept scalar to adjust in situ determined ruminal cellulose degradation rate$ (mole 2.70 3.77 0.002
Ksipruaprrum  Slope scalar to adjust situ determined ruminal cellulose degradation rates (Hhole 0.48 0.028 0.002
KoL rum Scalar to calculate the hemicellulose degradation rate constant from the cellulose rate
' constant(mol@) 0.69 0.82 0.003
Krup,Rum Intercept scalar tadjust in situ determined ruminal protein degradation rates {nole 1.81 1.33 0.019
Ksprur,rum  Slope scalar to adjust in situ determined ruminal protein degradation rates)(mole 0.16 0.04 0.003
K amMi,Rum Rate constant for the effect afnmonia on microbial growth (L/mole) 0.0071 0.0074 0.0002
KFratmiRum Constant to calculate the effect of fat on microbial growth (mole of DM/mole of dietary 0.07 0.02 0.001
Kyatp,Rum Efficiency constant defining the yield of microbial DM peole of ATP (g/mole) 0.01 0.04 0.002
KampH,Rum Slope for ammonia effect on pH (M)l 0 50.1 71.14
KpH.Rum Intercept for pH prediction -0.68 -1.42 0.003
KvEapH,Rum Slope for total VFA effect on pH (md) 3.94 13.9 0.001
Kam,RumBld Rateconstant for ammonia absorptiontjd 5.01 9.32 0.168
Kac,RumBld Rate constant for acetate absorptiof) (d 4.20 4.49 0.025
Kpr,RumBId Rate constant for propionate absorptior)(d 6.45 6.86 0.004
KBsu,RumBld Rate constant for butyragdsorption (d) 6.45 6.10 0.037
Postruminal
Krroteinintrec ~ INtestinal digestion coefficient for protein (g/g) 0.79 0.53 0.003
Ksarchintree  INtestinal digestion coefficient for starch (g/g) 0.81 0.79 0.003
KFiber,IntFec Intestinal digestion coefficient for fiber (g/g) 0.12 0.11 0.001
KLipid,intFec Intestinal digestion coefficient for lipid (g/g) 0.71 0.69 0.001
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Table4-4. Using Molly to simulate theffects of RUP and rumen undegraded starch (RUStarch) on nitrogen fluxes in a dairy cow

ltem 40% RUP 60% RUP
25% RUStarch  50% RUStarch 25% RUStarch  50% RUStarch
N balance, g N/d
N intake 512 512 512 512
Fecal N 221.77 229.13 234.41 242.02
Urinary N 162.81 149.73 142.64 128.64
Retained N 43.70 62.70 62.72 81.56
Milk N 83.72 70.44 72.23 59.78
Ruminal N Fluxes, g N/d
Degraded protein 102.79 93.85 75.14 66.66
Deaminated AA 71.12 66.33 48.13 43.39
AA captured in microbes 29.09 24.45 25.10 21.10
AA outflow 2.58 3.07 1.90 2.17
Ammonia produced 191.07 182.43 166.28 157.07
Ammonia captured in microbes 76.90 64.99 72.33 61.09
Ammonia outflow 25.39 26.12 20.89 21.34
Non-ammonia, nofmicrobial N outflow 353.78 363.90 382.63 392.00
Microbial N outflow 123.83 106.18 113.07 96.78
Total N outflow 503.0 496.20 516.59 510.12
Absorbed ammonia N 88.78 91.32 73.06 74.64
PostRumen, g N/d
Digested microbial protein 74.54 63.91 68.06 58.25
Digested microbial noprotein 13.23 11.34 12.08 10.34
Digested RUP 173.14 177.88 187.73 192.21
Absorbed AA 250.26 244.86 257.69 252.63
Recycled urea captured in microbes 21.72 28.95 23.06 30.44
Urea recycling, g N/d
Blood urea entry 321.90 319.50 314.82 313.11
Urea entry through rumen wall 43.24 42.25 43.72 42.65
Urea entry via saliva 65.61 60.98 62.53 57.34
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Intestinal urea entry 44.30 57.73 48.37 64.72
Urinary urea excretion 168.75 158.54 160.21 148.41

llsonitrogenousindisocaloricdiets contained fat, starch, protein, NDF, ADF, and ash concentrations of 6, 30, 16, 30, 20, and 6 % of
DM was designed to feed a Holstein dairy cow weighing 600 kg at 70 day of lactation. 20 kg DMI was consumed by the animal.
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Table4-5. Using Molly to simulate the effects of RUP and rumen undegraded starch (RUStarch) on energy metabolism in a diary
cow!

ltem 40% RUP 60% RUP
25% RUStarch  50% RUStarch 25% RUStarch  50%RUStarch

Gross energy, Mcal 91.43 91.43 91.43 91.43
Metabolizable energy, Mcal 50.78 50.64 50.55 50.40
Fecal energy, Mcal 38.40 38.75 38.77 39.13
Milk energy, Mcal 17.25 15.21 17.55 15.76
Urinary energy, Mcal 2.24 2.04 2.11 1.90
CHas energy, Mcal 1.42 1.28 1.39 1.25
Absorbed energy, Mcal 55.94 55.79 54.04 53.83
Energy from absorbed AA, Mcal 9.34 9.16 9.22 9.07
Energy from absorbed glucose, Mcal 10.24 13.98 10.41 14.24
Energy from absorbed acetate, Mcal 12.22 10.71 11.48 9.90
Acetate from rumen, Mcal 7.42 6.46 6.89 5.88
Acetate from postumen, Mcal 4.81 4.25 4.59 4.01
Energy from absorbed propionate, Mcal 9.69 8.36 8.97 7.58
Propionate from rumen, Mcal 6.77 5.81 6.24 5.24
Propionate from posuumen, Mcal 2.92 2.55 2.73 2.34
Energy from absorbed butyrate, Mcal 6.57 5.68 6.09 5.17
Butyrate from rumen, Mcal 4.42 3.80 4.08 3.43
Butyrate from postumen, Mcal 2.15 1.88 2.02 1.74

llsonitrogenousindisocaloricdiets contained fat, starch, protein, NIM)F, and ash concentrations of 6, 30, 16, 30, 20, and 6 % of
DM was designed to feed a Holstein dairy cow weighing 600 kg at 70 day of lactation. 20 kg DMI was consumed by the animal.
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Chapter 5: Metatranscriptomic and Compositional Analyses Reveal LowwH Changes the
Microbial Community and Metabolic Pathways forFiber Fermentation in the Rumen

Abstract

Understanding the role t¢iie microbialcommunityin response ta challenge of ruminal
pH reductionsvould help develop more effective strategies to impfeedingefficiency. The
objective of this study was to investigate hammninal pHaffects the microbial community
expression of carbohydraéetiveenzymetranscripts CAZymes, fiber degradationand short
chain fatty acid (SCFA) concentrations. Six cannulated Holktgfars with an initial BW of
362 = 22 kg (mean £ SD) were subjected to each of 2 treatments in-@eeoskesign. The
treatments were 10 days of intraruminal infusions of 1) digtiater(Control), and 2) a dilute
blend of hydrochloric and phosphoric acids to achap® reductiorof 0.5 units (LpH).

Ruminal liquid and solid fractions were collected on day 9 of each period. Microbial RNA was
extractedrom ruminal liquid and sadti samples respectiveind used fol50 bp paireeend
sequencing usindlumina HiSeq sequencing technolo@ggradabilityof dietary hemicellulose,
cellulose and lignin andruminal SCFA concentrations wemegatively affected by prolonged
period of lav pH. Metatranscriptomic analysédentified 19 bacterial phyla with 121 genera, 3
archaeal genera, 26 protozoal gen8rangal generaand 97CAZymesin the rumenWithin

the community, 4 bacterial phylRroteobacteriaFirmicutes BacteroidetesandSpirochaetes

2 archaeal gener@andidatus_MethanomethylophilasdMethanobrevibactgr 2 fungal
generaDensosporandAcidomycel and 5protozoal generéEntodinium Polyplastron
Isotricha, Eudiplodinium andEremoplastropwereobserved athe core activenicrobes.
Cellulase, endd.,4-beta xylanase amylase, and alpkd-arabinofuranosidasgere the most
abundanCAZymesin the rumen. Statistical analyses indicat8dbacteriagenera and 4

protozoal generavere affected by low ruminal pH, and 30 bactegehera, 1 archaeal genus,
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and 7 protozoajeneraexhibiteddifferent proportions between ruminal liquid and solid
fractions Consequently8 enzymes were affected by ruminal pthd2 enzymes$ad different
distributions in the liquid and solfdactiors. We observed significant correlations between 54
microbes 43 bacteriabnd11 protozoal geneyand 25 enzyme®f which8 key enzymes
participated in reactions leading to SCFA productguggesting that threiminal microbial
community alters fiber catalysis and fermentation in response to altered pH through a shift in

CAZymesexpression.

Introduction

In the moern cattle industryhigh-concentrate diet0-90% grair are often fed to
maintain high milk or meat production, whithassociated withltered microbial ecology and
metabolic disordersuch as subclinical rumen acidoussell and Rychlik, 200McCann et
al., 2016 Wetzels et al., 2021&hang et al., 2017 Studieshaveindicated that the activityro
numbers of cellulolytic microbes are inhibited if ruminal pH is less than 6.0, primarily due to the
regulation of intracellular pHesulting ininhibition of cellobiose transport activifrussell,

1987 Russell and Wilson, 1996However, because ruminal pH declines oaiuhe same time
as the amount of concentrate fed increatbe results are often confounded between feeding
high concentrate diets and ruminal pH declines.

Shortchain fatty acids (SCFA)ncluding acetate, propionatend butyrate, are the major
end product®f microbial fermentation afietary carbohydrate. Intraruminal SCFA production
accounts for up to 75% of total metabolizable energy in rumir§8rntgiano-Jones and Murphy,
1989 France and Dijkstra, 20D5The production c8CFA share glycolysis as a common
pathway with pyruvate as the central branching paiml conversion of pyruvate tioe
individual SCFAat least partially driven bthermodynamiconditions(Ungerfeld and Kohn,
2006. Various in vitro studies indicated pH significantly affects the profile and production of
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SCFA(Marounek et al., 1983Russell, 1998Calsamiglia et al., 20Q08Changes in production
appear to occur through a shift in the biochemical pathways expressed by the overall microbial
population in the rumen. Because different diets can resaltdredruminal pH, understanding
microbial responses to pH in vivo will allow for improved predicsiafi SCFA production in
response tdifferent diets and feeding strategies.

High-throughput sequencing technigseich as metatranscriptomics can analyze RNA
transcripts expressed by a microbial community at a specific point in time, which allows a
simultaneous investigation of the gene expression and abundance of active microbiomes in an
ecosystenfTveit et al., 2011 Becausdigh-throughput sequencirgenerates compositional
data (transcript proportions of total reads rather than absolute véBles) et al., 201), they
do not map to Euclidean space, whaam beproblematic for statistical analysg&itchison,

1982 Fernandes et al., 201&loor and Reid, 20%85loor et al., 201y Therefore

compositional data need to be transformed before statistical analyses to avoid invalid conclusions
(Li, 2015 Lovell et al., 2015Gloor et al., 201} In ths work, we usednetatranscriptomic and
compositional analyses to investigatev ruminal pH decling altermicrobial community

structure andranscriptexpressions oc€AZymesas well adiber degradation and SCFA
concentrations through a continuousddy intraruminal ifusiontrial. We hypothesizethat

low pH would dter biochemical pathways to affect fiber degradation and SCFA production via a

shift in expression of thEAZymesexpressed by #imicrobesin the rumen

M aterials and Methods

Animals, Experimental Design, and Feeding management

This study was conducted in accordance with the Federation of Animal Science
Societiesd Guide for the Care and Use of Agri

approved by the Virginia Tedhstitutional Animal Care and Us€ommittee.
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Six cannulated Holsteineifers with an initial BW of 362 + 22 kg (mean £ SD) were
subjected to each of 2 treatments in a-peoiod, crossover design. The treatments were 10
days of cotinuousintraruminal infusions of 1) dtilled water Control), or 2) a dilute blend of
hydrochloric and phosphoric acids to achieve 0.5 pH redudtjod)( as depicted in

Figure5-1. Theewasab dayrecovery periodetweerthe infusionperiods.

Theanimab were housed in individual tie stalls with rubber mattresses bedded with
wood shavings. They had continuous access to yaatdrwere fe commortotal mixed ration
(TMR) formulated according to National Research Coui2€i01) recommendations. Ingredient
composition and nutrient conteoitthe dietare listed inTable5-1. The ration wa$ed every 4
hours with approximate 17% of thetotal daily feed alloc&id at each feeding to maintain stable
rumen fermentationates Feed offered and refusedsrecorded at each feeding tiraed used
to calculate daily feed intake.

The acid solutiorronsistedf 73 g HHPQy, 185 g HCI and 800 g distilled water. Infusates
were delivered into the rumen using indwelling infusion appamatdslinical infusion pumps
(LifeCare 5000, Abbott Laboratories, North Chicago, IL). The infusion apparatus consisted of an
infusion linewith an 8 mm diameteand a 500 ml plastic bottlgith around 3Gmall holes bored
in thetop part of the bottleThe infusion lineentered theumenvia a small hole bored in the
cannula plug. The plastic bottle was connected at the end of the infusion lifiéednalith iron
metal vector screw nutin that way, the bottlean indwell in the rumeand stand uprighb
disperse the infusates apcevent the acid solutions touching the rumen wall. Ruminal pH was
monitored every 4 hourgand the aciehfusion rate was varied by animaldohieve auminal
pH between 6.0 and 6.1. When the ruminal pH dropped below 6.0, the infusion rate was

decreasetly 10 ml/h, and the ruminal pH was rechecked in 30 to 60 mirLitesnfusion rate

136



was adjusted wpardsif ruminal pHwasabove 6.1Water was infused at a constant rate of 25

ml/h in the control animals.

Sample collection
Rumen sampling asconducted bylacing2 small tubewith an 8 mm diameteria the

cannula into the rumen contents in different locations within the rumen (caadichudal areas

of the rumen) to collect rumen fluid prior to each feeding. Multiple layers of nylon net were tied
aroundtheend of the tubeto filter out thesolid fractions. A total of 10 nmdf rumen fluid was

drawn from the tubeat eaclsampling event. Ruminal pH was immediately measured using a
portable pH meter (Starter 300, Ohaus, Parsippany, NJ), amaatdiouid samples were stored
at-20 °C for SCFA analyses.

Prior tothemorning feeding on day 9 of each period, rumen contents were collected via
the ruminal cannula for RNA extraction. Rumal liquid samples were drawn from the tubes.
Rumen solid samples wetellected frommultiple rumen locations (dorsal, ventral, cranaid
caudal areas of the rumean)d squeezed by hamdhentaking samples out of the rumérhe
collectediiquid and solid samples were immediat#fsh-frozen in liquid nitrogen, crushed into
small pellets and stored in cryovials in liquid nitrogeeansportedo the laboratory, andRNA
extractionwas completed within 12 houts avoid RNA degradation.

Themixedration wassampled daily and dried at 35in a forcedair oven for DM
determinationSulsamples were ground to pass-mé screen in a Wiley Mill (A.H. Thomas,
Philadelphia, PA)andcomposited by perioadA subsample of the 2 mm material was used
further insitu tests, anddditional subsapie wasground through a 1mmscreen(Cyclone lab

sample mill, UDY Corporation, Fort Collins, C@phd usedor chemical analyses.
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In-situ degradability

In situ degradation of dietary hemicellulose, cellul@sel lignin weredetermined by the
nylon bag techique ofdrskov and McDonald (1979n the last 3 days @achperiod.Briefly,
approximately 5 g odried, ground (2 mm) sampleasweighedinto duplicates x 10 cm
polyester bagé50¢ npore sizeAnkom Technology, Macedon, NYgnd suspended in the
rumen in a large (36 x 42 cm) nylamesh bag secured to the ruminal canmadaa nylon cord.
Thesamplewere inserted into the rumen of each heifer before the morning meal and removed
after 2, 8, 12, 24, 3&nd48 hours of incubatiorJponremo\al, the bags were rinsedultiple
timesin cold water until the water became claedied at 55°C in a forcedir oven and weighed
to determineDM content. Afteiweighing theduplicate bagfrom each time point withimn
animal were pooled and ground through a 1roreen. The ground material was subjected to
chemical analyses.

Degradation rates were estimated as describé@iskov and McDoald, 1979 using
usinganortlinear least squares regression procedure (MLR (version 3.51; R development

Core Team, 200)5The equations fitted to the data were:

Degradibility(%) = a + (1 &%) (26)
Effectivedegradability(%) = a +f—f< 27
C

p
wherea represergdthe solubldraction (%),b represergdthe potentially degradable fraction
(%), Kq represergdthe degradation rate constdot theb fraction (%/h),t represered
incubationtime in the rumen (hjandK, was the outflow rate, whictvas assumetb be4%/h

according tdMertens (19938
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Chemical andyses

Dry matter content was determiniecthe nutrition lab at Virginia Techccording to the
National Forage Testing Association method 2(NBTA, 20069. Neutral detergent fiber (NE)
wasdetermined as described Wgn Soest et al. (199)1hbsing heats t a bamyasel[FAA,
Ankom Technology, Macedon, NY) and sodium sulfite. Acid detergent {ildBF) and lignin
concentrations were determined according to AOAC method 97B988). Ash content \&s
determined according to AOARethod942.05(AOAC, 1997. Hemicellulose was calculated as
the difference between NDF and ADF. Cellulose was calculated by subtracting ash and lignin
from ADF.

For measurement of ruminal SCFA concentrations, rumen fluid samples were thawed and
composited by day, animalnd period The fluid samples were centrifuged forr@th at 2,500
x g at room temperature, derivatized as describedristensen (2000 and analyzed for
isotopic ratio using@ Thermo Electron Polaris Q mass spectrometer (MS) (Thermo Electron
Corpoation, Austin, TX) in tandem with a Thermo Electron Focus gas chromatography (GC)
(Thermo Electron Corporation, Austin, TX) using XCalibur software (version 1.4, Thermo
Fisher ScientificWaltham, MA). The column used was a Varian FactouiFcapillary column
VF-170ms (30 m, 0.25 mm, 0.25 unmfuL of the sample was loaded with inlet temp set to
225°C on a split ratio of 80 running a constant flovnefum carrier gas set to 1.2mL/miithe
initial column temperature w&s°Cwith rampgng at 5°C /min to 135°Gollowed by40°C /min
to 225°C. The MS was programmed to run in positive selected ion monitoring mode to
determindons withm/z pairs(43/46 for acetate; 57/62 for propionate; 41/46 for butyrate and
isobutyrate; and 43/46 for valerate and isovalellzasgd on their elution ordéon ratios were

determined from thentegratel peakarea for eachion.
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RNA extraction and sequencing

RNA from ruminal liquid and solid samples were extracted uasimi@NA Clean &
Concentrator kifrom Zymo Researcfirvine, CA, USA), which included a bedmkating step to
mechanically break bacterial cell walls. DNA was removed by a treatment with Baseline
ZERO™ DNase (Epicentre Biotechnologies, Madison, WI) following the manufacturer's
instructions. The quality of total RNA was checkesing a2100 Bioanalyzer (Agilent
Technologies, Palo Alto, Californiafoncentration of total RNA eredetermined using the
Qubit® RNA Assay Kit Thermo Fisher ScientifigValtham, MA). DNA freeRNA samples
were used for | ibrary preparation using the T
(lumina). Following library preparation, the final concentratiorDMA in eachlibrary was
measured using the Qubit® dsDNA HS Assay Khd€rmo Fisher ScientifijdValtham, MA),
and the averagebliary size was determined using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, California). The libraries were then pooled in equimolar ratios of 2nM,
and 4pM of the | ibrary pool was cl ustU8A)led usi
The 150 bppairedend sequencing reaction was performed on a HiSeq 2500 platform (lllumina,

San Diego, USA) at Moleculd&esearch.P (MRDNA, Shallowater, Texas).

Transcriptome mapping
The quality of raw paire@gnd reads was evaluated using the @&sprogram

(http://www.bioinformatics.babraham.ac.uk/projects/fagtdRésidual adaptor sequences, low
guality bases with quality scores below 20, and reads shorter than 50 bp were removin using
Trimmomatic progranfversion 0.36Bolger et al., 2014 Thetotal rRNA reads were
subsequentlgxtracted from the filtered RNA dataset for taxonomic profiling uiieg

SortMeRNA prograngversion 2.1; Kopylova et al., 20Lthrough alignmenivith the rRNA

reference databases SILVA_SSU, SILVA_ L8Quast et al., 20)2and the norwoding RNA
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reference database Rfam 1{Buirge et al., 2012 The remaining reads the filtered readsvere
aligned to the UMD3.Bos Tauruseference genomlsik et al., 2009Zimin et al., 2009with
TopHat2 using the defaudetting to remove host reafl®rsion 2.1.1; Kim et al., 20).3The
filtered readghat were not match with the host genonere consideregutativemicrobial

MRNA, which wee used for further functional analyses.

Taxonomic Profiling of the Rumen Microbial Community
The pipeline DADAZversion 1.6was used to infer amplicon sequence variants (ASVS)

from the alignedotal rRNA usingR (version 3.4.3; R development Core Team, 2@k5
described byCallahan et al. (2015 Specifically, forward and reverse reads were trimmed with a
maxmum number oexpected errors of 1 based on their quality scdier that,errors rates
were learned using 1 million training sequeneashfor forward and reverse reads, and the
resultingspecific error rater each possible transition (such as A to C, A tav@&e used to
infer ASVs for each sample from the trimmed redden the forward and reverse sequences
were mergegdchimeras were removedndbacterial, archaeal, and protoztatononic
assignmentsereimplementedy comparison téhe SILVA databasdversion 132; Quast et al.,
2012, andfungaltaxononic assignments were conducted by comparison tMEE ITS
database (version 1.33NITE Community, 201yusing the naive Bagen classifier algottm
(Wang et al., 2007 The richness dfixa was presented as relative abundance tiseqhyloseq

packaggversion 1.24.2; McMurdie and Holmes, 2013

Identification of Transcripts Encoding CAZymes

The putative microbiaimnRNA sequencewereassembled analignedwith the CAZymes
databaséLombard et al., 2013; URL.: http://www.cazy.ortp annotate glycoside hydrolases
(GH) (Henrissat, 1991Henrissat and Bairoch, 199Bavies and Henrissat, 1933enrissat and

Bairoch, 1996Henrissat and Davies, 199 glycosyltransferasd&T) (Campbell et al., 1997
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Coutinho et al., 2003carbohydrate binding modules (CBNKBoraston et al., 2004
polysaccharide lyas€PL), and carbohydrate esterag€&) (Lombard et al., 20000nly the

best alignments with expectation values lower than I*widre considered for functional gene
annotation using the UBLAST algorithmnplemented in USEARCId/ersion 9.2.64; Edgar,
2010. To remove biasesssociated ith the length of the transcript and the sequencing depth of

a sample, transcripts per million (TPMgreused to normalize read count vadue

Statistical analysis
All statistical analyses were conductesingR software(version 3.5.1; R development

Core Team, 2015 Dry matter intake (DMI), ruminal pFhndSCFA concentratiodatawere
summarized by dayrRuminal fiber (hemicellulose, cellulose, and lignin) degradahilétawere
summarized by hour withim sampling period. Analysis of variance was conducted in a mixed
model with treatmerand periodas fixed effect and animbhasarandom effect. Day within
animal was included as a repeated measure for DMI, ruminamHSCFA corentrations, and
hour within animal was included as a repeated measure for ruminal fiber degradability. The
interaction between treatment and day or hour was included as a fixed effect in the mixed model.
Autoregressive covariance and heterogeneous vanegieeused in the repeated measures using
thenlme packagéversion 3.1137; Pinheiro et §l201§. Thekinetic parameters associated with
fiber degradaon were analyzedsing the Imer functiom thelme4 packagéversion 1.117;
Bates et al., 2034

The relative abundance and gene expression data were transformoashtered log

ratio:

e
[x % ... %]Y gog(#l+e-l) Iog(#l e 1 .. Iog% e +) (28)

g (%2 %..%)" (% 3%... )" (% %..9°
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where(x1xx2€ xn)*" represergthe geometric mean of the vectderovaluecomponents should

be excluded when dealing with log ratio transformation. However, the sequencing read counts
containedanexcessive number of zeros, whiptesents anbstaclefor log ratio transformation

(Gloor et al., 201), results innon-normality (Li, 2015), can causspurious correlatia(Lovell

et al., 2015 andmay contribute tdigh false positive issuéblawinkel et al., 201)/ This was

resolved by replacement béro count values prior to transformation based on posterior

distribution using a Markov Chain Monte Carlo iterative algorithithezCompositions

packaggversion 1.1.1; Palarealbaladejo and Martiternandez, 20)5We added a small
constantofel t o al | ratios prior to transformati on
number. In this case, if the gene or transcript counts equajedimeetric mean, the log

transformed value equals 1, so the log transformed value above 1 means read counts greater than
the geometric mean, less than 1 means read counts lower than the geometric meére Thus
relationshipsamongthe features in the taxend gene expressiatatawere captured in the log

ratio abundances, which have the mathematical propérgal random variables and can be

analyzed using standard statistical meth@lsor et al., 201}

Pairwise correlations between microbes and CAZymes were condisitedR In the
correlation matrixcorrelation coefficient0.5 and 0.5 were used as cutoff values. To decrease
the correlation matrix sizet Beast one correlation coefficiesthiouldabove 0.5r lower than
0.5within each row and columi@orrelationsamongCAZymestranscriptsgeffective
degradability ofibers (hemicellulose, cellulose, and lignin), the rate constants for fiber
degradationandSCFA concentrationsvere explored. The same selection standard as above was

used for identification of importa@AZymescorrelations.
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Multiple regression of SCFA concentrations on hemicellulose, cellulose, and lignin
degradation rate and effective degradability and all identified CAZymes were conducted to
identify key factors associated with SCFA production rates. It was assumed that cocentrati
were proportional to production rates for this ef{@utton et al., 2003 Because there were a
large number of independent variables and a small number of observatastahdolute
shrinkage andelectionoperator (LASSOJegression was conducted first to select the top 8
variables by setting shrinkage parameter lambda. After that, a backward elimination approach
with a significance level of 0.1 was used to build the linear regression model.dVimkiarity
was assessed by calculation of variance inflation factors. Only variables with variance inflation

factors less than 5 were included in the final linear m{@elneg and Surles, 2002

Sequencing Data Accession Number
All raw sequence data have been deposited in the NCBI Sequence Read Archive under

accession numb&RJINA497850

Results

Intake, Fiber degradation, and SCFA concentrations
As designegdthe mean ruminal pH achieved for the control and LpH treasmesre

6.44 and 6.09, respectively. Comparethi® control DMI was inhibited by decreasing ruminal
pH (P = 0.04).

In situ degradation of dietary DM, hemicellulose, cellulose, and ligninnegpect to the
rumen incubation timere shown irFigure5-2. Although theindividual parametes a, b, andkg
were not affected by lower ruminal pH, effective degradabilities of dietary DM, hemicellulos
cellulose, and lignin were decreas@d (0.06, 0.02, 0.02, and 0.002). Decreased DMI and
ruminal fiber degradabiltwere associated witthecrease 0B CFA concentrations and

presumablyroduction ratse. As a resultconcentrations of ruminal tot8ICFA, acetate,
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propionate, butyrate, isobutyrate, valerate, and isovalerate were decdneesgubnse ttower

ruminal pH(P= 0.001, 0.001, 0.001, 0.001, 0.001, 0.84d 0.003).

Overall Variance Structure of Bacterial Phyla
Multivariate analyses were conducted to compare overall composition of bacterial phyla

among all samples={gure5-3). Principle component analyses indicated the first component
accounted for 40.4 % of the total variation, and the second component accounted for 19.4% of
thetotal variation. Principle components are linear combinations of the original variables with
their original location at the center of the malimensional data.

Loading factordgor the first two componeni{she arrows irFigure5-3A) reveal the
contribution rate of each variable on the first two compon@ims.arrow direction represents the
guality of representation on the factor map, and the dength indicates the contributions to
the principal component$he first component was negatively correlated \Bi#itteroidetesind
Kiritimatiellaeota, and positively correlated witBhloroflexiandActinobacteria While the
second component was negatywebrrelated withtFirmicutesandProteobacteriaand positively
correlated wittEpsilonbacteraeotaandSynergistetesThe locations of individual observat®n
were distributed ifrigure5-3B based on theprojections Following their underlying
information, all observations were grouped by different treatments and rumen sample fractions.
Although there was an overlap betwela Gntrol and LpH group, the second component can
separate different ruminal pH treatme(iggure5-3C), and the first component can clearly

separate ruminal liquid and solid fractiofsgure5-3D).

Changes of Community Diversity in the Rumen

In total,417.5million sequences deriving from 24 samples with an average read length of
155 bp were obtained, with a meanlof.4million reads per sample. After removing low quality

sequence$3.7% of reads remained for further processiddter aligning with the rRNA
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reference database?2.6% of sequences were classified as 16S rRNAg#tevere considered
as putative mRNA.

Approximately 63 and 102 bacterial genera were identified in thenalhguid and solid
fractiors, respectively suggesting greater bacterial genera existéderolid thanthe liquid
fraction(Table5-5). A lower pH environment tended to increase numbers of bacterial genera
compared to normal pH. When considerihgt ot a | number of individual
Margal ef ds i ndices indicat e theliqudvracioorwhilen cr eas e d
ddnot affect the richness i n t hehelgudfracdonf r act i o
had a greater richnessthttwes ol i d fracti on, howevtheoppositkar gal ef
primarily due to different weights within the calculatio”Ri ou and Hi | Ithes r ati o
liquid fraction was more homogenous thiaasolid fraction.The Pilou index also suggestéuht
low pH increased the evenness in theinatliquid fraction. Alpha diversitgombinedrichness
and evennessalculations suggesed thatiow pH increased bacterial community diversity in the
liquid fraction, but had meffecton the solid fraction.

About15 and 21 protozoal genera were observed in the liquid and solid feaction
respectivelyThe solid fraction hadreater rchness, evenness, and diversity tthaliquid

fraction, and this was not affected p¥.

Changes of Taxonomic Distribution in the Rumen

Ruminal bacterial communities @ite phylum levelare displayed irFigure 5-4. Overall,
therewerel9 bacterial phyla with a relative abundance greater than 0.05% identified in the
rumen samplesT@ble5-4). The most abundant phyla wdfgmicutes Proteobacteria
BacteroidetesandSpirochaetegFigure 5-4). However, their proportions were dependent on
treatments and rumen sample fractions. Approximately 2b6Hfmicutes 34.526
Proteobacteria17.0®0 Bacteroidetesand 9.28 %&pirochaetesvere distributed in theontrol
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group whilethere were25.98% Firmicutes 25.64 % Proteobacteria 15.95% Bacteroidetes
and 11.14%5pirochaetes the LpH group Table5-4). The populatiorcontainedl8.24%6
Firmicutes 32.5%6 Proteobacteria21.2%6 Bacteroidetesand 6.35%5pirochaete# the
ruminal liquid fractionas compared t83.26 Firmicutes 27.56% Proteobacteria11.73%
Bacteroidetesand 14.07%spirochaete the solid fractionTable5-4).

Analysis of varianceesultsare displayed irFigure5-5 and summarized ifable5-6.
BacteroidetesChloroflexi ProteobacteriaandPatescibacteriavere influenced by lower
ruminal pH P = 0.0003, 0.05, and 0.p3andBacteroidetesFirmicutes Kirtimatiellaeota
LentisphaeragPatescibacteriaandSpirochaetesad different distributions in ruminal sample
fractions P = 0.01, 0.03, @03, 0.02, 0.0D, and < 0.000)L BacteroidetesProteobacteriaand
Patescibacteriavere also affected by the interaction between ruminal pH and sample fractions
(P=0.04, 0.01, and 0.01Compared to normal ruminal pkhelow pH treatment increased the
proportion ofChloroflexiin both liquid and solid fractionsvhile the proportions of
BacteroidetesandProteobacterian theliquid fractionwere decreasedFigure5-6). With
decreased ruminal piPatescibacteriavas decreased theliquid fraction and increased in the
solid fraction.The uminal liquid fraction had greater proportionsBzfcteroidetes
Kirtimatiellaeota, andLentisphaeragand lessr proportions ofFirmicutesandSpirochaeteshan
the ruminal solid fractionHigure5-6).

Analyses athebacterial genus level were performed to gain further insights into changes
in thetaxonomic distributioa In total, 121 bacterial genera were identified in the sampldés, wi
20 of themhavingrelative abundansegreater thaf.5% (Table5-7).
Succinivibrionaceae_UC®02, Treponema_ZFibrobacter, Ruminobacter

Christensenellaceae -R group Erysipelotrichaceae UC®04, Ruminococcus ,2
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Prevotella_J Succinivibrionaceae_UC®01, and CAG-352were thd0 mostabundant genera,
accounting for 17.48, 8.93, 4.41, 4.05, 3.55, 3.05, 3.04, 3.87, 2.75, and 3% of total bacteria in the
rumen respectively{Figure5-7). Intotal,19 bacterial genera were affected by low ruminal pH,
and 30 bacterial genera had different proportions between the ruminal liquid and solid samples
(Figureb-8). Of thesel1 genera were only affected by ruminal pH; 25 genera were only
affected by samplecation 5 bacterial genera were influenced by batminal pH and sample
locationn and6 were affected by the interaction betweaminal pH and sample locatiolm
addition, there were 3 bacterial genera only affebiethe interaction

In terms of ruminal pH effeston bacterial genef&igure5-9), low ruminal pH
decreasetlachnospiraceae UC®07(P = 0.02),Succinimonag$P = 0.003),Anaerosporobacter
(P =0.002),Pseudomonaf = 0.003)M2PT276_termite_grougP = 0.02),

Clostridium sensu_stricto_{P = 0.004), andPrevotella_1(P = 0.04) compared to normal
ruminal pH, and increasadctivallis (P = 0.02),Ruminococcaceae_UCGLO(P = 0.01),
Sediminispirochaeté = 0.03),PyramidobactefP = 0.01),Papillibacter (P = 0.01),
TreponemdP = 0.03), andRuminococcaceae_UCG@5(P = 0.03).

Compared to normal ruminal pH, lower pH decreased the proportion of
Succinivibrionaceae_UC®02 (P = 0.02) intheliquid fraction but did not change the proportion
in the solid fraction. The pportion ofLachnoclostridium_IP = 0.01) was decreaség low
pH in the solid fraction, and it was not affected in the liquid fraction. Under a low ruminal pH
conditiors, the proportions dPantoea(P = 0.04) Prevotella_ P = 0.001) andPseudomonas
(P =0.005) were increased in the solid fraction but decreased in the liquid fradteopposite

occurred foiSynergiste$P = 0.04),Mogibacterium(P = 0.01),Flexilinea(P = 0.01), and
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Christensenellaceae -R group(P = 0.03)wheredecreased ruminal pt¢sulted in decreased
proportionsin the solid fractiorand increased proportionsthe liquid fraction.

Theruminal liquid fraction had greater proportions GPla-4_termite_grougP = 0.04),
Horsefa03 (P = 0.01),Pirellula (P = 0.01),Sediminispirochaeté = 0.04),
Ruminococcaceae UCGGELO(P = 0.01),Elusimicrobium(P = 0.002),
Erysipelotrichaceae_ UC®04 (P = 0.01),SporobactefP = 0.001), andAnaeromusdP = 0.02)
as compared to theolid fraction, andeducedproportions olLachnopiraceae_ ND3007_group
(P =0.04),Lachnospiraceae_ AC2044 gro(ip= 0.003),Desulfovibrio(P = 0.03),
Butyrivibrio_2(P = 0.01),Family_XIll_AD3011 grougP = 0.01),Moryella (P = 0.001),U29
BO3(P = 0.04),Family_XIll_UCGO001(P = 0.001),Lachnospiraceae_ NK3A20_gro(p =
0.04),0lsenella(P = 0.004),Ruminococcaceae_UC@4 (P = 0.05),Saccharofermentan® =
0.004),Ruminococcus_(P = 0.0004) Selenomonas_(P = 0.02),

Lachnospiraceae_ NK4A136_gro(ip= 0.001),Prevotellaceae_ UC@®O1(P = 0.03),
PseudobutyrivibrigP = 0.002),Candidatus_SaccharimonéB = 0.01).

The relative abundances of ruminal archaeal gesershown irFigure5-10.
Candidatus_MethanomethylophilaadMethanobrevibactewere the most abundant genera,
accounting for approximately 54.34 and 25.08% of total ruminal archabtef-9). Low
ruminal pH did not change archaeal compositiéowever, ompared tdheliquid samplea
greater proportion dflethanobrevibactewas observed in the ruminal solid fractiéh=< 0.02,
Table5-10).

The relative abundances of rumifahgal phyla andjeneraare shownm Figure5-11.
MucoromycotaAscomycotaandBasidiomycotavere the predominant fungal payh the

rumen, accounting for 22.3, 19.2, and 18.2% of total ruminaldiulsgpguencedVithin them,
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DensosporandAcidomycesvere the most abundant fungal geneepresenting 22.2 and 6.7%
of total ruminal fungi. No significant treatment effect or sangbfect werefoundfor eitherthe
fugal phykaor genera.

Twenty sixprotozoan genera were identified through analysis of microbmposition,
and 10 of them hactlative abundansegreatethan 0.08%of the total populatioTable5-11).
Entodinium Polyplastron Isotricha, Eudiplodinium andEremoplastrorwere highly abundant
representin@®5.66, 5.6, 5.08, 1,and 1.4% othe populatior{Figure5-12). Cyllamyces
Isotricha, Mortierella, andOphryoscolexvere affected by ruminal pHP(= 0.001, 0.01, 0.04,
and 0.02) BrachypodiumDiploplastron Entodinium OphryoscolexPanax Trichomitus and
Triticum (P = 0.001, 0.04, 0.001, 0.02, 0.03, 0.04, and 0.01) had different distributions between
thesolid and liquid fraction. Within thenGyllamycesandOphryoscolexvere dso affected by
the interactior(P = 0.03 and 0.02).

As displayed irFigure5-14, low pH decreased the proportionisbtricha, while it
increasedMortierellain both the liquid and solid sampld3ecreasing ruminal pH increased the
proportion ofCyllamycesandOphryoscolexn the liquid fraction but did not changetime solid
fraction. The uminal liquid fraction had greater proportionsiiploplastron, Entodiniumand
Trichomitusthanthe solid fraction, and legs proportions oBrachypodiumPanax and

Triticum (Table5-12).

Changes of CAZymes Expressed by Rumen Microbiota
In total, 97CAZymeswere identified, and 22 of them had a relative abundance above 1%

(Table5-13). As displayed irFigure5-15, cellulase, endd,4-beta xylanase amylase, and
alphaN-arabinofuranosidasgere the most abundant enzymes, acdogriior 12.83, 11.87,
7.72, and 2.75 % dhetotal enzymdranscriptsin Figure5-16, 8 enzymes were significantly
affected by ruminal pH, with them2 enzymesvere also affected bgamplefractions, and
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wereaffected by the interaction.Sevenenzymesvere expressed differently between ruminal
solid and liquid samples, alddenzymewnasonly affected by the interactidmetween ruminal pH
and sample location

Figure5-17 shows thathie expression of rhamnogalacturonan acetylesterase, glucan
phosphorylase, and pectate lyase/amb allergen were upredwdteder ruminal pHP =0.05,
0.05, and 0.0001hile glycosyl hydrolase family 16 were downregulated-0.02) Low pH
resulted in downregulations of glycosyl hydrolase family 43 and-3DRacyl N-
acetylglucosamine deacetylasdhe solid fraction, and upregulationstimeliquid fraction(P =
0.03and 0.03. The lowpH treatmentvas associated withcreased expression of putative
glycosyl transferase ithmesolid fraction and decreased that expressidhetiquid fraction(P =
0.03. In addition, decreasing pthused a decrease in the proporti@mindance aducrose
alphaglucosidase itheliquid fraction, but did not change its expressiothiasolid fraction(P
= 0.005). The uminal liquid fractioncontained a greater proportion of sequencebdita
galactosidase, putative adphaglucan manching enzyme, glucosidase cellC, cellulase celA,
putative carbohydratactive enzyme, amylase, and putativalghaglucanotransferase théme
solid fraction(P = 0.01, 0.02, 0.03, 0.01, 0.002, 0.01, and 0.0djileit hadlesser expression of
glycosde hydrolase family 4@ = 0.().

Correlations Among Ruminal Microbes and CAZymes
Pairwise correlationamongmicrobes and€CAZymesare displayed irFigure5-18. There

were 54 microbedA@ bacterial generand11 protozoal geneyand 25 enzymethathad at least
one correlation coefficient above Ghich was the criteria for inclusion in the matrbhere
were 10 significant correlatiosidentifiedamongarchaeal gener@ndCAZymes

Within bacteria genera groupgcetanaerobacteriurwas positively correlated with
glucan 1,4alphamaltotetrachydrolas@nd glycosyltransferase 3&cetitomaculumvas
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positively correlated with glycosyltransferase 36 and isoamylase domain/esterase family protein,
and negatively correlated with glycosyl hydrolase family 57 and sucrosegllptasidase.

There was a positive correlation betwéaraeromusand glycosyhydrolase family 43,

putative carbohydratactive enzyme, glycosyl hydrolase family 31, sucrose afpieosidase,
glucan phosphorylase, pectate lyase/amb allergen, isoamylase domain/esterase family protein,
UDP-3-0-acyl N-acetylglucosamine deacetylasedalycoside hydrolase family 2 TIM batrrel,
and a negative correlation between putative algteabinofuranosidase and glycoside
hydrolase family 43Anaerostipesvas positively correlated with glucan phosphorylase. Both
AnaeroplasmandAsteroleplasmavere negatively correlated with glycoside hydrolase family
43 and putative alphi-arabinofuranosidas@ positive correlation existed between
Bifidobacteriumand cellulase celA and putative alphdosidaseButyrivibrio_2was positively
correlated with glgosyltransferase group 1 family, amylase, pectate lyase/amb ajlangken
glycosyl hydrolase family 43, and negatively correlated with galacturaaldhé

galacturonidase, cellulase celA, putativalghaglucanotransferasand UDR3-0-acyl N-
acetylgluceamine deacetylase. There was a negative correlation between
Candidatus_Endomicrobiuand acetylglucosaminyltransferaserepositivey correlatedwith
cellulase celA. There was a negative correlation betWeanlidatus _Saccharimonasd

glycosyl hydrolaséamily 43, glycosyltransferase group 1 familgnd putative alphal-
arabinofuranosidas€lostridium_sensu_stricto_éxhibited a positive relationship with
glycosyltransferase 36, glycosyl hydrolase family 57, alglnaosidase, putative carbohydrate
active enzyme, glucuronan lyase, putative alpharabinofuranosidase, and glycoside hydrolase
family 43, and a negative relationship with glycosyl hydrolase famil{C#3a-4 _termite_group

was positively correlated with glucuronan lyase, acetylglucosamingfegease, amylase,
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glycosyltransferase 36, glycosyl hydrolase family 57, galacturaalfl&galacturonidase, and
putative alphaN-arabinofuranosidase, and negatively correlated with isoamylase
domain/esterase family proteid.positive correlation was tomd betweemesulfovibrioand

glucan 1,4alphamaltotetraohydrolase, putative alpkyosidase, and glucan phosphorylase, and
a negative correlation with cellodextiphosphorylase, glucuronan lyase, ahghacosidase, and
glycosyl hydrolase family 57There was a positive correlation between Erysipelothrix and
cellulase celA, glycosyltransferase 36, isoamylase domain/esterase family protein, and
glycosyltransferase group 1 family, and a negative correlation with glycoside hydrolase family
43.Family_XIll_AD3011 groupexhibited a positive relationship with glycoside hydrolase
family 2 TIM barrel, putative carbohydrasetive enzyme, galacturan 1adbhagalacturonidase,
pectate lyase/Amb allergen, and putative alpylasidase, and negatively correlated with
isoamylase domain/esterase family prot&iamily Xlll_UCGO00lwas positively correlated

with glucuronan lyase, amylase, putative alpharabinofuranosidase, glycosyl hydrolase

family 57, and UDP3-0-acyl N-acetylglucosamine deacetylase. There was diyp®siorrelation
betweerFlexilineaand amylase, glycosyl hydrolase family 57, sucrose ajjiin@osidase, and
putative carbohydratactive enzyme, and a negative correlation with pectate lyase/amb allergen,
glucan 1,4alphamaltotetraochydrolase, and glucaimosphorylaseHerbinix was negatively
correlated with galacturan talphagalacturonidase and UBB0-acyl N-acetylglucosamine
deacetylase. A positive correlation was found betweamnospiraceae_ NK3A20_groapd
glycosyltransferase 36 and isoamylase domain/esterase family protein, while a negative
correlation was observed between Lachnospiraceae NK3A20_ group and Glycosyl hydrolase
family 57, sucrose alphglucosidase, putative carbohydratetive enzyme, amagke, and

cellulase celALachnospiraceae_UC®GO07was positively correlated with galacturan-ajpha
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galacturonidasd.achnospiraceae_ XPB1014 groaphibited a positive correlation with
glycosyl hydrolase family 57, glycoside hydrolase family 43, putatigphaxylosidase, and
sucrose alphaglucosidase, and a negative correlation with isoamylase domain/esterase family
protein. There was a positive correlation betwiegibacteriumand glucuronan lyase, amylase,
glycosyltransferase group 1 family and putatévalphaglucanotransferase, and a negative
correlation with putative alphB-arabinofuranosidase, cellodextphosphorylase, and glycosyl
hydrolase family 43Moryellawas positively correlated with sucrose algjtacosidase, alpha
glucosidase, betgalactosidase, glucan phosphorylase, and glycoside hydrolase family 2 TIM
barrel, and negatively correlated with acetylglucosaminyltransferase. There was a positive
correlation betwee®Isenellaand alphaglucosidase, sucrose alpglicosidase, putative alpha
xylosidase, and betgalactosidase, and a negative correlation with
acetylglucosaminyltransferase. Oribacterium was positively correlated with sucrose alpha
glucosidase and alptglucosidase, and negatively correlated with
acetylglucosaminyltransferase.psitive correlation was observed betw@&apillibacterand
cellodextrinphosphorylase, pectate lyase/amb allergen, glycosyl hydrolase familgdt3
putative alphaN-arabinofuranosidase, and a negative correlation was identified between
Prevotella_landglycosyl hydrolase family 31, pectate lyase/amb allergen, and putative
carbohydrateactive enzymePrevotellaceae NK3B31 growyas positively correlated with
betagalactosidase, glycosyl hydrolase family 31 and pectate lyase/amb allergen, and
Prevotellacea_ YAB2003_grouwas negatively correlated with glycosyltransferase 36,
glycoside hydrolase family 43, glucan Jgphamaltotetraohydrolase. There was a positive
correlation betweeRyramidobacteand alphaglucosidase and glycosyl hydrolase family 31,

anda negative correlation with cellodextipihosphorylase, acetylglucosaminyltransferase, and
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isoamylase domain/esterase family prot®Baminococcaceae UC@4was positively

correlated with sucrose alpigducosidase, cellulase celA, glycoside hydrolasdlfanTIM

barrel, and alphglucosidase, and negatively correlated with acetylglucosaminyltransferase.
Ruminococcus_Was positively correlated with glycosyl hydrolase family 31, beta
galactosidase, putative carbohydratdive enzyme, and glycosyl hydrseéafamily 57, and
negatively correlated with isoamylase domain/esterase family protein, glucan phosphorylase,
putative alphaylosidase, UDF3-0-acyl N-acetylglucosamine deacetylase, and glucuronan
lyase. In contrasRuminococcus_®as positively correlad with UDR3-0-acyl N-
acetylglucosamine deacetylase and acetylglucosaminyltransferase, and negatively correlated with
glycosyl hydrolase family 31, sucrose algflacosidase, cellulase celA, putative carbohydrate
active enzyme, putative alptxglosidaseamylase, and alphglucosidase. There was a positive
correlation betweeBaccharofermentarend glycosyl hydrolase family 31 and pectate
lyase/amb allergen, and a negative correlation with isoamylase domain/esterase family protein
and UDR3-0-acyl N-acetyblucosamine deacetylasgelenomonas_Was negatively correlated
with acetylglucosaminyltransferase, amylase, and glycosyl hydrolase family 43. There was a
positive correlation betweedphaerochaetand isoamylase domain/esterase family protein,
glucan 1,4alphamaltotetraochydrolase, and glycosyltransferase group 1 family, and a negative
correlation with pectate lyase/amb allerg8porobactemwas positively correlated with
isoamylase domain/esterase family protein, tB2®acyl N-acetylglucosamine deacedgle,
putative alphaylosidase, glucan phosphorylase, glucuronan lyase,
acetylglucosaminyltransferase, glycosyltransferase 36, and glycoside hydrolase family 2 TIM
barrel, and negatively correlated with pectate lyase/amb allergen, glycosyl hydrolase&iamily

putative alpha\-arabinofuranosidase, and bef@actosidase. There was a negative correlation
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betweerSuccinivibrioand glycosyltransferase 36, glycoside hydrolase family 43, glucan 1,4
alphamaltotetraohydrolasd.reponema_2vas positively correlatewith pectate lyase/amb
allergen and putative alpidrarabinofuranosidase, and negatively correlated with 3DRacyl
N-acetylglucosamine deacetylase, glycosyltransferase 36, putativexglpkalase, glycoside
hydrolase family 2 TIM barrel, glucurondyase, isoamylase domain/esterase family protein, and
glucan phosphorylase. There was a positive correlation befilyeeerella_3and UDR3-0-acyl
N-acetylglucosamine deacetylase, glucan phosphorylase, glucuronan lyase, putative alpha
xylosidase, isoamylasdomain/esterase family protein, glycoside hydrolase family 2 TIM barrel,
acetylglucosaminyltransferase, and glycosyltransferase 36, and a negative correlation with
putative alphaN-arabinofuranosidase, pectate lyase/amb allergengbédatosidase, and

glycosyl hydrolase family 31J29-BO3was positively correlated with sucrose akgiacosidase,
alphaglucosidase, glycoside hydrolase family 2 TIM barrel, fggtiactosidase, and putative

alphaxylosidase.

In terms of protozoal gener@jycinewas negatiely correlated with amylase, putative
carbohydrateactive enzyme, and cellulase ceBrachypodiunwas regatively correlated with
glucan phosphorylase. There was a positive correlation bet@esoposthiunand glycosyl
hydrolase family 57, and a negative correlation with sucrose-glplsasidaseDasytrichawas
positively correlated with cellodextdphosphoylase, glycosyl hydrolase family 57,
glycosyltransferase group 1 family, glycosyl hydrolase family 43, amylase, putaipba
glucanotransferase, putative carbohydeatBve enzyme, acetylglucosaminyltransferase,
isoamylase domain/esterase family pratand pectate lyase/amb allergen, and negatively
correlated with glucan phosphorylase and putative atgtasidaseDiploplastronexhibited a

positive correlation with glycosyl hydrolase family 57, glycosyltransferase group 1 family,
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glycosyl hydrolaséamily 43, and cellodextriphosphorylase, and a negative correlation with
alphaglucosidase. There was a positive correlation betdeemoplastrorand glycosyl
hydrolase family 57, glycosyltransferase group 1 family, and glycosyl hydrolase family 43.
Eudplodiniumwas positively correlated with putative carbohydiattive enzymef-oainawas
positively correlated with putative alpiNrarabinofuranosidase, galacturan-algha
galacturonidase, and cellodextphosphorylase. There was a positive corretatietween
Tritrichomonasand putative alph#l-arabinofuranosidase, cellodextphosphorylase, and
galacturan 1alphagalacturonidase.
Correlations among CAZymes and Fiber Degradation and Ruminal SCFA Concentrations

Pairwise correlationsetweenCAZymesand fiber degradation ar®CFA concentrations
are displayed irFigure5-19. No strong correlatiswereidentified between hemicellulose
degradatiomate andCAZymes However, effective degradability of hemicellulose was
positively correlated with fucosylgalactosidalphagalactosyltransferase and mannesyl
oligosaccharide 1;3,6-alphamannosidase, and negatively correlated with pectate lyase/amb
allergen. There was a negative correlation between cellulose degradation rate and alpha
glucosidase family protein. The effective degradability of cellulose was negatoreglated
with pectate lyase/amb allergen. Lignin degradation rate was positivegjated with cellulase
celA, alphaglucosidase, and putative carbohydiatéive enzyme, and negatively correlated
with cellodextrirphosphorylase. Only pectate lyase/amb allergen was observed to be hegative
correlatedwith effective degradability of lign.

Acetate concentrationserepositively correlated with glycosyl hydrolase family 31,
while no significant correlations were identified for propionate concentrations. There was a

positive correlation between butyrate concentrations and putatighéglucanotransferase,
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glycosyl hydrolase family 31, sucrose alpjlacosidase, anehdo-1,4-xylanase/ferulic acid
esterase. Similar correlations were also observed for isobutyrate, vaearchtsovalerate except
there wa a negative correlatidretween isobutyratendpectate lyase/amb allergen. Meanwhile,
isovalerate was positively correlated with putative alpylasidase, putative carbohydredetive

enzyme, and amylase.

Using CAZymes and Fiber Degradation Dynamics to Predict Ruminal SCFA €anrations
Multiple regression of rumingCFAconcentrations o€@AZymesand fiber degraden

is summarized iTable5-15. Ruminal acetate conceations were positively correlated with
hemicellulose degradation rate, effective degradability of lignin, glycosyl hydrolase family 31,
and negatively correlated with galacturan-dlghagalacturonidase, and maltopentafsening
amylase. Approximately P4 of the acetatevariance was explained by the regression model.
There was a positive correlation between propionate concentrations and hemicellulose
degradation rate, glycosyl hydrolase family 16, and glycosyltransferase group 1 family, and a
negative orrelation with glycogen synthasige protein and maltopentac$arming amylase.
The regression model captured aproxima83%o ofthe observedariancein propionate
concentrations
Butyrate concentrations were positively correlated with cellulose datja rate,
effective degradability of cellulose, endg4-xylanase / ferulic acid esterase, and glycosyl
hydrolase family 31, and 74% tifevariance of butyrate was explained by these variables.
Effective degradability of cellulose and lignin, glycobylrolase family 16, and
glycosyl hydrolase family 31 were positively correlated with isobutyrate concentrations, and
maltopentaoséorming amylase was negatively correlated with isobutyrate. Around 81Bg of

variance of isobutyrate was explained.
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Valerate concentrations were positively correlated with cellulose degradation rate,
effective degradability of cellulose, glycosyl hydrolase family 31, and negatively correlated with
galacturan 1alphagalacturonidase and maltopentatsening amylase. Aproximately 85%
variance of valerate was explained by the regression model.

There was a positive correlation between isovalerate concentrations and effective
degradability of cellulose, eneh4-xylanase / ferulic acid esterase, glucuronan lyase, gliycosy
hydrolase family 16 and glycosyl hydrolase family Rbughly 89% othevariance of

isovalerate concentratiogan be explained by the model

Discussions

The Distribution of Active Microbes in the Rumen

While metagenomics can reflect the comprednendiversity of all the activand inactive
microorganisms, metatrangatomicsis amore reliabldool to obtain insights into the most
active microorganisms. Ineéhpresenstudy,ProteobacteriaFirmicutes Bacteroidetesand
Spirochaetesvere the mostggdominant bacterial phyla in the rumen, accounting for 30.08,
25.72,16.51, and 10.21% of the total bacterial sequences. These results were consistent with
bacterial phylum profiles in beef cat(lei, 2017). Within Proteobacteria
Succinivibrionaceae_ UC®B02 RuminobacterandSuccinivibrionaceae UCG01were the
most predominat generaChristensenellaceae -R_group Erysipelotrichaceae_ UC®04, and
Ruminococcus_®ere highly abundant withiRirmicutes Prevotella_lwas the most
predominant genus BacteroidetesAlthough same phyla were identified as dominant bacteria
in metagenomic studies, their community structarguite different with approximately 50.5,
29.8 and 10.6% ofirmicutes BacteroidetesandProteobacterigJami and Mizrahi, 203 2Petri
et al., 2013Henderson et al., 201be Mulder et al., 2017 implying there was a difference of

bacterial community structure at genomic and transcriptional |daig et al. (2018indicated

159



the abundance #froteobacteriavas greater in RNA derived rumen bacterial materials than the
DNA derived materials through a high throughput analysis, and this difference was validated
using denaturing gradient gel electrophoresis (DGGE) andRBH techniques.

Candidatus_MethanometlophilusandMethanobrevibactewere the most abundant
active archaeal genera, representing 54.34 and 25.08% of total archaeal sequences. Similar
results in the rumen of black geatere reported byWang et al. (201)7

Entodinium Polyplastron Isotricha, Eudiplodinium andEremoplastrorwith 35.66, 5.6,
5.08, 1.3and 1.4% of relative abundance were the core protozoal génees. previously
observed that dairy heifers had fwzoal populations witfi2.3Entodiniumand 15.0 %
OstracodiniumZhang et al., 2007 EntodiniumandDiplodiniinaewere the dominate protozoal
genera in buffalgFranzolin and Wright, 2036Entodinium(80%), Diploplastron(5%),
Dasytricha(8.3%) andlsotricha(3.3%) were characterized in the rumen of cdfilerar et al.,
2016. In all the studieskntodiniumwas the predominate protozoa gerin the rumen, however,
the rest of the protozoal genera were highly vatihderson et al. (2018emonstrated the
variability of protozoa between and within cohorts ofl@oated animals was much greater than
bacteria and archaea. Considering most of the previous stueliec@nducted using
metagenomics, further investigations into profiles of active rumen protozoa remain to be
conducted

Ruminalmicrobes are distributedtm3 domainsa solidadherent fraction, the liquid
fraction andhose associated withe rumen ephelium. More microbial species were observed
in the solid fraction, suggesting@orediverse bacterial community existed in the rural solid
sample. As expected, no unique taxonomic groups were identifidhiefeolid and liquid

environment, since thegre prone to continuous interaction and mutual influe(@edMulder et
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al., 2017. Substantial differences theabundance of species were observdu difference in
microbial compositiornas previously been observed to be associatedswiitbtrate availability
(Leng, 2011 Huo et al., 2014Deusch et al., 20)7rumen kinetics with respect to particle size
(Gregorini et al., 2015 and physical and chemical propertjesgayCarmier and Bauchart,
1989. We found that feefloating bacteria thateadilydegrade metabolizable carbohydrate such
asBacteroidetesindLentisphaeragwere more prevalent itheliquid fraction, while the
cellulolytic bacteria, such dSrmicutesandSpirochaetesare prominent menass in the solid
fraction. These results were consistent with previous st(iéligsr et al., 2015De Mulder et al.,
2017 Deusch et al., 2037Within the Firmicutesphylum, 12 genera
(Lachnospiraceae_ND3007_groumchnospiraceae AC2044 _grquRutyrivibrio 2, Moryella,
Family_Xlll_AD3011 groupFamily Xlll_UCGO001 Lachnospiraceae_ NK3A20_group
Ruminococcaceae UC@4, Ruminococcus ,SaccharofermentanSelenomonas, 1
Lachnospiraceae_ NK4A136_grquandPseudobutyrivibripwere more abundant the solid
fraction, while3 genergErysipelotrichaceae UC®04, SporobacterandAnaeromuspwere
more abundant in the liquid fraction.

A greater proportion dhe bacterial phylurKirtimatiellaeotawas found in the liquid
phase than in the solid pha&e4d% vs 1.67% of total bacterial sequencésjimatiellaeotais
a newly recognized phylum, which is abligate anaerobe and saccharolytic bactethahcan
grow in suboxic transition zones @hypersaline environmei(®pring et al., 2006 However,
the role ofKirtimatiellaeotain rumen microbial ecosysteneeds further investigation

A greater proportion odrchaeal genuslethanobrevibactewas observed in the ruminal
solid fraction compared wittheliquid fraction. Similar results were reported lHgnderson et

al. (2013 andDe Mulder et al. (201)7 Methanobrevibacteis a methanogen related to the

161



bioconversion of cellulose fiber to methane by a symbiotic relationship with a lamaenobic
fungus(Joblin et al., 1990 Mountfort et al. (198Rdemonstratetlethanobrevibactecan

convert lactate and ethanol to methane by removing hydrogen and formate to shift electron flow
away from the formation of electron sink.

Ruminal liquid and solid factions had distinct protozoal communities with a greater
proportion ofDiploplastron, EntodiniumandTrichomitusin the liquid fraction whereas
BrachypodiumPanax andTriticumwere observeth the solid. HoweveDe Menezes etla
(2011 observed that protozoan communities were very similar betwedanalliguid and solid
fractions.Theprotozoal community was affected by rumen sample fractidrish might be
caused by the factors related to ruminal dynamics and protozothghoversely related to the
rumen retention time, liquid associated protozoa have a greater ruminal outflow rate than solid
associated protozoa. To counteract washout and maintain populations, they have to actively
metabolize to generaemergyfor growth. The ruminal liquid fraction contains a greater
proportion of soluble carbohydrate and starch than the solid fraction, which might generate more
energy for microbial growth resulting in a greater proportion of amylolytic protozoa.
Entodiniumas the predominant protozoal genus in the rurardhas beerharacterizeds a
starch feedeMaltase and amylase activity waievalentin the cell free extracts made from the
EntodiniumsuspensionfAkkada and Howard, 1960Mi c ha gows k Jindeatedal . ( 19 8
Diploplastroncould digest and ferment starch to geterSCFA irthe ruminalliquid.

Trichomitus BrachypodiumPanax andTriticum representetess than 0.3%f the
protozoal populationUnfortunately, littleinformationrelatedto their charactristicand function
has been publisheVe observed thd&rachypodiunwas negatively correlated witilucan

phosphorylaseColeman (196Pindicated that protozoa could not effectively use glucose and
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maltose to maintain growth because of the absengkicdn phosphorylas€onsequently,
glucose and the glucose of maltose could not be phosphorylated to efftiglogphate in
protozoa. Obviosly, this is not applicable to all protozoa, because a positive correlation between

glucan phosphorylasend a protozoal gen@yllamycesvas identified in the study.

Ruminal pH Alters Rumen Microbial Ecology
Various studies have been conducted to elucidate microbial community changes

associated with dietary chang&e Menezes et al., 201Deusch et al., 201Zhang et al.,

2017 andsubclinical ruminal acidosiéetri et al., 201,3Huo et al., 2014McCann et al., 2016

Wetzels et al., 20)6However, because ruminal pH declines occur at the same time as the

amount of concentrate fed incregdte resultsre often confounded between concentrate

amountand ruminal pH. In the current study, we thdsame diet tall animak and

manipulated ruminal pH by intraruminal infusion. In this scenario, all the microbial changes

should be due to theH reductioralthough the associated decline in DMI may have contributed

Althoughsome feedback dérmentatiorend product®nruminal pHmay be expecteduch

potential effects were masked by our attempts to maintain pH in a certain range by varying the

rate of acid ifusion Thus any such feedback should have had negligible impact on the results.
A reduction of 0.5 ruminal pH decreased the proportiorBacteroidetesand

Proteobacterian the liquid fraction but did not affect their proportions in the solid fraction

suggesting thaBacteroidetesndProteobacteriavere less sensitive to low ruminal pHtire

solid fraction thartheliquid fraction.Schulze et al. (20)demonstrated that there was a

decrease®CFA concentrations and increased pH gradient from the medial to the ventral part of

the rumen, due to #tmicrobial fermentation takes place in the medial part of the rumen, while

SCFA absorption occurs in the ventral part of the rumen through rumenliepithEherefore,
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the original pH gradient in the rumen might have contributed to different responses to pH
challenges.

A reduction of ruminal pH decreastte proportion of théacterial geara
Lachnospiraceae_UC®07, SuccinimonasAnaerosporobacteiPsaidomonasM2PT2
76_termite_groupClostridium_sensu_stricto, AndPrevotella_lcompared to normal ruminal
pH, and increasedictivallis, Ruminococcaceae UCGELO Sediminispirochaeta
PyramidobacterPapillibacter, TreponemaandRuminococcaceae UCQOS5 The diffident
responses to low pH among bacterial genera might reflect their specific acid resR&dnc.
al. (2013 reported that the relative abundarofPrevotellg Acetitomaculum
PseudobutyrivibripSelenomonasSuccinivibriq TreponemaandvadinHA42genera in the
rumen fluid increased following a high grain diet challerRjaizier et al. (201)/found the
abundance dBuccinivibrion the rumen fluid was increased by the high grain diet challenge.
Surprisingly, none of thee genera wasignificantly affected in our studymplying different
mechanisms of changirige bacterihcommunitybetween high grain diet and pH declines. An
increase of grain intake might have contributed to increased nonstructural carboaydrate
subgrates to generate energy for maintenance and growth of mickbdesver, low ruminal
pH tended to inhibit microbial growth through intracellular regulation. Ruminal bacteria attempt
to maintain a constant intracellular pH when extracellular pH is lova éansequence,
transmembrane pH gradiesmdelectrical potentialvere increased, resulting in an inhibited
transport activitRussell and Wilson, 199®ussell, 1998

We observed th&uccinivibrionaceae UC®02was the most abundant active bacterial
genus in the rumemndlow ruminal pH decreasats abundancen the liquid fractionputhad

no effect on the solid fractioin contrastHenderson et al. (2016bservedhat
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Succinivibrionaceagas more abundant in concentrate fed aninnasying that substrate
availablity is a stronger driver of growtthan ruminapH. Succinivibrionaceae_ UC®B02
belongs to the phylumroteobacteriaand was observed tmnvert whey lactose to succinate
andacetatgSamuelov et al., 1999

Franzolin and Dehority (199@eported that feedinghigh concentrate diet increaskd
proportions of the protozoal gendsatrichaandEpidinium Hook et al. (201)Lfound that a
high concentrate diet increased the numbétrabdinium Ophryoscolexisotricha,
andDasytricha In the current study, we observed thaw ruminal pHwas associated with
decreased proportisof Isotricha, butincreased proporti@of Ophryoscolexn the liquid
fraction The combined results suggest the growtlsatrichais more responsive to starch

availability wherea®©phryoscolexvas more sensitive to ruminal pH

The Distribution of CAZymes in the Rumen
Structural and nonstruatal carbohydrate are efficiently degraded in the rumen via

numerous enzymes produced by resident microorganisms. Studies have been conducted to gain
insights intoCAZymesgene expressions in response to various diets through metagenomic
(Wang et al., 20LPDeusch et al., 20)dr metatranscripomic approach@&si et al., 2015

Gullert et al., 2016Shinkai et al., 202,8ComtetMarre et al., 201)/ These studies reported

enzyme at the family level. For exampldygosidehydrolase are classified into 15tamilies
according to their substrate specificity, structural features, or sequence similarities. Similar
individual enzymes can also be classified into different families. Therefore, transcript expression
of specific enzymes should more precisely reflect teehanistic functions of rumen microbes.
However, to our knowledge, such an effort has not been previously undertaken. Relationships

among enzymes and microbes have generally been quantified based on the encoded gene
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sequence of the microbes and the amiid sequence of enzymes. These associations need to
be verified in vivo through statistical analyses.

We observed thatellulase, endd,4-beta xylanase amylase, and alpks-
arabinofuranosidasgere the dominate enzyme transcripts in the rumen. Callhias been
assigned to multiple carbohydrate binding module families (CBM), such as CBM1 to 6, 9, 10,
17, 22, 28, 32, 37, and glycoside hydrolase families (GH), including GH1, 3, 5to 9, 45, and 48.
Carbohydrate binding modules are raatalytic proteinshat have affinity for carbohydrates.
Deusch et al. (2037ound that CBM were more abundant in the solids fraction of the rumen.
Wang et al. (2018indicated GH5 and GH9 were the most frequent cellulases found in the
metagenomic study. Similar results were also reported in metatranscriptomic @Dadliesal.,

2015 Gdllert et al., 201p

The main function of cellulase is to hydrolyze-bgtaD-glycosidic linkages to release
monomers. Based on its structure and functionality, cellulases can be categorized as
endocellulases, exocellulases, and cellobiases. Endocellulases cleave intertskabou
amorphous sites, and exocellulases are capable of cleaving two to four units from the non
reducing ends of the cellulose polymer. Cellobiase can hydrolyze the exocellulase products into
individual monosaccharid¢synd and Zhang, 2002 In the current study, we did not find a
significant pH or rumen sample fraction effect on cellulase expression, implying cellulose
transcription was stable in response to pH shifts, and equally distributed in the liquid and solid
fractions.

Endol,4-beta xylanasecatalyzes the hydrolysis ofygosidic linkages in the xylan
backbongShallom and Shoham, 2003 is categorized into CBM1 to 6, 9, 22, 31, 37, 59, 60,

and 64; CE1, and 4; and GH 5, 8, 10, 11, and 38. GH10 and GH11 represent the two major
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families of endel,4-beta xylanasgDai et al., 201ph Similar to cellulases, no treatment or
sample effects were observed on the expression of Bddmeta xylanasdranscripts.
Amylases are a group of enzymes that hydrolyze glycosidic bonds present in starch. They
havebeen grouped into multiple CBM families and GH13, 14, 15, 31, andBudsch et al.
(2017 observed thaBH 57 was the most abundant family across all samPlamtetMarre et
al. (2017 reported amylases represent 20% of total GH. The greater proportion of amylase in the
liquid fraction thanm the solid fraction suggests that more starch may be degraded in the rumen
liquid fraction.
Arabinose units are attached to xylan via atfptfy 1,3, or 1,5 bonds, or linked to the C2
or C3 position on arabinoxylan, and thus segregate into the hemicellulose fraltyltaN-
arabinofuranosidasdeaves arabinose from the xylose backbone, thusileoting to the
degradation of hemicellulos&lpha-N-arabinofuranosidasebelong to 8 CBM families and 15
GH families. Ruminal pH shifts did not changebinofuranosidasexpression implying that the
enzyme activity was not affected by low pEhou et al. (201ptested the biochemical and
kinetic characterization @frabinofuranosidasa GH43 and GH30, and reported that the
maximumarabinofuranosidasactivity was observed at pbi5, with 60% of maximal enzyme
activity occuring when the pH ranged from 4.5 to 7.0. Given such broad tolerance to pH, it is
perhaps not surprising to find that transcription was not regulated by ruminal pH.
Carbohydrateactive enzymes are generally meted by microbes into the ruminal fluid.
Based on this, one may hypothesize thatdistribution ofCAZymesexpression would be
associated witlthe locations of thenicrokial community For example, we observeellulase
celA, putativecarbohydrateactive enzymeamylaseand putative alphaglucanotransferase

were more highly expressed in the liquid fraction than in the solid. Convagbalgside
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hydrolase family 43 was more prevalent in the solid fractBamrelation analyses indicated that
these enzymes were all positively correlated Wigbloplastron CPla-4_termite_group
Sporobacterand negatively correlated wibesulfovibrig Candidatus_Saccharimonas
Ruminococcus_,BndLachnospiraceae NK3A20_grouphere was a positive correlation
betweerglycoside hydrolase family 4@ dDesulfovibrio, Family XIll_AD3011_ group
Moryella, U29-B03 Family_Xlll_UCG001, Olsenella Ruminococcaceae UC@4,
Butyrivibrio_2, Saccharofermentes, and a negative correlation wiporobacterAnaeromusa
andDiploplastron.The composition oflhof these microbes differed between the liquid and
solid fractions in the rumen which coincided with #reyme expression patterns. Thus our
hypothesif colocalization of microbes possessing genes for specific enzymes and the

expression of such enzyme transcripts was supported

Ruminal pH Effect on Expressions of CAZymes in the Rumen
Ruminal pH couldaffect CAZymesexpressiorvia a shift in microbiabbundancer a

shift in transcriptseexpressed by the same micrelda this studythe expressioof
rhamnogalacturonan acetylesterase, glucan phosphorylase, and pectate lyase/amb allergen were
upregulatedn associatiowith decreaseal ruminal pH.

Rhamnogalacturonan acetylestergsesponsible for a deacetylation of
rhamnogalacturoafMglgaard eal., 2000. It has been cloned and expressethe fungus
Aspergillus oryzaand found to have an optimum pH of §kauppinen et al., 1995 Glucan
phosphorylase was positively correlated viyilamycesDesulfovibriq Tritrichomonas
Flexilinea Foaina Olsenella Treponema_Z2Papillibacter, Family _Xlll_UCGO001, andU29
B03 Potentially, all these microbes might have contributed to the incrghssh
phosphorylaseProportions oCyllamycesandPapillibacterincreased with decreased ruminal
pH, but the remainderave not significantly affected by pH. Thus these 2 microbes may be the
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main contributors to upregulation glican phosphorylaseanscriptionin response to decreased
pH.

Pectate lyase/amb allergenclassified as a polysaccharide lyase, and is resperisib
the eliminative cleavage of pectate. Pectin is a compound in grass cell walls, containing linear
alphal,4linked D galacturonic acid residues plus other su¢fgomerville et al., 2004 which
is fermented at a faster rate and greater extent compared to hemicellulose and ¢(Ehassen
and Monro, 198p Pectate lyase/amb allergaras positively correlatedith Bifidobacterium
Papillibacter, Pyramidobacter andFlexilinea There was a positive correlatidoetween pctate
lyase/amb allergeandPapillibacter, suggesting the increaseapillibactermight be
responsible for the upregulatedgbate lyase/amb allengePapillibacter cinnamivoransvas
isolated from an anaerobic digester fed with shea cake rich in tannins and aromatic compounds,
which can transform cinnamate by degrading the aliphatic side chain to produce acetate
(Defnoun et al., 200), implying Papillibacterwas correlated with lignin degradation and acetate

production.

Nutritional Consequence of Low pH Regulation
Low ruminal pH for prolonged periods negatively affected DMI, fiber degradation, and

SCFA concentrations, which agcewith previous studie@Russell and Rychlik, 200Bung et

al., 2007 Calsamiglia et al., 2008100k et al., 2011Dijkstra et al., 201 Sung et al. (2007

found that ruminal pH modulated fiber digestion through an effect on bacteria attachment to fiber
substratesRussell and Wilson (199@ndicated low intracellular pH inhibited the cellular
metabolism of substrates. In this study, we investigated the direct efféAgZgmeson fiber
degradation and SCFA concentrations. Surprisirtgly expressio of pectate lyase/amb allergen

was negatively correlated withe in situdegradation rate of hemicellulose, cellulose, and lignin,
and ruminal SCFA concentrations.
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We observed there wagasitive correlation between lignin degradation eatd
cellulae celA alphaglucosidasgand putative carbohydratetive enzyme, suggestitigese
enzymesnight have contributed tieelease ofignin from the fiber matrixn the rumenZverlov
et al. (1998indicated cellulase celA exhibited significant activity towards microcrystalline
cellulose, and it was most active towards soluble substrates such-eslidlse and beta
glucan.

Ruminococcus flafaciensandthefugusNeocallimastix patriciaruninave been reported
to express cellulase cel®Vhitehead and Flint, 199&kinci et al., 200R The abundance of the
protozoal gener&remoplastronDasytrichg Diploplastron and bacterial genermnaeromusa
Clostridium_sensu_stricto, SporobacterTyzzerella_3Candidatus_Bdomicrobiumand
CPla-4_termite_groupvere positively correlatedith transcript expression of cellulase celA,
alphaglucosidasgand putative carbohydragetive enzyme, implying these microbes were
potentially responsible for lignin solubilization in the rumen.

Dietary carbohydrates includifmmicellulose, cellulos@nd starch, are the primary
fermentation substratén the rume. They are degraded to hexoses and pesjtasd fermented
to SCFA via pyruvateRuminal SCFA concentrations reflect the balance between the rate of
production and rate of absorption. Previous studies indicated SCFA concentrations are reliable
indexes foithe relative production rat¢Sutton et al., 20Q3\olan et al., 2014 although the
manipulation of pH independent of SCFA production in the current study may have partially
delinked production and concentrations due to potential stimulation of transport activity.

France and Dijkstra (2008ypothesized that fermentation patterns are determined by the
composition of the microbial population which is driven by substrate composition. This implies

that microbes have little adaptability within a family. Regardless of whether fermentation shifts
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due to a change in microbial structure or due to a change in the expression patterns of a constant
structure, characterization of the transcriptome should provide insight into the pathways being
used and the microbes expressing those genes.

We observed positive correlation between hemicellulose degradation rate and acetate
and propionate concentrations, and a positive correlation between cellulose degradation rate and
butyrate and valerate concentrations. These results support the concept of swasiabiktya
defining fermentation patterns leading to variable SCFA profiles. These SCFA profiles was
consistent with the stoichiometric yield pattern estimated by analysis of a large number of in
vivo observationgMurphy et al., 198p

Regression results indicatedds-1,4-xylanase ferulic acid esteras galacturan 1,4
alphagalacturonidaseaglucuronan lyaseglycogen synthaséke protein,glycosyl hydrolase
family 16, glycosyl hydrolase family 31glycosyltransferase group 1 familgnd naltopentaose
forming amylase were the key enzymes regulating A@foduction ratetn the rumen.

Considering these enzymes in the regression model explained 70 to 90% of the variance for
SCFA concentrations, which was significantly better than an empirical model lacking
representations of enzyme activity et al., 2018p. Endo-1,4-xylanasé€ ferulic acid esterase,
glucuronan lyaseglycosyl hydrolase family 1@nd dycosyl hydrolase fany 31 are enzymes
responsible for hydrolyzing xylan, hemicellulose, cellulose, lignin, and pectin as reported by
previous studieéShallom and Shoham, 20rulc et al., 200R Therefore, the positive

correlation between these enzymes and individual SCFA concentrations could be explained by
theenzyme activities.

Galacturan 1,4alphagalacturonidaseglycogen synthaséke protein and

maltopentaoséorming amylase were negatively correlateth SCFA concentrations.
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Galacturan 14lphagalacturonidaseatalyzes 1, 4lphaD-falacturonide to gemate
glucuronate and participates in pentose and glucuronate interconvékasegawa and Nagel,
1968. Beaud et al. (2005ndicated that betglucuronidase was responsible for the generation
of toxic and carcinogenic metabels in the large intestines by the hydrolysis of the
glucuronides. The presence @flacturan 1,4lphagalacturonidasenight inhibit SCFA
production leading to a negative correlation with acetate and valerate concentrations.
Glycogen synthaskke proteinparticipates in glycogenesis and the conversion of glucose
into glycogen(Buschiazzo et al., 2004while propionate is the main substrate for
gluconeogenesis. The negative correlation betwbaogen synthaskke proteinand
propionateconcentrations was consistent with their biological functions.
Maltopentaosdorming amylaséeadsto the production ofmaltotetraose instead of
glucose hydrolysi¢Li et al., 2015, which was in line with the negative correlation between

maltopentaoséorming amylaseand acetate, propionate, isobutyrate, and valerate concentrations

Conclusions

In the study, we investigated the distribution &mctional characteristics of the active
microbial community in the rumen through metatranscriptomic and compositional data analyses.
In total, 19 bacterial phyla with 121 genera, 3 archaeal genera, 26 protozoal genera, and 97
CAZymeswere identified in tB rumen Within these, 4 bacteria phylRBrpoteobacteria
Firmicutes BacteroidetesandSpirochaetes 2 archaeal genera
(Candidatus_MethanomethylophilasdMethanobrevibactgr and Sprotozoal genera
(Entodinium Polyplastron Isotricha, Eudiplodinium andEremoplastropwereconsidered as
the core activenicrobes, andallulase, endd,,4-beta xylanase amylase, and alpHs-

arabinofuranosidasgere the most abunda@®Zymesdistributed in the rumen.
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Both ruminal pH and There were significant differences in the microbial ecosystem
between the liquid and solid fractions of the ruminal contents, and ruminal pH affected the
ecosystem19 bacteriabenera and 4 protozoal generere affected by low ruminaH, and 30
bacterialgenera, 1 archaeal genus, and 7 protogeaéraexhibiteddifferent proportions
between ruminal liquid and solfdactions Their interactions indicated microbes exhibited
different acid resistance theliquid and solidfraction, due to the existing pH gradieritow
ruminal pH altered different bacterial taxa compared to feeding high grain diets in the previous
studies, implying different mechanism or contributions to changing microbial activity.

The ruminal microbiome changed tlepression of transcripts for biochemical pathways
in response to reduced pH, and at least a portion of the shifts in enzyme transcripts was
associated with altered microbial structure. The prevalensé oficrobes, including3
bacterialand11 protozoafjeneravas correlated with expression level6fCAZymes which
could help interpret microbial functionality in future studi@egression analyses results
indicated edo-1,4-xylanasée ferulic acid esterasgalacturan 1,4alphagalacturonidase,
glucuronan lyaseglycogen synthaskke protein,glycosyl hydrolase family 16jlycosyl
hydrolase family 31glycosyltransferase group 1 familgnd naltopentaoséorming amylase
were the key enzymes to requl&€FA groduction ratesn the rumenConsidering enzyme

functions in the linear model largely increased the accuracy to predict SCFA concentrations.
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centered log ratio to avoid compositional data problem.
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Figure5-9. Heatmap indicating genetiaat weresignificantly affected by treatmenmumen
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red represents downregulation.
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Figure5-13. Protozoan genera that significantly changed among treatments, rumen sample (solid
versus liquid), and their interactions. Sequences of¢hera were transformed to centered log
ratio.
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Figure5-15. mRNA expressions of the carbohydraieive degrading enzymes. The top 10
enzymes were selected. Sequence counts were expresskdias abundance (%).
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Figure5-16. Carbohydrateactive degrading enzymes that significantly changed among
treatments, rumen sample (solid versus liquid), and their interactions. Read counts were
transformed to centered log ratio to avoid compositional data problem.
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Figure5-17. Heatmap indicating significantly affected enzymes in the assembled
metatranscriptome data sets. At least one opkhreatmerd, rumen sampke or their
interaction was significant. Rows are color coded accordi@gsimore. AZ-score change of +1

is equal to one standard deviation above the row mean. Blue represents upregulation, and red
represents downregulation.
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Figure5-18. Pairwise correlations between microbial genera and carbohyatitate degading
enzymes. Only the enzyme expressions that were significantly correlated with bacterial genera
were shownR value < 0.05, |r] > 0.5). The bacterial genera were colored by blue, and protozoan

genera were colored by green.
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